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INTRODUCTION

The effect of atmospheric refraction on shipboard radars was noticed as early as
the first radars became operational toward the end of World War II. In the years
following, extensive theoretical and experimental investigations led to a good
qualitative understanding of the phenomenon . However , the difficulty in obtaining
precise geophysical measurements and the mathematical complexity required for
quantitative performance calculations prevented operational assessments of refractive
effects. Between 1950 and 1970, a number of refractive effects manuals were developed
which proved too cumbersome and complex for routine operational use. In recognition of
the increased importance of refractive phenomena on Fleet Operations, COMTHIRDFLT
arranged in May 1973 for a Navy conference on “Refractive Effects on E]ectromagnetic
Propagation ” with the purpose to review the status and to influence future direction of
refractivity measurement and assessment. As a result of this meeting an ad hoc group on
refractivity problems was tasked by CNO to prioritize the findings and coordinate the
Navy ’s effort in refractive effects assessment. In November 1973, the ad hoc group
recommended the development of new refractivity sensors , refractivity forecasting
techniques , increased training of Navy personnel and a real—time shipboard assessment
system. A little over four years have passed during which the R&D community performed
work in the recommended areas. We are today at the point where a number of
accomplishments produced by this effort are being used under operational conditions and
an even greater number are ready for shipboard use. It seems to be appropriate and
timely to bring the R&D and the Navy operational community together to review the status
of refractivity assessmen t, to coordinate fleet implementation and to optimize usage of
refractivity information.

J. H. RICHTER
Head , EM P rop a g a t i o n  D i v i s i o n
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ELECTROMAGNETIC PROPAGATION ASSESSMENT

Juergen H.  Richter , Herbert G. Hughes, Robert B. Rose

EM Propagation Division

Naval Ocean Systems center

San Diego, CA 92 152

ABSTRACT ments and geometries under existing and,
potentially, also forecast geophysical onditions.

The concept of electromagnetic (EN) The status of assessment systems for ionospheric
propagation assessment systems and their present radio , tropospheric radio and EO propagation and
status are described. Specifically, systems for sensing requirements of geophysical input
ionospheric radio , tropospheric radio, and parameters are discussed .
electrooptical tEO) propagation are presented.
Some of the sensing requirements of geophysical 2. pRoPAGATION ASSESSMENT SYSTEMS
input parameters are discussed.

Independent of the location within the
1. INT RODUCTION frequency spectrum and the specific application

(e.g. surveillance , coertunications, navigation,
Any system which relies on propagation of etc.) all propagation assessment systems share some

electromagnetic including electrooptic waves in the basic features. All deal with the geophysical
earth ’s environment is to some extent propagation environment; all require a careful analysis of the
limited. There are a number of examples. Solar sensitivity of the systems addressed to
disturbances affecting the ionosphere can result in environmental parameters (which in turn defines
complete disruption of the Navy ’s vital high geophysical sensing requirements); all require
frequency (hfI communications and surveillance verified models which relate environmental
network. Refractive layers in the lower atmosphere conditions to systems performance; all need
can cause “holes ” in shipboard radar coverage, carefully planned operational implementations
Oceanic ducting phenomena may be exploited for involving optimum hardware selection, man—machine
over—the—horizon detection capabilities. Aerosols interface questions , optimum displays, interface
(cloud ’~) are often the l imiting factors in with other existing or planned equipment; and ,
electrooptica l systems . A mere qualitative finall y ,  all have to demonstrate tha t they are
understanding of atmospheric effects on EM/EO affordable by either proving a quantitative pay—off
propaga t ion  is not sufficient for optimum through actual savings or by showing increased
deployment of military systems. Therefore , the tactical or strategic capabilities. In recognition
concept of real—time assessment systems useable of the commonality of these basic features, the
under ope ra t iona l  condit ions has been developed. Navy has established an exploratory development
These systems are based on mi ni— or microcomputers program in “Atmospheric Effects on £~VEO
w i t h  interactive graphic displays providing Propagation” which is managed by the Naval Ocean
quantitative performance data for specific equip— Systems center. A significant portion of the

Frequency Band j Ionospheric Tropospheric
Rad io Rad io EO

Implementation P ropagation Propagation Propagation
Exploratory
DE~v:1 t PROPHET IREPS PR EOS

Li System

Interim PROPHET Interim
Operational CLASSIC PROPHET E,’WEPS
Implementation FOTACS

Operational Frequency Management E/WEPS (SESc) E/WEPS (SESC)

Table 1. Status and Plans for EM/RO Assessment Systems
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effort  under this program is in support of a family propagation assessment and forecasting terminal
of assessment systems listed in Table 1 (Richter , (PROPHET ) has been developed which accepts space
et al . ,  1979). In the area of ionospheric radio environmental data from a variety of sensors and
propagation the PROPHET (pseudoacronym for provides , real-time, quantitative data of systems
propagation forecasting terminal) system (Richter , performance under operational conditions. The
Rothmuller, Rose, 1977) has demonstrated its various emissions during a solar flare and their
u t i l i ty  in initial deployments at a Naval effects on the ionosphere are schematically
Comnunications Station. CLASSIC PROPHET is a indicated in Figure 1. Ultraviolet and x—ra y
smaller desk top calculator version specifically radiation reach the ionosphere a few minutes after
geared to tactical applications. A limited , non the eruption of a flare and cause increased D—layer
real—time propagation assessment capability has ionization with resulting increased absorption for
been incorporated into FOTACS (Fleet Operational hf frequencies. With a delay of up to several
Telecommunications Automated Control System , hours high energy protons and i-particles also
Caldwell , 1978) which shortly will be installed in cause increased D— layer ionization and resulting hf
al l Navy CA~~ (Communications Area Master Station) . absorption , mostly in the polar regions, which is
FOTACS is a forerunner for a comprehensive the reason that this phenomenon is called polar cap
frequency management system which should include absorption (PCM . One or twO days after a f lare ,
all present and planned PROPHET capabilities, low energy plasma reaches the ionosphere causing

magnetic storms, aurorae , increased D—layer
In the area of tropospheric radio propagation , ionization and enhanced ionization in the E—lay er

the Integrated Refractive Effects Prediction System of the ionosphere ~sporadic E ) .  All  the solar
(IREPS) (Richt er and Hi tney,  1977) has undergone f lare  emissions need to be known if one wants to
further development and a smaller version using a calculate and forecast their effects on the
desk top calculator has been made available. This ionosphere and the resulting communication,
represents an interim version of an surveillance , electronic warfare, or navigation
Environment/Weapons Effec ts  Prediction System systems performance. However, most of the
(E/ WEPS) . The operational implementation of E/WEPS radiation or particles never reach the surface of

may be in the frame of a Shipboard Environmental the earth; they have to be measured before they are
Support Center (SESC) which includes meteorological absorbed in the ionosphere. This is being done by
information and displays (e.g. the Naval
Environmental Display Station or NEIDS) and
underwater acoustic propagation assessment . 

S

—‘ WInD ii~3. IONOSPHERIC RADIO PROPAGATION ASSESSMENT tniOnUIE& 
~~~~ ~~~~- s1,vrcts C(N T (l

Radio propagation in the frequency range below ,;usti 

~ r Ti.] (‘~_~\
approx imately 50 MHz is dt l end n t  on i rios; h ri 

Al ~ ~ / ~

‘

conditions. The composition and structure of the -
- 

) / ~ -c_-.~
ionosphere is primari ly influenced by solar c,; un ;1 \ - 

/ ~~~ L- ”.~.’A~ ‘.~emissions and is quite predictable if those - r-’•’75c’-~
- /. -

emissions remain constant. However , during solar 
~~~~~~~~ I ‘ - - T h~~’” ~disturbances, ionospheric conditions change so that  - . 

~~~~~~ ~~communication l inks  sta y be interrupted , ,• — 
•iau r*a,c~ c~ ~ e’ —~~Ø\%

surveillance systems may be rendered useless and ~~~ 
,

~~
, _ ~~iø~i

nav iga tion sy stems may oe grossly inaccurate (Rose, \\ ,~~~
-.

et a l . ,  1971). The space environmental  processes
af fec t ing  ionospheric propagation are qui te  complex NOSC
and an extensive numerical computational capability
is required for the quan t i t a t ive  assessment of
communications or survei l lance ranges and
navigation corrections. To accomplish th i s  task , a

Figure 2. InfOrmation flow for the PROPHET
environmental prediction terminal.

FLARE EMISSIONS AND IONOSPHERE EFFECTS

( ) 
a number of satel l i tes  (e .g .  GOES; SOLRAI) H I ) .  The
solar/space environmental data measured by

. satellites and telemetered to ground receiving
stations are relayed to the Naval Ocean Systems

~
p rh 

~~~~~~~~~~ 

“.~ Center (NOSC) where they are combined with s imi lar
- - ____________ 

complementing data from the NOAA Space

~~~~~ .. ,,.. 1 ~~ --,,. .,r I Environmental Services Center at Boulder , CO and
‘ ] I ~~‘“~~J I ‘ - “  ] the Air Force Glc’-al Weather Central at Offutt ~.FB ,

NE. All information is sorted , decoded i f
- 1 I ~~~ [ 

~
, ,• ,. •,, necessary , and converted into a fo rma t useable for

“‘ “ ‘ ““ I L ““ . ‘ . - propagation assessment/propagation forecasting

F f ‘“ was installed at the Naval Comm unications Station,

___________ ____________ ~~~~~~~ 

~~~~~~~~~~~~~ (PROPHET ) terminals. The first of these terminals

I ‘•“ —

~
“

~ ‘i L_
~1”” ’’ I ~~~~

“ “ ~~~~~~~ Stockton 
Figure 2 illustrates th information flow

geographically. Figure 3 further illustrates this
concept. On the left hand side, various inputs are

Figure 1. solar flare omissions and their effect depicted which range from on-site ground based
on the ionosphere, sensors (such as solar radiometers and ionospheric
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an asterisk in the map) this is the eastern
— Pacific,  At the upper left hand corner a smaller

.1, 1,. 
- graph is displayed and labeled SOLAR ACTIvITY .

- ) This graph displays the solar l—8~ x—ray f lux
.~
• \ ,~~ ___/ 

C received during the past hour. The communications

~~~~~~~~~ / - . controller enters he geographic coordinates of the
- 

~~~ \ ‘ 5 ~ !,~”/ a~~ . ,. . ships with which he wants to communicate. After he
~~~~~~ ~~~~~~ / ~ 

-~~ . has done this, the ships ’ position and their names
~~~~ ~~~~ ~,/ ‘—~~~~~~

. 
~~~~~~~~~~~~~~~~~~~~~ 

appear on the map including the frequency band
- “““°“ °“““ which can be used based on the real time space

.~J J,~>. N environmental data stream input into PROPHET. From
I ~~ 

-~~~~~-~~~~~ this display , the communications controller can see
~~~~~~~~~~~~~~~~~~ / that he has to use a frequency between 6. 2-12.9 MHz

us 2- / in order to communicate with the ship Enterprise.

/ ‘ ia The frequency of optimum transmission (FOT) is 8.8
,~,o,nuIo.n / - - MHz. The map and its information is updated every

- 
L . .

~ few minutes. The information shown in Figure 4 may
- ‘  also be displayed in tabular form, as shown in

Figure 5, which is a useful presentation when many
U~ V•CISCI~~ n communication circuits are being controlled at

once .

Figure 3. PROPHET: information flow and products.
• — $01.11 $C?DV$ ’~-, II ‘elI 13 IA 5$ 5’?1 - ~~~~ •C~ I,D~ V
-. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
L~ PO$T* 1?A 1.1~~ up

sounders), to satellite sensors, as well as data -~
and support from the  Air Force and NOAA . The input 

~~~~~~~~~ •~~
‘L~~. 5I.G( ~~~~~~~~~~~~~~ ~~ E C s  ~iui~7i~ T~ 1~data are sorted , converted and relayed to various ~(G~D 0G J .‘ I ~‘ i ~~ ~.z ‘z

propagation fo recast t e rminal s .  On th e r i gh t  hand - -  

~~~~~~~~~~~ I -S - - . :2 Il lS - Alt 22’ lana I .,:oI:a u l . ,,u ,.5S II; 55$side of Figure 3 a few applications are ~‘ec...;s 15 105 - :.t. : s a I u l a : a ~ ,,,,i::. ’ .. tess u.s ses
i l l u s t ra ted  They cover hf and vlf  communicat ions 

~~~~~~~~ ~j~j J j~am 
$ 

~:: i~~::I :u:.~~u:.
ionospheric sc in t i ll a ti o n s  a f f e c t i n g  satellite
communicat ion,  v lf  navigat ion , command and control
advisory,  and many others.  A PROPHE T terminal  Figure 5. Tabular presentation of the information
i t se l f  consists of a stand alone minicomputer in Figure 4,
system w i t h  an interactive graphic display and a
hard copy u n i t .  In c minicomputer  used is a
AN/t!YK-20 supported by two magnetic tape drives.
Art additional input/output capability is provided A Very important PROPHET capability is the

by a teletype and paper tape reader/punch. ability to produce ray traces which depict the path
of the electromagnetic wave fronts. Figure 6 is an
example of a ray trace diagram over a 3000 km path.
A number of important propagation features are

• 5011$ $ C ’ I 5 ! ’ ~ S evident from this presentation . Mo consnunications

- 501.5$ .: ; uo;(’ are possible for ranges out to approximately 1250
I 

~~ S A  D I *  . l’e  J 1 km. This so-called skip zone may be of advantage
‘A. ~ -_  

~~~~~~~ 
— -S,~~~~~ ~~~~~~~~~ if  an unwanted receiver is located within this
— ‘—., b..- range. Focusing, i.e. several rays are

concentrated in a small area , occurs between
~~~~~~ •t• E~~i~ “ 

~~~. 
- - 1250-1350 km and , because of the different travel

‘1 times of the rays, signal degradation through

• 
. 5 interference may be expected . A similar

:

, :. ~~~~~ ~ ~~~~~~

i-

~~~~

-j ,

Figure 4. PROPHET display of hf propagation
between Naval Communications Station (asterisk at - -

~~ / 

-

12l °W , IR °N ) and various ships. . ,,,i. 
- / . /

major  objective in the development of the - -

PROPH ET products was s impl i c i ty  in presentation and \ ~~‘(ease in operation and unders tanding.  Figure 4 is •. — —
an example of how these objectives were met. On —

the graphic display a map appears of the area of
concern for the communications controller. For the FIgure 6. PROPHET ray trace presentation.
Naval Communications Station at Stockton (shown by



interference must be expected at larger ranges 
Finally, the PROPHET terminal has stored

(2500-2700) where rays deflected once from the 
extensive statistical information which isionosphere and rays deflected twice (after being otherwise usually available in look up tables.

reflected from the ocean ’s surface) are Figure 8 shows a PROPHET display of predicted
superimposed. Another uspplication of the ray trace propagation link performance based on statistical
picture is the selection of specific antennas information. The max imum useable frequency (MUF),
having launch angles favoring desired rays and the lowest useable frequency (LU?) and the FOT are
suppressing undesired rays for a particular opt imum displayed both in tabular form and graphically for
coverage situation, the particular propagation path of concern . It is

believed that easy retrieval of information from

• AOL*$ * C?ZUD? Y  
AC ss~ ,~~~, s,,, large data bases and the simplification of

~~- - - - - - 
- - SOLII ~~~~~~ ;isruiszo bookkeeping chores frees the operator for mere

LI POSTS Nil LINE 
~ creative tasks and increases his or her efficiency .

~ i.., .~, .~~ .~ ~~~~~~~~~~~~~
_
.I

~ 

The primary asphasis with PROPHET has been on 
—~~- - . - t  hf coirmtunications. Even though hf communications

S  represents only a small portion of the Nat~~’s total
I i communications capability the need for accurate

“    - , — propagation assessment will increase in the future
-   for several reasons. First , it can be shown that.  

~~~~~~~ sizeable electric power consumption savings can be 
H achieved by radiating optimum power levels for 

‘ ~~ respective propagation conditions and providing
$ I - - S - - - -  area coverage without redundant transmitters. Both• 

- can be done with accurate, real—time propagation
I ~ ,~~~ I assessment information Secondly the lesser use

of the hf spectrum reduces the available number ofmesAS 
qualified operators having long experience and good
understanding of propagation phenomena . Again ,

Figure 7. LOF recovery prediction for a solar 
PROPHET can replace this capability. Thirdly, any

flare event, 
further reduction in available frequencies in the
hf spectrum and transmission facilities will
require a mere efficient management of the

The correlat ion between l-8~ x—ray fl ux and available resources which can be achieved only by a
the lowest observed frequency (LOF) led to the PROPHET concept.
development of an empirical medel which permits the
prediction of the LOF as soon as the peak X-ray Besides the hi communications aspects , another
f lux  has been reached (Rose, et a l . ,  1974 ) .  This potent ial ly very important capability has been
capability has important implicat ions.  Figure 7 iS incorporated into PROPHET for correcting the Omega
art example of a high x-ray f l u x  associated wi th  a navigat ion system under disturbances of the polar
flare which has stabilized in the last few minutes. ionospheres (for so—called Polar Cap Absorptions or
If for instance a communications path had been PCAs caused by particles emitted from the sun and
operated prior to the flare at a frequency of 6 concentrated by the earth s magnetic field around
MH Z , then it weuld take over three hours until the poles). An example of a resulting position
communication could be resumed at this frequency. error is shown in Figure 9 in which the actual
If , however, the frequency would be changed to 15 position may be in error by as much as 7—8 nmi.
MHZ, conimunications could be re—established in only

:

‘ ‘ ‘ - .mlI~. r t ~~~~~l t.1 I L1~~ I J _ l ~~~~~~~~~~~: : : “ - - $ -, ,, ~ • • ~ ~ ~ ~ :. . ~,‘ : $ 4 N  INS ’ 9Mm,  0•AN
11 ~ 1: ~ ‘I’O

~~
• 

~: ~~~~~~~~~~~ SI “
1. ~ 

S, 
-:; ~: ~~ • . .~~ .. ,‘ _. - - . ,.. Figure 9. omega location error for a PCA with andij~ ~ 1, : - :  :-~

- . -;‘ - 
,~~~.. ~~~ without corrections.

~ :h :~ ‘ /
Models have been developed (Argo 1975) and

S implemented into PROPHET which correct for these
disturbances so that Omega retains its specifiedFigure 8. Propagation link performance prediction accuracy of +1 nmi . The particular example infor undisturbed ionospheric conditions. Figure 9 is based on hyperbolic ranging using the

-I
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omega stations in Norwa) -. - i Hawaii. It should be
pointed out that disturban..- a of this kind can last A special version of PROPHET called CLASSIC

for days. Figure 10 shows the oceanic areas 
PROPHET (Rose, 1976; Rose and Martin , 1977; Rose ,

affected by a PCA and the corrective measures ~~~tj~i and Levine, 1978) has been developed for

r e nu i r , - 5i. This kind of a correction may become of 
tactical applications using a graphics capable desk

increased importance should commercial air carriers 
top calculator (Tektronix 405 1). Figure 11 shows

replace expensive inertial navigation systems with the information flow and examples of presentations.

much cheaper Omega receivers. Densely traveled 
Unlikc PROPHET which receives real—time satellite

routes (like the North At lan t ic)  most certainly sensed environmental data, CLASSIC PROPHET requires

require corrective measures, manual input of this information. Examples of
CLASSIC PROPHET products are shown on the bottom of
Figure 11. For example, on the left side a display

—- - 
shows the hf bands that can be received by a number

-
- - - 

-
~~~~~

. of stations for a given transmitter location. This
- - .- ~~~~~ . .~~~~ .s 

- ,. — ..~~~- information can be readily used to select a
-. 

- - 
- 

- - transmission frequency to eliminate or minimize

-
~ .~ ~~

. reception by unwanted receivers. The other two

• 
.. S 

displays on the bottom of Figure 11 show bearing
-
s -- -. . quality (variance of bearing angle for direction

- . 
- S 

•. ‘
. f ind ing )  on the ordinate versus time and frequency

- 
- , respectively. These displays may be used to select

- - - ~~~ - either times of transmission or frequencies that

..~.A ‘ - - I ?  result in either poor to good fixes for direction
- finding applications. Initial operational use of

-
, CLASSIC PROPHET systems has convincingly

demonstrated the excellent u t i l i t y  of such systems.

- - _~~~~. .--- - ----- . ‘ 
-. ~~~~~~~~~~~~~~~~ The eventual capability and configuration of

- 
. the PROPHET concept has not been .illy defined yet

— - 
and will strongly depend on f~~ ther test and

• ~~~~ SI500NS 
evaluations in an operational env~ ronanent. Table 2
lists the models , their application , their purpose

~_. POLAR CAP NEED PCI CORRECTION 
status for FOTACS , the present PROPHET and its

future version. Present plans call for the

NEED CHANGE IN STAIIO N ~ 
deployment of three uni ts and a test and evaluation
period of approximately three years. At the end of
this period decisions will be made as to which

Figure 10, PCA effects on Omega coverage for models listed in Table 2 will be made in a final

oceanic areas, operational implementation which will be part of a
frequency management system.

INPUT VARIABLES 32K GRAPHICS COMPUTER _____________________

PR OPAGATI ON MOD ELS

-) I ~~~~~~~ <
Power gains ~~~

• -~_ 
k\.:~~~~~~ i , -~~N LOB.r ’ . r ’(fflp)

Transmitter location
Receiver(s) locati on -

ASSESSMENT OF DF SUBNET AREA
RESOURCES COVERAGE PROJECTION FRIQUENCY COVERAGE

O 

: 15  1 

-

4 
1 

Figure 11. CLASSIC  PROPHET information flow and displays.
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Pres. Future

Model System Action Status FOTACS PROP HET PROPHET

Flare detection all hf , vu Warning operational x x
navigation
and comm

Flare detection all hf, vlf hf comm—f req shift operational X x
nav/comtn reroute traffic

SID GRID all hf hi comm freq shift operational X X X
reroute traff ic

SPA/vif vlf nay phase correction developed x
Omega factor

SPA inversion all hf, vlf estimate x—ray in progress x
flare size (m dc—
pendant of satellite)
feed sid grid

PCA/vlf vlf navig phase correction developed x
factor for trans—
polar circuits

PCA/h f all polar hf comm—advice developed x
hf signal strength

loss—freq shift

PCA/vhf all polar vhf comm—advice developed x
satellite signal loss

QLOF all hf hf comm— normal opera tional X X X
operations , freq
management

LOF spli t  covert hf opt freq selection operational X
systems against known rc’yx s

MINIMUF all hf hf corn—normal ops operational X X X
f req. management

15 mm update all hi correct MU? est. X
to MIN IMUF (real time) minimize
using auroral errors (to <1 MHz est)
E fields (feeds MINIMtJ?)

Raytrace all hf hf corn—normal ops. operational X X
antlinna selection

Launch angle all hf hf cents—normal ops. near completion X
multipath using antenna selection

4 
quasi parabolic

Polar and auro— all hf hf comm , au~oral & in progress x
ral ionosphere vhf satellite po]ar circuits

Earth s magnet— ASW & any corrections for in progress x
ic field van s— magnetically field changes
tions (ground) sensitive

Mixing Shock all hf hf corn—midlatitude in progress x
f ront  from (feeds  MINIMUF )
auroral dis-
turbances

Scintillation vhf/uhf advisory—dB fade operational x X x
grid satellite probability based

ccsmn on location

Omega correct- Omega vlf correction factors operational X X
ion factors

~‘isP topside hf & satel— correct MU? est. in conception X
sounder ionos— lite corn (real time)

- - pheric updates

Table 2. Present and Future PROPHET Capabilities
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4. TROPOSPHERI C RADIO PROPAGATION Figure 13 shows a block diagram of the IREPS
ASSESSMENT information flow. A stand alone minicomputer

system with an interactive graphic display accepts
Non-standard variations in the vertical environmental information from meteorolog ical

distribution of water vapor (and to a lesser degree balloons (radiosonde), aircraf t mounted
of temperature and pressure) may result in refractometers, and surface observations. Stored
atmospheric layers which refract  electromagnetic in the computer are the parameters of the
waves, thereby altering their expected propagation surveillance, communications, electronic warfare,
paths. This phenomenon is schematically and weapons system s of concern. In addition,
illustrated in Figure 12. The waves emanating from extensive climatological data are stored which
a shipboard radar are refracted by a layer in such permit a statistical assessment of refractive
a way that an area above the layer may be conditions as a function of geographic area and
illuminated insufficiently for the detection of an season, with this information , IREPS provides a
airborne target thereby creating a “hol e” in radar number of products which are designed to be easily
coverage. At the same time, energy may be ducted understood and izmnediately useful  to the operator.
beyond the horizon and be intercepted at A detailed description of I REP S , its present and
unexpectedly distant ranges. A propagation future capabilities are given in a companion paper

by Hitney (1979) and shall , therefore, not be
discussed any further in this paper.

5. ELECTROOPTICAL PROPAGATION ASSESSMENT

A significant concentrated and coordinated
effort has started within the Navy to assess the
perf ormance of electrooptical systems. Table 3
l i s t s  examples of EO systems and the reasons for
which they are attractive to the Navy . The special -

SQLt capabil i t ies offered for the various applications
in Table 3 have to be weighed against the serious
performance degradations that EU systems may

b R  experience as a result of changing environmental
conditions. A Navy wide coordinated effort for EU -

- systems performance has been described by Schefer
(1977). Additional coordination and guidance has
since been provided. Specifically, the Under
Secretary of Defense for Research and Engineering
has formulated six goals to be followed by the

Figure 12. Schematic presentation of the effects a three d i f f e r e n t  services (Army , Navy , Air Force) .
refractive layer may have on a shipboard radar.

The goals are :

assessment system for real—time shipboard S Relate atmospheric transmission effects to

assessment of these phenomena has been developed sensor system performance.

and is known as the Integrated Refractive Effects
Predict ion System (IREPS) (Hitney and Richter , • Accurately model the propagation effects of

naturally—occurring and man—made aerosols,F)76; Hitney and Richter , 1977; Richter and Hitney,
1 )77).

• Relate the production , transport, and
dissipation of naturally—occurring aerosols to
measurable or predictable meteorological

INTEGRATED REFRACTIVE EFFECTS parameters.‘1 N~~ C~~ PREDICTION SYSTEM -IREPS
• Accurately model the propagation effects of

- I atmospheric molecular absorption.
I~ - I

- I

-- <S’OlulTe., ; I ‘ “ ‘  based on validated propagation models applied to

______ 

~~~~~~ ~~~~~~ - - - 
• Assess the performance of weapons systems

/ - 
~~~~~~~~~ S ~~~~~~~~ historical or derived standard meteorological

I i measurements or models.
_______ - - — S •~ 0

L~~~~i • Develop atmospheric sensor systems to
support EU systems operations.

The fundamental nature of these goals reflects the
fact that mech of the basic knowledge in the area
of EU propagation is still missing. This coupled
with the fact tha t there are presently no

[~~~~~~~~~ L~~~~~~i~~ 

I1
~~~~~~~~ 

j 
~~~~~~~~~~~~

_ operational shipboard RO systems in the Navy
IANSIj 

_____________ 
SASS’ results in a different emphasis on EU assessment

system development than for the systems previously
described . Consequently the major en~ hasis is
presently on development ~nd verification of

Figure 13. Block diagram of IREPS information flow models sensitivity analyses, and sensor
and products. development.
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APPLICATION CAPABILITY

IMAGING (e.g. low light level television,
forward looking infrared system) passive surveillance (covertness) ,

night vision, high resolution

SEARCH AND TRACK (e.g. infrared search
and track system) _________________________________

RANGING (e.g. laser range finder) high pointing accuracy

DESIGNATING (e.g. laser designator)

CO~’V4UN ICATIONS (e.g. ship to ship, ship covertness , water penetration

or satellite to submarine communication
system)

Table 3. EU Systems of Navy Interest

CALCULAT EO FROMUSUTS ‘ \ ~~

‘ _______________________________________ - IUSING REFRA CT Iv E INo~CES j • 3~5~5 S~
K LOWTRA N 3B OCEA NIC ~ \ \ - 

,\ MO L E C U ~~A R O ~~i i — ~~~~~ 
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)- 

H, 0~~~~~~
0.1

\ ‘~, 
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t O 10 , Figure l~~. Transmission versus range calculations.

(5 (3-5 rn). km -

Figure 14. Aerosol ex t inc t ion  coefficient m) and a decrease above. The extinction calculated
from LOWTRAN lB is more than an order of magnitudevariat ions with alti tude based on measured dropsize
greater than the ext inct ion calculated from the

distributions and on LOWTRAN 111 . measurements. To estimate w iat this means in terms
of systems performance, transmittance was plotted
against range in Figure 15 for the distributions in

Of the atmospheric parameters affecting EQ Figur e 14. Figure 15 shows that  for longer ranges +

propagation (e.g.  aerosols , molecular absorption , there might  be a serious underestimation of systems
turbulence , refraction) aerosols extinction is the performance using the reported meteorological
key problem in the Navy’s EO propagation program , visibility as an input to LOW’rRAN . If , for
For example , in Figure 14 the aerosol extinction example , a value of 10% transmittance was the
coefficient for the 3—5 ~m band is plotted as a performance limit for a specific system , the
function of altitude. The solid line is calculated calculations based on ISOW’rRAN would predict a
from dropsize distribution measurements obtained maximum range of 14 km while the calculations based
with a l igh t  scattering spectrometer (PMS ASSP-100) on aerosol measurements predict 22 km . This
flown on an aircraft (Snyder and Hughes , 1978). example should serve to illustrate the need for
The aerosol refractive index was assumed to be pure improved transmission models (in particular their
water. (The crosses indicate calculations for marine aerosol portions) and the kind of
selected altitudes using the oceanic refractive considerations necessary to estimate the ef fec t  of

S 
index of LOW’I’RAN 38.) The dashed curves are the a particular atmospheric parameter or modeling
average aerosol extinctions based on L0WTRAN lB for aspect on systems performance.
visibilities of 23 and 40 km respectively
representing the range of reported visibility Of particular concern to a performance
conditions. The extinction values based on LOWTRAN assessment capability for a broad range of EO
3B decrease exponentially with height while the systems is the number of measurements at different

• extinction calculated from aeroso l measurements wavelengths necessary to characterize the ~~itire
shows a s l i g h t  i r l -r ase ~~ t h  a l t i t u d e  up t S  height frequency spectrum of interest (usual ly  the visible
of the convectively mixed layer (approximately 600 and i n f r a r e d  region).  Theoretical considerations(4
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and experimental data showed correlations between - - - -

the total liquid t~~ter content and extinction and
subsequently the possibility of scaling aerosol
extinction at one wavelength to that of another
(Biberman , Roberts and Seekamp, 1977) . Thi s kind /
of scaling was tested for marine aerosals by Hughes
and Jensen ( 1978) and one of the results is shown
in Figure 16. A reasonable straightl ine
correlation (in a log—log presentation) between the 

~~~. - -~. ~~
,, ,,, -

aerosol extinction coefficients calculated from
dropsize distribution measurements between 3.5 and /
10.6 ~m is evident in two categories: poor and

r , 2 0 . .
good visibilities. The dropsize spectrometer used 

~:i’
1

~~
’
/ 

~for th ese data could not measure par t ic le  radi i  in -‘
S

excess of 14, 7 urn .  Since the aerosol measurements
- - 

5 ,

// “

if ’ - 
-

/
-

- : . -
- - 

- - ~..ll Oo ,,., I • 32$~.l3 1 ,. l -, - —
- +0

/ I1 . 0 0  - II’ v -  0 ) s ~~, ~~~‘ - - s -IS

t +

- /

- - 

‘ii 
—

‘0~ 
-

- 1

‘.5 ____________________________ _________________________________I 30
4 - Ø_ lIOao,..I •O5•• O 0*. ..) * 0~~ 00 ‘O ’

- 
- ‘. I . SI 

‘ , )So. ’ . s *
O ‘4~~*.*

,~~
— Figure 17 . Increased Cx-tj nctj on coefficients

0 - 
‘ (dashed 1ins - s ~ for 10, 6 n vs. those at 3,5 urn for

increased particle radii as indicated and compared
-S with the regression analysis in Figure 16.

The pr imary  e f f o rt  on the development of

- - 

+“  ‘ shipboard real - time assessment system called P REOS
(for prediction of performance and range for E0

0~ 
10 ’ 5 ‘° systems)  centers presently on the  selection of

prope r transmission models and their tailoring and

t i q u r. l i. . - ~ile~i 15i t s - l I r s - e l  -st in ct ion  incorp ora t ion  in to  su i tab le  hardware, The hardware
is  de f ined  by E/WFPS of which PREOS is one tsiilding

o - s 5 f f j o ) S - n t s  sr l ’~ .6 - rs vs . thee for 
block . Since , as previously p o in t ed  out , there are—I,.

presently no operational shipboard EU systesni in
the  Navy,  impor tan t  applications of available PREOS
- ap ah i l i t i e s  are sens i t iv i ty  analyses studies and

f r  better visibi lit i ,  (V  . 4 kin) did not show systems performance s im u l a t i o n .
p a r t i c le s  w i t h  i l l  i i in exces-.~~~ss f I i )  ~.m one can
as sum e that larger part id es s l i t  n o t  p lay a An example of what a P~~~~S display m i g h t
sign ificant role. However , for the poor provide is shown in Figure 18. After the operator
v i s ib i l i t i e s  l v - 4 km) articles were measured in has supplied environmental input data ( such as
the la rges t  s ize  range and see can assume that the  vi sib i li ty, scene luminance , etc.) and specified
t r un c a t i o n  of the d i s t r i b u t i o n  (by the  i n a b i l i t y  CO the system to be assessed (low l ight level
measure larger particles) would affect the results, television in this example) PREOS might give a
To check t h i s  assumption the aerosol d i s t r i bu t ions  range contour of detecting a specific target (in
for v i s ib i l i t y  ranges sf less than 4 km were this se an aircraft carrier) as a function of
extrapola ted  to contain aerosols wi th  maximum radii aspect angle. This information is useful in
r of .5e , 25 , and 30 rn respectively. Figure 17 deters ~u,g ranges within which a target is safe
s~ows the r e s u l t  of this extrapolation Which causes from detection or conversely is likely to be
the two regression lines to become more in detected. A very important tactical application of
agreement . The development of these scaling laws propagation assessment systems is in trade—off
is clearly encouraging even thouqh a number ~ decisions. Various active and passive detection
questions i to be investigated such as aerosol and in te rcept techn iques based on electromagnetic,
refractive index changes fnr different air masses. electrooptic or acoustic measures are or will be
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Figure 18. PREOS sample display.  Figure 20, Fl io t osi r as 1 of a su rfoce ship distorted
by re f rac t ive  layers,

available to the ship ’s conmiander. A comprehensive
propagation assessment capability can provide the
necessary quantitative information to optimize ~~~ ship dur ing  a s t a  Ana occurrence during which the
available resources, base of ¶ is ’- ~ es sg ‘- r a t  ore invers ion was measured toi s - * -  I s ’ s  s m do v -  o -  - ( ‘ - v - - I .  Ths - sins I s  y

Final ly ,  frequently ~~ served mirages  over of the image provided by I REOS in Figure 19 and an
ocean areas led to an investigation of ducting observed oxam(s!e shown in f ig u r e  20 is s t r ik ing .
phenomena close to the water surface . The t w s s  An impor tan t  aspect of the  PREOS capabil i ty shown
questions of interest  were range extensions or in Figure 1)  is the  J s - - - - - s I - : l i t y  of reconstructing
reductions and image distort ions for v i s i b l e  and the el ‘0~~ ) * a true c+sn t Ox-s  f rom a dis tor ted  image
in f rar ed  imaging systems operat ing close to t h e  if the vertical rofra - t i v i t  profile is known .
ocean ’s surface. Feinberg, H i t n e y  and Hughes
(1978) found significant range reductions for 

~, CONCLUSIONS
10,6 n propagation for superadiabatic lapse rates.
One a3pect of image distortion was incorporated 

~~ 1 s s s  d(-nons;tr ated t hat propagationinto PREOS and is shown in F igure  19. The left 
assessment systems are feasible and have proven

side of this figure shows temperature T and 
very effective to the operational users. Their pay

modified refractivity M as a function of height . 
off reaches from e-t ial  savings , to improved

The object’s contour has to be supplied to PREO— understanding sf sensor performance , oItimizaticn
which w i l l  then  prov ide an expected image for 

of resource allocation , and tactical exploitation
* + re f r a c t i v i t y  condi t ions  encountered (based on ray 

of propagation phenomena. The major  question is no
tracing t e c h n i qu e s ) .  In the case of Figure 19 an longer if - r s s ( * s dt  i s s n  assessment w i l l  be part  of
isothermal temperature profile was assumed to 

Naval - s( ersi ) ion s  hut  rather how to combine ,
extend from the surface to a height o[ 15 m which 

integrate and implement  vsrious assessment
is the base of a 4 temperature inversion extending capabilities for optimum operationa l utilization.
to a height of 20 m . Situations like this are riot In the area sf ionospheric propagation a
uncossnon in the Southern California offshore area comprehensive f r s qu osss -y management system appears
during Santa Aria conditions (dry desert aix- , heated to ~~ th e rssps r host for rea l—t ime  propagation
additionally by subsidence , and advected over the assessment. Tropospheric radio propagation ,
ocean). Figure 20 shows a photograph of a surface electrooptical (sropagation , perhaps underwater

- , acoust ics 5 + ; + i a t  i s , , ris - -  he best combined w i t h
JR 

oceanographic and ,rs t ssrrs loq j cal data in a
sh i pboard env i ronmenta l  +01 ( or  t C e n t  fr.
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INTEGR ATED REFRACTIVE EFFECTS PREDICTIC *sI SYSTEM (IREI’S) AND

ENV I RONMENT/WEAPONS EFFECTS PREDICTION SYSTEM (E/WEPS)

Herbert V. Hi tney

Naval Ocean Systems Center
+ 

EM Propagation Division

San Diego, CA 92152

ABSTRACT exploratory development (category (- .2 RDT&E)
project that has resulted in successful

IREPS (the Integrated Refractive Effects demonstration of the concept of on—board assessment
Prediction System) has been under exploratory systems. Because of the success of the exploratory
development at NOSC since 1974. An advanced development program , an advanced development

t devel-~ ¶ss ns~ program has started to develop the program (category (- .3 ROT&E) was begun in 1978 to
E/WEP S (the Environment/Weapons Effects Prediction specify and develop m i l i t a r i z e d  hardware to host
System) . A r,v:ew ot the current status of IREPS the assessment system ’s software. This militarized
and its continuing development ass a software nss (ule hardware is to be known as the Environment/Weapons
of F/WEPS will he ntod. Recently developed Effects Prediction System (E/WEPS). Because the
FREPS displays will be shown and discussed relative development of E/WEPS will take several years, an
to their intended tactical us”s, especially for interim assessment system based on the
-in r i r aFI lications . Ths I-~

5WEI C RDT&E ~-roqrJm , as Hewlett—Packard Model 9845 programmable calculator
-ur rently env isI nesh , consists sf  a near—term (PROCAL~ has been developed and will be deployed to
int s r im  issosarsent capability based on the all operational carriers during 1979. This interim
Hewlett—Packard Model (545 programmable calculator E/WEPS will be mainta ined  by Hewlett—Packard for
(PROCA L) and a f i n a l  f u l l y  m i l i t a r i z e d  advanced the estimated three to five year life of the
development model (ADM) assessment system. The systems . It is hoped that the interaction of
nsrssurars to deploy the interim PROCALS and work with operational and R&D personnel concerned with the
the olr-is.r and air wing personnel to further interim E/WEPS will provide valuable guidance in
refine the assessment capabilities ssf E/wEPs ~i1l developing the fully militarized E/WEPS.
he discussed . The relationshi p of the interim
E/WEPS to the final ADM E/WEPS will also be 2. REFRACTIVE EFFECTS
pr -s.- rsted. Finally, the development (-lana lot the
ADM E- ’WF:rS will he discussed and will includ e The term ‘ refractive effects” usuall y refers
consoli-I-,tion ssf the ~i~~s.s~~l Environmental Display ~o the property s f  a medium (here the lower
station (,;FDis ) with F/WEPS and other environmental atmosphere) to refract or bend an EM wave as it
support functions to form a proposed Shipboard passes through the medium . However , as the term is
Environmental 1 upport s-ss ~~s-r (S E SC) . Also used here , it takes on the wider meaning which
cons ide r a t i ons  of life—cycle costs., - legree of includes all propagation effects of or related to
militarization and -.tandardization required , test the lower atmosphere that affect the pe r formance of
and evaluation , nnd logistics support requirements EM systems. Ass such the term includes not only
will be I-r -s€-nted . refraction and ducting, but also reflection from

the sea surface , multi;sath interference ,

I. INTR (sflt’CTION diffracti on around the earth’s surface ,
tropospheric scattering, sea clutter , and many

It i-a” long been recognized t h a t  anomalous other propagation mechanisms and I roc s~ s-s . For
distributions of temperature and humidity in the most naval EM systems, the occurrence of ductinq in

. l ower atmosphere can be responsible for significant the troposphere provides the most dramatic impas t
changes in electromagnetic (EM) wave propagation on system performance.
and the resulting enhancement or degradation of
naval sensor and weapons systems. Such anomalous 2.1 Surface—Based Ducts from Elevated Layers
n-ropagation effects were first seriously studied
- (siring and i rnssosliately after World War II and many Over ocean areas there often exists a cool,
of these studies are suninarized in Kerr (1951). moist marine air mass extending vertically from the
During recent years numerous computational ocean surface to an altitud e of a few hundred
-ilqorithnns have been developed that have allowed a metres. The air mass above this altitude can be

,, near—real time atmospheric refractive effects much warmer and drier than the marine air for a
assessment syst.’m to be developed. IREPS has been variety of meteorological reasons , and it creates ar under development at NOSC since 1q74 and continues transition region or refractive layer in which the
to be d~ vs loposh and refins -si . The basic IREPS a i r  warms up and dr ies  out very rapidly with
system is described by Hitney and Richter (1976) increasing altitude. The rapid warming and dryi ng
and is based on mathematical models developed by of the air can cause the refractive index (and
several investigators. IREPS has been an refractivity) to  decrease with height fast enough
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to re f rac t  an uisw~ rd trays-li n t EM wave downward as
illustrated in the example shown in Figure 1. If
t he r e f r ac t ive  l a y s - r  is strong enough to -isis.’ the
downward t ravel ing wave to strike the surface , then
a surface—based duc t  w i l l  be torns?d .  As F igure  1
illustrates , such a surface—based duct can result
in severe alterations in the performance of EM REFRACTIVE / / /
systems. In the examp ls - , a shipbo ard a i r - sea rch  LAYER /

HOLE
radar can experience l s - s s  s f  a i r  coverage in a 

- - - 
- 

. - - - .::~ 
- : :: : : • - -

radar hole above th r fra t i .  1 iv r due , ither
to r dus ed siqoal 1 V Is r ,sI~ini s from sea ______________

clutter n turn it t same i i i  ohanced by the
duct. Also note that the radar si n i l  Isropaqates ~ .:~~~:-~‘ 

-

beyond the normal hori zon in s I an be intercepted by
hos t i l e  surface  p l a t f o r m s . s n  5~~ - - -d ised lu , i- s  are
generally rare over most ocean is ,-ass - but  in some
impor tan t  s sz - e r a t i n q  -ireas such as ~is  s t fss rn

California s f t _ ; h s s r ,  ars a , the eastern
Mediterranss ass , and the noiths in s Is st!dn Ocean they
can os-s- sir  Irs’s 20 t -  s -Ps’ ‘f I h t ime on i y e ar l y
basis.

F~gurr Fxamp ls’ of an elevated duct showing the

~“~~‘ ffects on an airborne early—warning radar

- r s - la t ivs - h u m i d i t y  is thus 100%. This high relative
— - m i d i t y  leon ases very r~~51d1 y 

varies depending

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i s l h s  ssset s e i  is- st ical conditions existing at the

~im’ , Thss ra~ i t  di i - e s s s s  in moisture also causes
INTERCEPTOR the s. f t  i s - t  ive index s f  the  a i r  to  decrease very

tar s Ply such tha t  a • rap~- i n s  layer  and surface duct
i s  formed immediately adjacent to the surface .

This I - s .  1 dus- t is much thinner and weaker than
‘;ur ’ ss - s -f 1 ducts -real. I by “levated refractive
I iv’ i s  set se r i a l l y  only I fects frequencies above 3
GlIz, i - s t  rad.rs and ‘her EM y s t s r f l  s!.’ratinq at

I - i  i 5 i ! s ~ 1 , F xam (sie s ’ i sin í a — s ~~( s i . ,  I I - showing th e s e  high fr eq sis is i s  - t i s n s s r s -  3 i l l u s t r a t e s  that
t h s - eli - o s-i - c on s shis 1 s r i  - ii s- —sear 1s n f a r .  s- e s - r — t h e — h o r i  ron ii t’ - ions and in te rcept ions  are

so’s s i t - I s - . Th. - t i s ,  i t t -  I the ,-va;soration duct is

-p si ~ s - vat fable insl 35d s- i s Is ssf l  the air  and sea
-
. - ~~ v , ’,sj~~iu -t- , ton-n- -rat sire , in I ambis ‘ r f ace  wind speed , and

huri li~~v . The ssvaporation duct tends to be
I’ ‘(is 5 ’  f r  v I ive 1 y’ r 5 w in Fisp i-e 1 5 n - i s o--n at - Tuatrsria) latitudes , dur ing  the summer

s s s - s s irs It a ~~~ its , • i s -v  i t io n suc’h t ’ i ‘h i  Is s wiiwgrd menths, and during the dayt ims~.

i sv. i ins~ wi- ,- discs ,‘-‘  I ike th, - sun - 5 , t hen  an
- - ( c v  it od  I sot 5 I l ’ ’ nrs ,’ I is n I l  s I r i t s  d in
Fj  I s i r s ’  - , T5 s, 5 r i “sa t  y f f ~ -t  t h  it e l ev at e  I t s i s t S

Is iv’- is t , s s ’  C - s rs ‘ii 55 (t r  hole) ibove the Isic t EVAPORATION DUCT
wher e  ‘vs r . ly i- t s i  s I si ii u s  from in em i t te r
w i t h i n  sr i t ss sys  t f  ci cv i t s  I s s t will s ‘-suit . A 

- - - 
‘: -: -

~~ -:-:~ - : :  .~
s h  x ImI I f F’igur, show’- so airborne — — — —

~ ~ y i n n  in I (i s b c  uted in It s I v i t I I s HOR~~~~1 — — —

w i ll ex~ r i  i s u r . us ix 1 it , i,l i c ’, She d.’t l ion %.. — —
I s ir ‘ u r n - - I s  will 1.’ rs s i )s rs ’dus I .  A l t h o u g h  t h i s  ~~1L -‘~~~~‘ ‘~~~~~ a’ ”
i - f -  w i H t - most I i s sn i o s i n c e d  for  radar SysO fl - -1

s’nmshrs i C 15515S - t , ’ms (s’s Is i h o g  h i - )  can also be ~~~RADAR TARGET -

- 5. I . F i r  “ C s s I  I s i s i. rs - s i l  1y s ss s us in the OR INTERCEPTOR
lowest I On I ‘he- t n - s  5 s”rs’ , hut  on (sc-an ion have
h-p en ohs,-rved it to I kin .

2 . 3 t + .’ in st il 1 s n Du,~~ -

A very n ’ - r - , i ct s  n t  duc t  i ng  mechanism is
r e I t ~~- )  s- s r most  s - s- s- -sr ,seas by the ra~sisl decrease

of mol- - s r -  i n i ne d i s l o ly  a d ) , i s - s - n t  tsr the s s , l n ’ s Figure 3. Example of an evaporation duct showing
cs,rt ,s , , For s - s s n s t i n i u i t y  seasons , the air ssl ja cess t the enhancu’ment of both detection and intercept

4 t s r  th e  rsr-ean in  nsa turstfs d with water vsp ssr and the ranges for a shipboard surface—search radar .
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3. IREPS an interactive terminal and graphics display,  a
graphics-capable hard copy unit, a mass storage

IREPS is an exploratory development project device to store the programs and the clinsatological
to develop, validate, and implement a minicomputer data , and a cassette reader that is compatible with
based software system that accepts refract iv i ty  of the AN/A1~1—3 airborne microwave refractometer.
the lower atmosphere and calculates and displays On—scene refractivity data is supplied to IREPS
the pertinent propagation effects and resulting from either a radiosonde balloon, the refractometer
enhancement or degradation in the performance of cassette, or surface measurements made aboard the
specific EM systems. The development of IPEPS js IREPS host ship. Two types of stored information
primari ly a model and computer software development are available to IREPS. The first type is the
consisting of: adapting existing mathematical climatological data stored in a historic and
models and developing new models where needed, geographic refractivity library from which TREPS
validating the resulting models by carefully can generate products that display the
controlled radiometeorological measurements taken probabilities of occurrence of various refractive
both by NOSC and others , compiling a comprehensive effects for any latitude, longitude , season, and
world—wide climatology of refract ive e f f ec t s  which time of day. The second type of stored in fo rmat ion

‘can be called on to supplement on-scene consists of the parameters of those EM systems for
refractivity data, developing the computer software which i~EPS will calculate and display refractive
necessary to implement the resulting models and effects. IREPS can accommodate -s wide variety of EM
climatology handling s:outines on IREPS , and systems for surveillance, communications ,
demonstration and evaluation of ~REPS during actual electronic warfare , and weapons tracking and
fleet exercises, guidance. Once the appropriate on-scene

refractivity data has been entered into IREPS , the
3.1 The IREPS Concept system can generate one or more products tha t

either display refractive condit ions, a summary of
Figure 4 illustrates the IREPS concept in a refractive effects for a wide variety of systems ,

block diagram form. Central to IREPS is a hardware or specific effects on particular systems.
data processing system which is usually based on a
minicomputer . The essential elements of the 3.2 The IREPS Displays
hardware system besides the central processor ire

Figure 5 shows an example of the basic
refractive conditions plot generated by IREPS .
Roth the refractivity in N units and the modified
refractivity in M units are plotted versus height.

((I ~
) HISTORIC & GEOGRAPHIC The bar to the right shows the presence of any

RA DIOSONDE REFRACTIVITY LIBRARY ducts by the shaded area. The example shows a
surface-based duct generated by an elevated

h~~~ 
EL ECTROMAGNETIC ref ract ive layer  occurr ing at 1000 f t .  Figure

SYSTEMS PARAMETERS shows the propagation conditions summary product
• SURVEILLANCE from IREPS which is a plain language narrative

REFRACTOMET E R 
S COMMUNI CATIONS d- s+ -r 1 (1 ion of the propagation conditions and

..J~ 
effects on EM systems in general. The refractive

________________ 
S ELECTRONIC conditions are the same as those in Figure 5. The

— WARFARE summary is broken down into three categories for
S TRACKING AND su r face - to—sur face , sur face—to-a i r , and a i r - to—ai r

GUIDANCE geometries . Figure 7 shows an example of a

~~~~~~~~~~~~ coveraqe diagram which is undoubtedly the most
~~~~~~~~~~~~~ useful IREPS product . The example is for a 1300
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FIgure 5 . Refractive conditions plot for a

Figure 4. The IREPS concept in block—diagram form, surface-based d-jct extending up to 1000 ft.
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40K
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Figure ~‘ . - v s - i - i - n i  ( 5 )  I e ~ s r  -i - - I o — l , ~ s i r — r ;s-ar s ii

radar - ss ~~, ’ , - ~ 5 - i t H (s 1 5 ,  -i - li l t rs h - s k s i  li t y s  f ~~
l e t ’ s ?  i ons s t  .~ I irs 1 . 5 ?  ct i i  the i s- I n  is- t iVI’  220

- sinsshi t ions s f  I i - s s i i  -

i-Si :’ SPIS— 12 .,ir— - . - g s - : s  5 - i n I - rssls .uh sil ity of
s l i t s~ -t  i s  55 5 c u t  a 1 n - sr- i s - I - Thu’ T h . u - f ~~f ss , - ,s on l b s , 250

- s i rvs- sI—.- s r t h rae is ~~
- - --050 - ;-l s- -i ,t st Ii splay indicates 0 10 20 30 40 50

th i s- rs-s t i ,s tn in 5) 5 - .  wt s ~~ i~~S I. - t  s t  i s sIss would be
s - t i , TI5.- - x - s 5 - - ,

~ 
I s -  i s  t s r  t I ,r- n - t r ac t  bye  RANGE IN NAUTICAL MILE S

s sirs t i t iss n s ; s s t I s  s - s t -  ¶5 w h i c h  is s -I s a r . i ot er i : sod  by a
1000 ft h i g h  - s s  s I  ‘r ’ — ( s i - n , ’ -  I - I s s - t . Thu’ - -,svu’rasl, - Fi gure 0~ Path loss disp lay for an SPS—l O
display -;h ,sw-; ’- x l s - n s i - - - I  n . l s n s - within the first surface—search radar mounted at 170 ft for a target

1000 f t  and s’s (00 nei l - s r ; - o - s I  by this d u c t .  At at 50 f t  and a standard a tmosphere . The dashed
higher s - I s - v  i t  i s i s  555-il - --; 5 - - -hisplay shows the line indicates the path loss thr9hold for a 50%

lobioq -t r s s s - t s i n  - - s i - i - i - s b  by i ts ’ - interference of the probability of detection of a 1000 m target.

Ii rs sst and s i - s — r n - I  I - s -t ed ~~- i - -- - - . Figure R shows
sss sst iss r examp le s f  t )  sge h i sq-la y f,sr a 420 transmitted to received power expressed in dB. The
Mfl.’ ~~r - s~ -°cs - i i r ( s e r s s ’- s - i r l y - w s r n n i n s s n  r ada r  operat ing dashed l i ne  denotes the one—way path loss threshold
-it ii - kft and s 5 s i s s  I , s s ,  u I r e - s -  r g s a c s-  sh’tection range for a 50% probabil ity of detection of a 1000 square
of 200 nmi for  ,n ,  . s r h s i t n s r y - s i z e d  t a r g e t .  The metre target. The nefractive conditions are for a

refractive - ssis s  l i t  is m nss in this example u-c standard atmosphere . The example shows the path

- :  characterized by an - -is-v u -s I duct between 15 and 18 loss oscillating up and down at close ranges due to
kft. The -s on) !- - shows extended radar detection the interference of the direct and sea—reflected

-, 
,- g-ah s i l i t y in t h u  s l s - v , i ( s ’sh - ( s is t hut u t the expense waves. Since the path loss values exceed the

sf  a radar “ten !,- ” or rn- - li on of reduced detection threshold b r i e f l y  at a number of the nulls,
ihes,,- th s - s tss s  5 - Figure 9 is an example ~f a letectlon would not be expected at these ranges.
one—way path loss v,’rsus t ar s , -- display for a 5700 At a range of about 23 nmi, the path loss curve
MHz SPS-1I) surface—s -- u ts radar operating st 170 ft crosses the threshold for the last time , therefore

4 above the ocean - : s s s f ,  in -I for a target at 50 ft  t h i s  display shows the maximum detection range to
above the os-can -a i r -  u s - ’ . Path isiss  is the ratio of be 23 neil .
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In addition to the products that have been if done properly and will result in a lack of
presented in the above examples, IREPS can generate assessment system capabilities within the fleet
other displays that assist the operator in loading until at least the late 1980s. Because of the long
and evaluating on—scene refractivity data, in delay in initial operational capability, ass interim
0ditinq refractivity data or EM systems parameters, E/WEPS based on a Hewlett—Packard model 9845
or requesting the climatological data. prograrussuable calculator is being implemented and

deployed aboard all operational carriers, The HP

3.3 Tactical Uses of IREPS Products 9845 has the capability to generate all of the
IREPS products and produce a high—quality graphics

There seem to be many tactical uses for the hard—copy output, but at s’ reduced speed of

various IREPS products as determined from actual operation. The interim E/WEPS has been used aboard

fleet exercises, Several of the more important the USS RANGER for several months with highly

ssflu’s will h- presented in this section , but this successful results. it is anticipated that all of

discussion is not intended to be all—inclusive, the operational carriers will have an interim
E/WEPS capability by the end of C? 1979. It is

One of the most important uses of the IREPS hoped that the early interaction of the operational

products is as an aid in determining the optimum personnel of the various ships and airwings wrth

flight profiles for attack aircraft to avoid the R&D personnel involved in the development of

detection by h o s t i l e  radar systems . For instance , IREPS and E/WEPS will result in a far improved ADM

-s isorissal tactic to avoish detection i s to f l y as E /WEPS for eventual use.
close to the  ocean ;sin face as possible, but fo r the
examplu’ i c  ma-r st ,- sh in Figure 7 such a low a l t i t ude 4. 2 Advanced Development Mod-I F5us -tss r o

would be the wor s t  a l t i t s u d e  tor  penetrat ion.  In
the - case sf  such a surfac e—based duct , it would  be There are a m ul t i t u d e  -f factors  to be

L much b er t s - n  to f l y  above the duct ssr to f l y  down considered in the development of an ADM t h a t  have
s - f t h u ,  int crf- rs -ns ss - n u l l s  to avoid sIs-tection, been mandated by ‘NO . A partial liSt 5 5 1 those

S i m i l a r l y  an ~ s M  , i i r c n . u f t  -ans use the coverage f a c t o r s  that: must he s ssns jdered in the development
d iagram t o  p l an .i t l j i h t  r s s f i l e  to m i n i m i z e  his ssf the  FS/WEP S AIIM .ur , 5 :
Is- I -c t is sns s t  to maxinni ,e - I!ie e f f i c i e n c y  sf h i s

~amminq s -s )s ii ; sm s - n s l .  1) Func t iona l  performance requirements
2) M I L — E — l f s 4 0 0  r equ i rements

s n t l i i important s i r s ’ s I the - ssver ,ssn e 3) L i f e — c y c l e  costs
. h i a s ; n . s s s,; is in s i  a t i or i i nq  sf  a i rbo rne  u s ; r s , t r s  to 4)  f l s - - s i s t n—t o—cost
nrsi ni fls i :’s ’ I i i , -  ef t s - - t s  of i , I u r  ho u r; . For ins tance  5) N - ivy  standardization program

in  t h e  examp l p .s f F’is:nire 8, the radar holu’ would 45) Ru ’l i a b i l i t y / m a i n t a i n ab i l i t y / a v a il ab i l i t y
become o tn . i l l e r  and - s r ,m. i lh - r  t he  h i s ~b ie t  t he  a i r c r a f t  7) T n - s t  and eva lua t ion  requirements
w r s s s l s b  iy  above IC kII and -osils i comple te ly  H ) In t e s :r a t s - ,h  l og i s t i c s  su l - l s sr t
I i  -s,Ilsl-e,ur for s i t  itudes below I i  k f t .  Another  use ‘3) Manpower and training
t s r the --nv --ra n,- d iag ram is in  -;t,It i ssnninq s f  a l l  10) Shil s(ur i ard i n s t a l l a t i o n  r equ i r emen t s
typu-s of aircr,sft to maximize vhf communications I , n  11) Ru ’sOurc  sharing

t h u -  various surface units and other airborne units.
:‘55 ’s - i . u l  communications systu’ms such is t he  ~~,

M s  I t  i — - h-m oe) - T e z -el Relay I Ms . s R )  u sed t is 5 , -  l a y
- s r - I  soy i n f o r m a t i on  to the Tact i s - u i  I I i.~~ poi I cs-site, It fs,us; resent Iy beets proposed that a

rst ,  - s  - - . s rn i e r  v i a  a hol icus )st --r or -i — 3 .s i ts r a ft can :;hip board I isv i t ssn s t ns s-n s t al Suls(~~rt ss -nn t u- r (SESC) is,

- - n r ’ - . u t l y  a f f e c t e d  by r e f r act i v e  e f f e c t s  a l s o . A beve)ssp~’sI t h at conso l ida tes  the f u n c t i o n s  of E/WEPS

cove r u - i ’ -  sb iagran ss  n . u  i l u r u - s I  to th e  i-% JR s -an be u s - I  with th - N .sval En v i r o n m e n t a l  D i s p l a y  S t a t  jo ts

~~ i t  imiz i - stationing of the i - -l~~yin-i platform and (NEf l s i— .5 )  a n t  Ih,- I r s to - st r , s s s-sb Commansl 1\SW Predis -t jon

will I ns t i c u t , ’ the p ossi ls i  l i  ty  of n’r ii s -emmun i e a t  ion - vs l  ‘tin ( Ts AI~~~) . N~~~ S— 2 is a )sroposed shiisb oar~I
I rn’s ’ low u t ?  i t  is ) , -- ; i n i , -  i s - ;ss r fac,-—bsas , rI - I s i s t s  which v e r s io n  of n h-- shorebaspd NE DS that has been

- iS sil ) s s w  an A~ 5W h e l l  - s n )  t s r  10 use its dj1 ~~i n i ~ dcvi’) I b - v  F leet  N srnu’r ical  W u ’ at h er  C e n t r a l  (FNWC )
s n s u t  - i n - n i l  t an o o s i s ly  with t Ins- MCJR . A l s o  5 i s s -  IREPI ;  to r s - c e i v u ’  and Ii splay weather data generated by

- s -b 5 5 :  - u t ,  ( s, s,s s ~ ssI S s s  I s - ?  - - r m i n u s  t bs , -  - s  ~- ; s r s s ) -  r i u t s  FNWC . )s Al~~ is an assessment - - y st  -‘in developed by
I~Ms - s N  - -si n s - l i t  I miss ( s- ;” I s -n s  thu ’ r i  s i t S  t i ssn s NAVOCEANO Issi underwater  as-oust I Cs envi roninenta 1

- --~n s-hi ’ion s ? u t  s, r t~ -ntI y - - x i s t .  , - f b e c t s .  The SESC is proposed t o  be situated on
.u l l  s - . lr r i u ’r s in the  meteorological  o f f i c e  and on

4.  E/WEI - sel~’s - tesI  o ther  s i p it a l  shi ps, i ’ s -s -ass :;”  of the 1-JEDS
requirement for high data rate communications from

‘H F PS is  an advanced develoisment , s r o j e c t  to FNWc’ and considerable mass storage, it is expected
b ’-v- t op -ì milit a rize - h hardware and software system that the NEDS-2 requiru-ments will dominate those of
m d  -sn j ~ -~r , t  5 ing -hsm s - utnentatiotu t s s  ~ser fo rm t h e  IREP S E/WEPS and (CAPS except for the central processor
functions (and potenti ally other assosstsN’nt system requirements. It is hoped that by combininq all
f s i n s - ’  i on s )  aboard ma l sn r 5 -u-sm.b a ta nt  - - t s i ( s s .  t h r e e  is! these functions into ofle system a

much sSreat -r capability will result at a less -u
-L I t -iili s s t - 1 - - s - t ives cost than imp lementing e,ich rune alone.

The f i n a l  s ( s i e s t i V e  rut  the  E/WEPS Fsroj( ’ s -t  is ~~. RE FE RENCES
to  5 ) - u n i f y ,  - , m n - -, t r s , c t , TE CI IEVAI, , (SPF,VAL , - -mod obt a i n
s ) ) r s s v s I  for service so,e t s s u  an advanced Hitney, H. V. and 3.  Ii. Richter, 1976: Integrated
b , -v ,  i s s ~s m ’n t  model (AI I M)  to I~~- r t -  -cm assessment Refractive Effects Prediction System, N a v a l

- y - ; r e m  f u n c t i s s n ; . Many facl,srs go into t h e  Eng ineers Journal , AR , no .  2, 257—2 (s2.
development of i t s  AIIM and -i ntmnub.-’r of them are
specified in the next section. The process in s Kerr , f~~na 1d K . ,  195 1: propagation s- f  Short Radio
develop such an AIIM F,/WEPS will take .s - v er a l  years Waves, McGn,iw-Hi ll Rook Company.
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THE FLEN U M W E A C E N  R A D A R  P R O P A G A T I O N  A N A L Y S I S  M O D E L

Leo Clarke and William Pertl,e

Flee t Numerical Weather Central

Monterey, California 93940

A B S T R A C T  A r e f r a c t i v e  i n d e x  p r o f i l e  is c u s t o m a r —
i ly  com p u ted f r o m  an  a tmo s p h e r i c  s o u n d in g

Followin g a one year operational eval— (raob). The model incorporates a variable
uation by Pacific Coast fleet units , the vertical gr i d w h i c h in c o r pora tes a l l  the
FLENUMWEACEN Radar Propagation Model be- significant levels of the sounding. Under
came operational in July 1977. Subsequent- this system the basic input data is inven—
ly reque sts for Radar Propagation Analysis ton ed and , if necessary, is expanded by a
( R P A )  s u p p o r t  have increased from less than progressive interpolation techni que to im—

t one hundred per month to more than six hun- prove the accuracy of the ray tracing in—
dred per month, tegrations . This technique generates no

new extrema or minima , bu t ra th e r  f i ts a
The execution of RPA at FLENUMWEA CEN curve to the discrete data . I f  the refrac-

h a s  been automated with in-house turnaround tive index profile extends to less than
time of less than one hour except in unusu- fifty thousand feet , it is extrapolated to
a! c a s e s .  The A P A  m o d e l  is radar specific that altitude with an exponential model.
and treats each user ’s request as a separ- The RPA model initially was basically an
ate calculation based on a free space de— inverted FACT (Fast Asymptotic Coherent
tection range (FSDR) for each specific Transmission) model which is used by FLE—
radar mode of operation and target config— NUMWEACEN to compute transmission loss as
uration. The RPA model assumes a nonleaky a function of range and frequency at fixed
duct , specular reflection from the sea sur— source and receiver depths in underwater
f ace , and a layered horizontally homogeneous acoustics , Spofford (1974).
atmosphere. The output is a ratt-grap hic
coverage diagram representing probab ilities The RPA model driver converts the re-
ef detection (PD) at specific heig h ts a n d f rac ti ve in d e x  p r o f i l e  to an a n a l o go us un-
ranges in a two dimen sional matrix. A tab— derwater sound velocity profile. The
ular N—profile is included at the end of driver then executes the FACT model once
each message , and represents the refractive for each level in the analogous sound
i n d e x  p r o f i l e  u p o n  w h i c h  t h e  c o v e r a g e  dia- velocity profile. The propagation loss is
g r a m s  a r e  based, returned in arrays for formatting via the

output package, The R PA mo de l i n g i n c l u d e s
1. RADAR PROPAGATION ANALYSIS MODEL

‘j 1. 1 I n t r o d u c t i o n  SPE CIAL REQUEST RESPONSES 1977”78

- - SPA REQUESTS
Following a one year operational eval— WUM$ER

uation by Pacific Coast fleet units , the 800 -i- 
Fleet Numerical Weather Central (FLENUMWEA-

- 700 --i-
CEN) Radar Propagation Analysis Model be—
came operational in July 1977. Subsequent— 600 --.-

5 ly, fleet requests for Radar Propagation
Analysis (RPA) support have increased from
less than one hundred per month to more 400 --.-
than six hundred per month (Figure 1). 300 ’.-

1.2 Mo del D e s c r i ption 

, 
200

The RPA model utilizes nonleak y du ck 5 -- 4and c o h e r e n t  r a y  t h e o r y  to c o m p u t e  a t m o —  ° gp~~~~~~~~~~~~~~~~~~~~
’
~~~1 JUN JUL AUG OCT NOV DEC

sphe rically induced electromagnetic energy
gain/loss from a free space reference level.
The calculations consider a one-way path Figure 1
from an isotrop ic antenna.
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an evaporative duct on all oceanic sound— 1.3 Model Input
ings because of the well known inability of
the radiosonde to portray temperature moi st— Input to the model requires:
ure profiles in the first thirty meters
a b o v e  the  s u r f a c e .  The F L E N U M W E A C E N  p l a n -  a .  a n t e n n a  hei ght
etary boundary layer model (PBL) calculates b. radar frequency
the presence or absence of the ocean sun— c. maximum horizontal range of the
face radar evaporation duc t (REVAP) using analysis
ocean interface parameters calculated in d. an input sounding
the PE model. This duct is nearly always e. three pairs of Free Space Detec-
present over the oceans and is strongest in tion Ranges (FSDR)
the trop i c s  (o n the a v e r a ge , bu t c a n  be ex-
treme in other reg ions when dry air is and their associated Probabilities of De—
present). This duct is of importance in tection (PD). FSDRs have been computed at
ex tending the range of radars in over-the- FLENUMWEACEN for standard PD5 based upon a
horizo n (0TH) SFC to SFC and low level one square meter target area for a number
radar coverage. Enhanced detection ranges of radars (Figure 3).
o c c u r  f o r  f r eq u e n c i e s  of  3 to 20 Ghz  an d
are proportional to the strength of the
d u c t  g r a d i e n t  in N units. Antenna location RADAR SYSTEMS SUPPORTED BY FLENUNWEACEN
r e l a t i v e  to th e top of the duc t a l s o  ef-
fec ts enhancement (lowest antennas within RADAR PROPAGATION ANALYSIS MODEL
the duct usually have the greatest 0TH
r a n g e )

Due  to t h e  p o s s i b l e  e n h a n c e m e n t  or  AN /S PS— S C AN/ SPS—48V
degradation of radar systems caused by an AN/SPS—5D AN/SPS-49

ev~ j :sration duc t , FLENUMWEACEN combines the AN/SPS-6C AN/SPG-SIC

e v a p o r a tiv e  d u c t  output from the FLENUMWEA- AN/AWG— 9 AN/SPS-52

CEN PBL model with the i n p u t  sou n d i n g  se n t AN/AWG- lO AN /SP S-52B

i n  by t h e  r e q u e s t i n g  u n i t , or with a nearb y 
~~~~~~~~ AN /SPS S3land soundi-ig, if desired. 

- 
In this manner , 

AN/SPS-’-21A AN/SPS:53K
the e f f e c ts of an e v a p o r a t i v e  d u c t  can  be ANISPS—2 1D AN/S P S— 53L
incor porated i n t o  the r a d a r  p r o p a g a t i o n  AN / SPS —2 9 c AN /S PG —S SB
model by modify ing the bottom of the input AN/SPs-29E AN /SPS—55
soun ding. AN/SPS—3 AN/SPS—58

AN/SPS—32 AN/SPS—58A
The manner in which the evaporative AN /SPS-33 ANJSPG-6

duct is added to the sounding is accom— AN/SPS—35 AN/SPS—61
plished by decoding the shi p position and A24/SPS-37 AN/SPS-62
extracting the duct information from the AN/SPS—37A AN/Al’s-B
PBL fields. A message will be added to the AN/SPS—39 AN/APS—9 6
RATTGRAPHIC output if the evaporative duct AN/SPS-39A AN/APS— llS
has been added. If for some r e a s o n  the AN/SPS-’4 AN/APS—l2
e v a p o r a t i v e  d u c t  c a n n o t  be a d d e d , t h en  no AN /SPS-4B Fl u  RADAR
message will appear. In the event that a AN/SPS—4C MK—25 MOD— 3
land sounding is used , a caveat figure 2 AN/SPS”4D
will appear in the output to alert users to AN/SPS—43
possible problems. AN/SPS—43A

AN /SPN — 4 3
AN / SPS—48
AN/SPS—48A

DATA COMPUTED BASED ON RAOB sssuNunlN( ; FOR (LAND STATION )
AND BLENDED WITH FNWC SURFACE IsIP T AT (P OSITION )
EPA COMPUTED FROM LANI) MOB IS SUBJECT TO CONTINENTAL F i  ur e  3
AThOSPHERIC CONDITIONS WHICH MAY D IFFER FROM MARITIME
ENVIRONMENT. EXISTENCE OF FRONTAl. ZONE OR AIRMASS
DISCONTINUTITIES IN AREA WILL Al SO REDUCE ACCURACY . These calculations were made using a
RELIABILITY OF RPA IS INVERSELY PROPORTIONAL TO DISTANCE FORTRAN computer program RGCALC , B l a k e
BETWEEN SOVND I NC AND OP AREA AND TO ELEVATION OF (1972). For other than standard U. S. Navy

RECOMMEND THESE VARIATIONS BE CONSIDERED AS shipboard radars , F S D R s  m u s t  be s u p p l i e d  by
the user or can be calculated by FLENUMWEA-
CEN if sufficient data is supplied.

The input sounding is customarily a
Fi gu r e  2 r a d i o so n d e  s o u n d i n g wh i ch i nc l u des , as  a
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m i n i m u m : pre ss u r e , t em pe r a tu r e , and dew The output can be interpreted directly. For
po i n t dep r e s s ion . The he igh t of each  l e v e l , e x a m p le  i n  Fi gu r e  4 , the letter “A ” repre—
if included, will be utilized , otherwise , sents the area where there is greater then
it will be calculated. 90% probability of detection. Letter “B ”

represents greater than 50% probability of
The  i n p u t  s o u n d i n g  is the  most frequent detection but less than or equal to 90%;

ca u se of  am b i g u o u s  results. The sounding letter “C ’ represents greater than 10%
s h o u l d  c o n t a i n  as m a n y  l e v e l s  in  the lower  pro ba b i l i ty of de tec t i on  bu t l e s s  th a n  or
a t m o s p h e r e  as  is possible. It is essential equal to 50%; and blank areas indicate 10%
t h a t  t h e  s o u n d i n g  i n c l u d e  c o m p l e t e  moisture probability of detection or less. The last
information and include dewpoint depression paragrap h of  ea c h RP A m e s s a ge con ta ins  a
in the levels below 500 m illibars. Deck tabular listing of the refractive index
launched radiosondes should be launched well profile with heights in feet , N units for
clear o f  any unusual shi pboard thermal con- e a c h  l e v e l , N gradient and description of
d i t i o n s  to a v o i d  i n a d v e r t e n t  t h e r m a l  anom— the refraction of each layer, i .e., trap—
alies. ping, super , no rm a l , or subrefractive

( F i g u r e 5 ) .
1 . 4  M o d e l  O u t ~~~,~

3,THE ABOVE RADAR PROPAGATION ALALYS II WAS DERIVED FROM THE S(HJWDINCT h e  A U T O D I N  m e s s a g e  does  n o t  r e f e r  to GIVEN BELOW . THE REFRACTION COLUMN TELLS IF THE REFRACTION IN THE

8’ radar frequency or location. However , the LAYER BETWEEN TWO LEVELS IS NORMAL . SUB , SUPER OR TRAPPING .
r a d a r  d e s i g n a t i o n  i s  i n c l u d e d  i n  t h e  c o v e r —  HEIGHTS REFRACTIVE INDEX N/b OO P T. REFRACTIO N

age diagram heading necessitating a CONFI— o. 422,0
D E N T I A L  c l a s s i f i c a t i o n .  The  m e s s a g e  text 22. 375 ,0 -2180,0 TRAPPING

- - - - - 71 , 371,3 —73 .6 TRAPPINGis in grid form with an altitude (feet) j493~ 350 6 -14,6 NORMAL
v e r s us r a n g e  ( r im) g r a p h i c  d i s p l a y .  The  ou t -  5545. 342,2 -560,7 TRAPPING

put , called a coverage diagram , show s a r e a s 159K 332,9 -176.0 TRAPPING

- - - - 1703. 313.0 — 190 ,2 TRAPPING3f  p r o b a b i l i t y  of  d e t e c t i o n s  ( F i g u r e  4 ) .  1808, 202 ,5 -194,7 TRAPPING
1913, 273,5 —181,7 TRAPPING
2215, 261 ,5 —39.5 SUPER
2585 . 258,1 . — 9 . 3  NORMAL
4993. 246 6  —4 ,8 NORMAL
5R 02. 236,3 -12,8 NORMA L

RISK PROP INESCON8O9O 6611. 224 ,5 — 14 , 6 NORMAL
I . IN RE SPONSE 155 REP A THE FOLLOWING RADAR 7028 . 221 .2 —7.9 NORMAL
PROPAGATION ANA L Y S I S IS PROV IDED. 8704 , 208.6 —7.5 NORMAL
2.AL TITUDE 0. TO 50000. - 10381. 197 ,3 —6 .8 NORMAL

STATION 771107S ZZ 19201, 549,9 — 5. 3 NORMAL
FOLLSRO NG IS COVERAG E DIAGRAM WHERE LETTER A REPRESENTS 25367. 119.6 —S.0 NORMAL

COVERAGE WITH GREATER THAN 90. PER CENT PROBAB ILIT Y OP 25866. 111 ,4 —4 . 3  NORMAL
DETECTI ON (PD) , LETT ER REPRESEN TS GREATER INAN 50 . PER CENT 28812 . 107.0 -3 .5 NORMAL
PD RUT LESS THAN 90. PER CENT PD AND LETTER C REPRESENTS 31759 97 .1 -3, 4 NORMA L
GREATER THAN 10. PER CENT PD RUT IPSI tHAN 50. PER CENT PD. 40819 68.8 -3 .1 NORMAL
THF S E R T I S A L  A X I S  IS A L T I T U D E  IN PEE ) AND THE HORI Z ONTAL AXIS  50000 40, 9 — 3 . 1  NORMAL
IS RANGE I N NM.
THE R E C E I V E R  HEI GHT FOR T H I S  M I S -  IS  7 7  FEET.
THE RADAR TYPE POR THIS ‘1Ss~ I S  SP S9 9A F i g u r e  5

0, 38. 17 . III. 15 4. 192 230.
50000. AAAAAAAAAAAAA RAAARAAA AAAA B RAAAA RC RRA AAARR C C C R R R R R R
40879.AAAA AMA AAAAAAR AAAR RAAA R BAAAAR CBAAAA ABB CBR B BRRBR RR RC 1 .5 R a d a r  P r op a ga  t i o n  R e q u e s t  a n d  D a t a
3I759.AAA,N.AAAAAAAARAAACAAAR AAAAAC RAAAAAARR CR RKRRRRRR R BRC CC

4 2 R R 1 2 AA.AAAAAAAAAAAAACAAAB AAAAA RAAAAAAR C CR BRU BBB BBR BCCC npu  e s s a g e s

9 25866.AAAA AA,MAAA AAACAAAR S:AAAAR CAAAAAA RR
25367.AAAAAA.AAAA?J.AABRAAAAR RAA AAAAR ( BR R AAAA AR RR BKR CC W h e n  p o s s i b l e  t h e  initial RPA request
19?91.AAAAAAAAAAAARAAA AAAAA RAAAAAAR CR AAAAAAAAA RRR !CC - ‘ 

-
1038I. AA AA AAAAAAAAAAAAARAAAAAA RC RAAAAAAAAA ARR RC ( f o r  s e r v i c e  s h o u l d  be sent several working
H;O4,A JAAARAAA &AAAAAP.ARIIRC days before the first RPA product is re-

• q u i r e d .  Thereafter , standard operational
5H01.AAAAAAMA.HAAAAAAAA )J,AA.NAAAAAAAAABRRC message requests are appropriate unless
4993.AAAAAAMAAAAAAAAAAAW.AAAAAAAAARRC th e r e  is a change in radar parameter input ,
2585. AAAAAAAAAAAAAAAAAAAALKAAAR - -
22 t s _ w A A .Uasu&w

~ 

or if several months have elapsed since RPA
191 3 . AAAAAAAAAAA was last provided to your command . Sample
1808-AAAAAAAAAAAAAAAAAAAAAR CRAAAAAAAAAAAAAAAAAAAAAABBB - - ‘ i - -
170 3.AAAAAAAAAAUAAAAAAAAABC RA ,AAAAAAAAAAAAA AAAAA RRBBR RB i n  ia reques messages are provi e in
1599,AAAAAAAAAAAAAAAAAAAAA RC RNBBRAAAAAAAAMAAAAABC BBRB F i g u r e  6 .

z 15 45.A.AAAAAAAAAAAAAAAAAAAARB CBRBRBRAAAAAAAAAAAAAABC BRBR
I4NLAAAAAAAAAAAAAAAAAA .&AABR R BBBBBRI AAAAAAA R BAAAA R BBRR - - -

I I . A  C AA BR R C C 8RCC CCC W h e n  t h e  s o u n d i n g  is p r o v i d e d  by the
ç U.AAR CCCC u s e r ,  it m u s t  be i n  the f o rm a t  d esc r ibe d i n

18 . 7 7 .  ~~~~ . I S A . 1 9 2 .  235 F i g u r e  7. Deviations in the format may
TN! E VAPORATIVE DUCT HAS BEEN ADDED TO THE R5)TIOM OP THP SORND I NG c a u s e n O n r e c o g n i t i o n  o f  t h e  m e s s a g e  as  a n
SEC TI ON H E R E .  RPA request due to the similarity of normal

sounding data messages required by other
f l e e t  d i r e c t i v e s .

F igure 4
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q u i r e d  r aob  is r e c e i v e d  v i a  t h e  AWN data
collection network. Request supported b y

FRI (YOU R COIIHAIID) a s h i p ’s own raob is executed on receipt of
TO RIG 7608 (PACIFIC) t he s o u n d i n g  v i a  A U T O D I N .  The T S C R E E N  pro-AbC 7641 (ATLANTI C)
NT g r a m  se a r c h e s  a l l  A U T O D I N  i n p u t , s a v s n g  R P A
(cLA SSIFI c .&TUON )//N 0U49/ / r e q u e s t  s o u n d i n g s  in  a p e r m a n e s - t f i l e .  The
RADAR PROP ANAl YSIS REQUEST (U) RADFIND program extracts the sounding and
s. un EPA IAN FOLLOWING PARAMETERS : i t  i s  d i s pl a y e d  f o r  q u a l i t y  c o n t r o l  a n dA. (EPA PRODUCT ADDRESSEES)

USS (YOUR SIILP) possible correction. Subsequent to error—
usS (SHIP IN C~~~~ANY ) checking the sounding, the RPA job is exe—
INFO (DIMBEED STAFF) cuted , generating an AUTODIN transmit tape.

B. (RADAR TYPE(S), SPS—40B)
C. (DISCRETE RADAR FREQUENCY(S). 1-0(1)

D. (ANTENNA HEIGHT(S) ABOVE SEA LEVEL, Fl) 1. 7 Response Time
4. (MAXI)OJM HORIZONTAL ANALYSIS RANGE(S). NM)
F. (TIM! PERIOD DESIRED , 1!: 1.21 24 JAN 79 to b2Z 27 JAN 79) T h e  e n t i r e  R P A  e x e c u t i o n  process fromC. •(APPROX IMA TE POSITION OF RADAR(S) FOR EACH TIME PERIOD

REQUESTED. LAT/LON G) receipt at communications to transmission
2 .  (REPEAT PARAG RAPH S. INFORMATION FOR EACH SEPARATE EPA o f  response is usually less than O n e  h o u r .

MESSAGE DESIRED.) In  some c a s e s , t h e  time has been less than
3. UPPER AIR SOUNDINGS WILL BE PROVIDED BY USS (SHIP). twenty-five minutes. However , when the

SR (OR) UTILIZE (LAND STATION , E . G .  SAN DIE GO)
SOUND ING (STATION NUMBER IF (N OUN ) .  (OR) REQUEST SELECT s o u n d i n g  h a s  s e v e r a l  e r r o r s , or when the
UPPER AIR STATION OF OPPORTUN ITY. (NOTE THAT REPORTING c o m p u t e r  a s s e t s  a r e  n o t  a v a i l a b l e , i t  m a y
RLLIABSLIT’( OP MAN’S LAND STATIONS IS LESS THAN 1002.) take in excess of three hours , Fic)ure 8.
BT U s e r  r e s p o n s e  i n d i c a t e s  a n  a v e r a g e  of two* LAN D STATION SOUNDING U T I L I Z A T I O N  ONLY.

- - to  t h r e e  h o u r s  f r o m  t r a s n h i s s i o n  of  r e q u e s t
to recei pt of product. This generally

- - agrees with the FLENUMWE ,~CEN one-way AUTO-
F i g u r e  6 D I N  o v e r h e a d  of  o n e  h o u r  f o r  i m m e d i a t e

m e s s a q e s .
Ffi {SHIP PROVIDING)
FM {SHIP PROVIDING SOUNDING)
TO AIG 7608 {PACIFIC}

A I G  7641 {ATLANTIC} MEDIAN I PI4EDIATE -IN-H OUSE TURISAROLNI)
NINU TESBT 9 0-  

{ CL&SS I F I C & T I O N } I/ N 0 3 14 9/ /
RADAR PROP ANAL YSIS REQUEST {U} 80 -4- 

5

UUAA {MANDATORY LEVELS - lIMO 36.3)
UUBB {SIGNIFIC ANT LEVEL S — UMO 36.3)
BT

F i g u r e 7
SO ‘(-

.51 _ ( _

S The mes - ,aye S SI C  of  03149 (vice 03144) 
~~ -~ a n d  t h e  s u b j e c t  l i n e  “ R A D A R  P R O P  A N A L Y S I S

7 REQUEST” ,sre c r i t i c a l  i n  d e c o d e r  r e c o q n i —  SEP 5(1 NOV DEC AN F E B MAR APR S.~ tiN JCL AU (- SEP OCT NOV SEt

tion. The sounding indicators UUAA and UUPR
must be in the left column and must not be
preceded Ly any information such as pare— Fiqure 8
graph numbers , INTERNATIONAL RADIO CALL
SI~~i (IRCS) , etc ., DIRNAVOC EANM ’ ‘ 19 7 8 )
UUCC/UUDD information may also be s.~~l u d e d  1.8 I n d ep e n d e n t  E v a l u a t i o n s
if it is desired to combine a normal upper
air report requ ired by fleet d i rective with User response to request for evalua—
the RPA request , as RPA request soundings tion of The RPA product have indicated that
are also r- ad int s , the FLENUMWEACEN data the coverage diagram is easy to interpret ,
base , N AVAIR (1975). and normally valid. I n  most cases, observed

detection ranges and effects of propagation
1.6 RPA Model Operation were consistent with predictions. However ,

si gnificant atmosp heric changes were ob—
Execution of RPA is initiated upon re— served to invalidate results. Understand-

cei pt of an upper air sounding at FLENUM— ing and awareness of anomalous p r o p a g a t i o n
WEACE N . Requests supported by l a n d  r a o b ’ s conditions aided in antenna/frequency
are automatically executed when the re— selection and , for multi ple radar units ,
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optimum radar selection. The RPA product

in general has been accepted as a valuable

and reliable addition to fleet support , and
o n e  user stated “The RPA support provided
was a significant factor in the success of
our operations . ” Probably t h e  most common
comp laint was the long turnaround time. In
view of the fact that FLENUMWEA CEN in-house
t i m e  i s  g e n e r a l l y  l e s s  t h a n  one hour , the
major delay seems to be in fleet communi-
cations. Many ~s t the users surveyed indi-
cated a desire for ozsL -~~ard capability to
g e n e r s t e  RPA (such as IREPS).
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REVISED FNWC RADAR PI~ )PAGATION MODEL

Claude P. Hattan

Naval Ocean Systems Center

EM Propagation Division

San Diego , CA 92152

ABSTIO4CT

The .~~~. N ,vy s (-. -ra tes in an environment which At (h o  re sent time Fleet Numerical Weather
produ ces dram at ic  r e f r a c t i v e  e f f e c t s  on - o V e r  (FN WC) provides i ts  users wi th  a Padar

~l ’~-t mi crowave systems.  ,~ v a r i e t y  ~f technical  P ropaga t ion  A n a l y s i s  (RPA) based on mod el s

~ips--rs and rt.inuals ire or have been employed by developed for underwater acoustics. Operat ional
the  H - s t to ,,;s-~ ,; the s-ffect of refraction on un i t s  wi l l  soon be faced with the problem of
these systons . The greatest majority of these reconcilinq two different propagation products 

m,- ::t methods are sf l i t t l e  u t i l i t y  to the w i t h  the dep loym ent  of an interim—IREPS capability

is they are not fast , accurate , and/or this ys-ar. To el iminate any confusion NOSC is

simple ‘ - n o - : t h .  In  recent years NOSC has developed providing FNWC with a program intended for use in
a ~iinicomputer—based ,ss’- s , m c n t  system which  rep lac inq  the rresent RPA. Thi s program , which is
allow , n ea r - rea l  time ‘— v a l u a t i o n  of refractive t~ a sr- - t  on the IREPS models , wi l l  a l low FNWC to
s- ffect~ so Naval sensors. T h i s  sys t em i s  the  — :-ovi to i t S  users IREPS—compatible propagation

~n( - tr ,ted R , ’f r act i v , -  F f f s - c t - s  P r e d i c t i o n  Cy st o m  or information. The program will also t o
I R F P : -~. As IREPS -rsstu ct o and rototvpe h a rdw ar s -  u p w a r d— c o mp a t i b l e  w i t h  TRE P S and as improvements
tr e  :ntr o-tits - ,- - I s -  s p s - r i t  ional  u n i t s  they w i l l  on ly  sre ti,ade to IREP S they can be incorporated I n t o
be ins ta l ls ’s)  s o  th , s s ’-  ships w i t h  - ‘ .- t s - sr oloqica l  the (- ‘NWC RPA r o s tr a m .

- - as-Ihili t 1- s . In -- r - t o r t - ,rtsv ide - - t h o r  units
w i t h  the b e n e f i t  s-f lRF P~~- ty ( - o ( r s t 1 a computer The principal program -roducts w i l l  be
program has been toy s-loped for  Fleet  N um e r i c a l  coverage diagrams and a na r r a t i ve  -r op~i o a t S o t t
Weathe r - n ~~ral (FNWC ) as a replscement for their sununary. The coverage diagram program , and the

Radar Propagation Analysis (R P A) , which will allow models for producing these plots , described in
FNWC to provide these units with IREPS-compatible this paper require three types of inputs to
propagation in format ion .  A d e s c r i p ti o n  of the produce an output : environmental data , the radar
propagation models used in ~he program and the system operating parameters , and the target size.
necessary inputs required for operation are given. The environmental inputs required are: the
Fxar i’ j- l e i  of the produces are also presented, refractivity (N unit) values as a function of

altitude , the relative humidity near the su r f ace ,
1. INTRODUCTION the air temperature , the sea surface temperature ,

and the wind speed. The required radar parameters
The effects of refractivity on microwave are : the frequency, the antenna height , the radar

systems have long been a subject of interest for free—space range against a known target cross—
hs’ U . S .  Navy . A considerable amount of time and section , the antenna pattern, and the antenna

money has been spent studying the problem and elevation angle. The output is a 51 line by 60
5 TO( ~~) s i n O  techniques for assessing these effects, character line printer “plot.” Each element in
However, the majority of these methods are either this array will be X’ed if the radar detection
s- no t e c h n i c a l  or too complex for most fleet threshold for the desired target is exceeded .at
personnel to use. In recent years advances tn any point  in that  array element  and left blank
computer technology have enabled NOSC to develop a when this threshold is not exceeded.
minicompute r  — based assessment system called the Additionally, a plot of refractivity versus height
Integrated Refractive Effects Prediction System and a profile list are available.
(IRF.PS). This system , which is intended for
r’vofltual deployment aboar d those ships with 2 .  MODELS
.,e(’onroloqical capability (primarily CVs) ,  allows
near real—time evaluation of the effects of the Radar coverage diagrams indicate those areas
r e f r a c t i ve  condit ions -‘n -:p”citic microwave in the far field of a radar where a target might
systems . IREPS - capable ships can have a be detected, Cover diaqr~ms may be obtained by
definite tactical advantage over those units which tracing a series of rays through the atmosphere
are not so equipped, for varying elevation anoles at the transmitting
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sot s - s i : : , . The length sf a c t :  ray is determined by 
~~~ ! V J ~~ 6 S t  ‘ O N S I T I S N

the an t en n a  s t t , - r r i  and the free—space range of - . 
-

‘ ( s : , - t i r • I t  T b - - r ,s~t s s  is s n a surfas - ,, sh ip then ; ‘ .
td s , -  t . - n qt t :  st each ray is modified by the coherent 

.
.

s i s t , - r f , - r , -:s - - between direct  and s e a — r e f l e c t e d  :
S a ys .  Tt s - t o  is an implicit assumption sf  a .

.
sorizonral -stt ,ti fi cation an~I homogeneity s f  t he  s o ,  -~ .

i t  51 5) (t, - r , -  in  the ray r i c - nis t s r  1,: used to draw ‘

to- - - s -y r - i i  i - : r , r s s  in t h i s  ~‘r oqratn .
: • M C * *L

• NO ’P’L
At tt s~ toss 

-:yss t -n oov s-i-  d i a g r am s sitO drawn by ‘ .

r i -  i t s - i  , - ,acts ray to a range Is ’ f i n e d by t b ,  product  .

sf s i :  ,- s - t , ,  t f r - ,- —s~ i - , - 5 - a t i s i s-  and t t s s - si s t, ’ t s:s .s •
.

i t  1- -So s t s : : s s t i s s  or t h a t  ray , s- - - s c i l n q  th . it t C- - ‘ ‘ .

s a y  is txst tris-( - .- t .  i~h s - t t  t b ,  t r a n s m i t t e r  is i n  -, ‘

~~.
1 r i ) } i t s - t  l i v - - r  t b  t i : - t is as;ssurs - -t to be u n i t o r t s s l y  , .

i f l s m s i r . i t - - t  t o  I w ic e  the  I r s - s -~ j - I ~~ - r ange .  ‘

lsWts- toitIsl rays i r s -  o n l y  i t -  t to H sst ~ t O s -  ‘ :PAL
• NO,~ IL
• ~e.Pai

Sit ‘ — t ~~~s , - f trat s- :rsitt i n - i  ii t o t i s - i - r s s - t u o . - .

I v  r -  - n t  i . - i -- w t s  ich  sI low ‘-:s- toy t s~ s r :  Vs s (  , ‘:..
i t - s t in  ( ( s  ( i t  t i , - l - I  t - v  tu. i t h s : , tot t~~~~ t s - t  s 

....
. is.;.

- - 
- - 

- •
itssv - t b -  t i - t . s  r s s  r I . ’ssn  ( t  i:s :- - : t ’ay : _ i t t t s - i  I : • ‘.I’P*L

- - - • ‘ICP*&L
s i t  i ss- , — r s - f l . -s ’ t . - - t  t b .  The - - s -  s t y  , l r r t v I r s - t  1 

~ .( I:- - s i t - : ’  t is t s r - s u m  t t ss - 5ws s t i t n , a l s i  .

_ i s t i v i t s - :  by tb.  l i s t  1 t i ; . Tb - is i s- - ..

di  t - r s ’n s - ,- s - l W -  - 5 t i ’ two - ; :  s I l t S  t i ’ s -o  r i ,  - ( s i  “ ~~5 ‘St S ‘I

- - - •f,*~~~ T 5 y t V N  I’S ‘S’.s’SI’S
,sn t i s t - i f  ,-r , - : s - - s i t t - i r s . Ray t i c
,- (‘- -( sa - ,~~- -ly h - s i t i t s , ‘h ,  f i t - t i , it ( ‘ m t  s i : - - :  t r -  - - -

- - Figure 1. Refractivit’,’ lo t .t s — t s l  -t ; i ;. - d i  f t  s - , s o s , - is : s - i t  t h a n  - s ;  — - — l u - i t t  -

w i V -  - i s i t  i s .  The ‘ t o  sum is t s r  t h o r  -s- - i, fis~ I ISV the ~rofHs- (sit. The loca t i on and t ime of t h e
h - s i t  i s - - - t s - s 5 h t  - - - i n s t  t~ n -s s s -  t i~~ i~ s t 5 (’ t ’ radiosonde ri -f il , - are  labeled at the top and the

‘ i s -  t s - f l  - - - ‘ i n :  - -~ r f , - - . - - Vs ( - s- ir~a t  i o n  duct  i npu t  parame ters  and calculated
- - v a ( o r i t  i - n  h u t  ( i s - i  s th t  - s r ’  g iven be low th i s ,  The

IL 11 ho t s s w  i s , -  r i - I s :  Hsst 1:5 :s ( I .  - i s -  I t  is N — s i n i  t v a l u e s  us ’, -o r r esponding h e i g h t  values are
‘ia to ) I s is - t - s di f t  r - t  st s I s - n  ( i s - - - - i t t  h ’ s l i s ted  be l ow t Iss~ evaporat ion tuc t  ,Sra ms- t  s - r n . 

. At much it -a t ,  S ran t s; ’. s ’ l i - i t  i s  M — u n i t  value ’s are calculated and ti spl a y-i also.
- -  - ( -V  s e a l  t . - r i n :  f r -c it  r i  ula r i t i . -s in  t h e  A narrative r’ frs ct i v s -  c o n d i t ions su~~~ary fo r the

repen ts - r i ’  i - u t t h i s  t i - I t i s  sienerally w’ - l l  hs- ( w  p r of i l e  sf F i g u r e  1 is shown in F igure  a , The
5 i f . i t  r. -rs  - t v e r  t h re s ho ld s . i ‘~~ Cs has  a S r s ’ r s ; s -  su r f a c e — t o —su r f o c e  category in this example

h - n c w i ’.” ( s i t - I s -  s sr - i : - - w h i t h  s-an rov i ls - ‘h -  r e f l e c t s  the s - f f e o t r ;  s - f  the evaporat ion d u c t  on
‘ r i , ’ ;  l i i  i r s -s to t b  d i f f r a c t i o n  f i e l - h  r ss t s l , - ts’ , ths  h i r iher  f r equency  bands. The air—to—air

I - u t  I t s , -  s r - - S I - a m  t ‘ i i i  - i ub~~t i r s t  1 , 1  , nv e ’r s t ro-rs t  sa t - - to ry i n d i c a tes  that there  are a c t u a l ly f i ve
in 55 s t o r  ‘into -sn - I is 1st m o a t - I s -  so  “hands  t r a p p i n g  l a y s - rn i n  t h i s  p r o f i l e  and that airborne
- ( h ’  - r s - s s t t  ssss . A - s o r  i t s - : l y ,  ‘h ( F t - I C  mode ls u s ,-  systems fl y i n g at any of these e leva t ions  should
s i :  ( I I r s : -  - st,t . si t s ” st t-y curve t i t t i r t  5 w a v s - s ( u l - i - -  expect some anomalous propagat ion e f f e c t s  as 

r i’- - ( s i t  ions Is- -b t s i n  t he  t i f t r i s c - t i s n  f i s t  I i n d i c a t e d . S u r f a c e — t o — a i r  propagation should be
- s ’r , - t s - s ’h  ‘ or s -v s u s r st  i - - t i  1 s t : . Emp i r i cal  ‘ i t - I s  normal as there are no ground—based ducts from
i r s  usesi for the - I i  f t r ac t i o n  i t ~ - I t  s o l u t i o n s  for  elevated lay or s .

r- u n d — b t s n - - - t  I , i s : t  - s - I s i s ’ t o  - - I s - ’ . ’ a t , - - t layers.

1 t  (Is ’- vicinit y s - f  the  ber i zon  s - i  ical m s - t h s s t s  ICCA T I O N:  Z1 139 13 9  10*
- Iott ’ • ‘ S i t s -  I y C s - s - -r i  t s ’ h s ’ ( ~~~~~~ ~~~~ 

,
~~~, - 

t I t ~ �3 JUL 59 1131?

t i f f r - a s t- i o n  f i s t - I  s e t H . - ,  solut ions c s r n y , - r s t , -  Very  ,~~~~~~ u~ t~~~j ?  ~~~ ~: ~~~~~ :slowly. This  reqion is -- sn - t in e s  r , - f s r r s ’ I to -i’s DUC T Np55NT • 50.0 PT

th,- : o t - s - t m s - s t : s t , -  r egion.  The [REPS models obtain LE V EL.  N S J G H T U  P T )  9;~~~T T S  ‘~~~~l~~S

‘ t i ’  f i e l d  - s t r s t r s s t h  i n t h i s  region by l i n e a r l y , ~2~: t~:~r o t s - - L i t s o :  t s s - r w , ’s- :-  s r . t - - r f s - r s ’n c s ’  r egion m t  i ~~: ~~~~~
t i l l r i -- s i t s  n ’ -  ij on  “a l t -n . ~: ~~: 2~ :’

C • 54. 5 0 , 1

1. PRODUCTS :

An example sf a r s - f r a c t i v i t y  s - l o t  is given in t3 : ~~ ~~~~~i s ( i t r e  1. The figure ind is -a t s-s the presence of 
~~: ~~~~‘w.s ‘ - 1 , - v a l e t  trapping Layers. At the rig ht ha nd : ~~~ . 5~~3:

- isis ’ -f the figu re the N—-i rasti ent at the plotted : 3): ~~~h s - i - t h t  is - iiv ,--t s . The siradionts sr character ized : ~$: 6?
to ind ica te  the presence of subrefractive , 

9 : ~: U
super—refractive , trapping, and normal layers. : U: ~~The ordinate and abscissa values are fixed at ~03 .ã 30. 10~~1 , 2
2 ( 1 , 000 feet and 100 to 4s15 N—units respectively.

4 F i g u re  2 is - , - s i ~~ - I s- - - 1 the data used to  generate Figure 2. Refractivity list .
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Iu o t  - ‘I  the revised ~~~~~
RPA u s  the  coverage d iagram. Fi gure 4 is .a sample
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Fsgure 5. Coverage diagram for a surface—based

- 
- ::::::::::: :: :: .:::‘.:::::: ::::::. sys tem.  

F l - i r s -  -( - - -v ’ ra i s ’ d o s  t r a m  f~~n an a i r bor ne  ‘sy s t e m .

-f .s — - ‘  r s- .  - h i - s r  at, fs s n an a i rborne  system w i t h
‘t i - , i r - i , H  f l y i n g  in an elevated sluct extending
ron RIQO ( s - s t to 11 , s 5 s s s S  t . - , -t. The m-x ts tssl e t range

i t i  the ‘ - l , ’’.’i t s ’ s t  - I . , - l  in  - 1 , - a n y shown as wel l  as a
s i -  t a t  “hole’” above’ t he  - t s i c t  . F i g u r e  “ is  an

• ‘ - x s m ~ - l ’ -  s s f  i ossvm ’ra st s- iiaqranl for a su r face  based
ny-s t -s , in l i i i ’ s  - - a s s -  in AN /bI-h —2 F a i r  search

i t i n .  I f s . ’  t - m s s f i l e  used t i generate this diagram
w s - t h u  s - f  - s 1 5) 150 sot -srinf ,ace n e t  from an

. s - I s  v at  5 - _ I  ( m y - s .  Suc h a strong duct is a
I i S  I v - - l y  oonrx,n occurrence s f f  t h e  Southern

i l i l s s r t s i a  :t .  Extended ranges near the
i n - , - ,’ n - s i l t  from this duct. The lobes shown

ir ,- - t si s- Is ’ Its , ’ sst ,, - r , - yst in terference between the
Ii n - s t ,t s l - ss ’a—rs-fl e’s-ted rays. The height scales
fs m  Sh ta-is- - I i - ,  tra (’tri ire uss r designated in
~ )flO ( - s  s r s s - r s - n , - n t -  from 5000 f ,’,- t to 50000 feet.
Range - ‘ a t - s  irs’ ni ’i”r ss ç t jss t isil in ( i i  nau t ica l  mile

r - t ’ - r n . - : s I -  from s~,0 to 300 nautical miles. The
V ra f l s l e  5 5 5 ~ t s ’ t , s’ t i t W,I5 ; ;h s r ;s ’n  to t it the’ AU’IODIN line

width.
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OPERATIONAL EMPLOYMENT OF AIRBORNE MICROWAVE REFRACTOMETER

Commander Kenneth D , Denbow

Car r i e r  Ai rborne  Earl y Warning  Squadron

One Hundred Sixteen

FPO San Francisco 96601

Intr oduction surface ships is extremely dependen t upon the
survivability of the strike vehicle , whether that

The A irborne Microwave Refractometer (AMR) vehicle is a manned aircraft raid or an attack by
pros-Ides the operstional commander an essential cruise missiles such as HARPOON or TOMAHAWK .
capability to utilize existing atmospher ic Survivability can be enhanced by deny ing the
c o n d i t i o n s  to enhance the t a c t i c a l  e f f e c t i v e n e s s  enemy electromagnet ic  detect ion c a p a b i l i t y  through
ot h i s  task force. Modern warfare is highly the proper choice of run—in altitude based on
dependent on use of the electromagnetic spectrum existing refractive layers. Active methods of
for command and control communications , radar  denia l of elec tromagne tic de tec t ion can also use
detection , ESM and ECM . All of these elements atmospheric ( I s s - r s , s m s s n a  t o  optimize the effective—
are highl y affected by existing atmospheric ness of the jamming.
conditions and a knowledge of what these conditions
ire , In real—time , is mandatory for successful A dramatic demonstration of the tactical
offensive and defensive operations . exp loitation of atmospheric effects on strike

s u r v i v a b i l i t y  was provided in the Thi rd  Fleet
The effect ot anomalous propagation has long exercise VALIA }~T HERITAGE conducted in 1976. E—2B

been known (and utilized) in determining sonar aircraft of VAW—l13 were equipped with AMR ’s
performance in water. The ASW commander deploys during the exercise and determined a strong
his forces and modifies his tactics based on refractive layer at 1500 feet MSL . Two consecutive
accurate data which determines existing strikes were control led  against  a TARTAR equipped
propagation conditions in the area of operations . surface ship. Reconstruction of the exercise
Sim iliar ly , submarine forces use the existing revealed that the first strike , f l y ing a t 200 fee t
data to determine optimum depth and tactics for MSL and lower were detected at a range of 80 miles
attack to avoid detection and maximize the (well beyond the radar horizon) and tracked on a
probabilit y of .i successful attack. Sophisticated 1:1 blip/scan ratio throughout the strike . The
equ ipment has been developed to measure water second strike flew essentially the same profile
temperature , salinit y , d e’nsitu- and other factors except at an altitude of 200 feel above the 1500
which effect sonar conditions , and elaborate foot layer . ( s t  s ‘ ion on t t  i s -  r s - c o n d  striks- o s - m r s - i
studies have been co,.ducted to determine exactly at a range of 8 miles — and was made visually by
w h i r  t he e f f e c t sf  anc’malous conditions will be on the lookouts. While the first strike was engaged
a s p e c i f i c  sona r .  The results have been a by missiles , the second strike was unopposed due

‘I detailed , accurate data base for the ASW commander/ to the short warning time and lack of electronic
submarine commander to utilize in successfully detection . Radar  performance of the surface ship
comp le t i n g t h e  as si gned m i s s i o n , was constant  throughout both s t r ikes , and the

remainder  of the  day .
A sim ilar capabilit y is required for the

detection and measurement of anomalous propogstlon The effectiveness of jamming in support of
of electr omagnetic waves In the atmosphere to strike operations is vastly increased if the jaimiier
enable th e carrier strike group commander to employ is en the same side of a refractive layer as the
h i’s l s ’ i c e s  In  a manner to optimize the probability victim radar. The radiated ECu energy is affected
of su, cess in assi gned missions . In this paper I in the same manner as radar energy. Thus , the use
will discuss the operational use of anomalous of r e f r ac t ive layers to “t rap” the jamming energy

5 co n d i t l s -sns in strike warfare at sea , AAW , and in the same altitude structure as the victim radar
c,~rt-r- ,and and control communication. This will be antenna magnifies the jamming effectiveness.
followed by a brief discussion on desired Conversely, a layer between the radar antenna and
capabiliti es for the 1- 2 series aircraft In the jamoner “insulates” the radar antenna from the
equipment and software to enable this valuable jamming energy and causes a deterioration of

• cots-stand and control p latf orm to meet the needs of jamming effectiveness. It is readily apparent that
th e operational commander. Throughout the paper , jammer al titude selection is highly dependent on
th e assumption is made that the reader has an an accurate knowled ge of layer composition .
understanding of the principals and the effect of Against a surface radar , an al t itude of 1000 f eet
ref r a c t i v e  “layers ” on el ectromagnetic propagation . MSL would be an excellent choice with a layer at

1200 fee t , bu t would be a very poor choice with
Strike Warfare at hues an 800 foot layer.

The e f f e c t i v e n es s  of an a i r  s t r i k e  agains t  ---  - -—-- ‘5— 
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operational commander when considering his command
and con trol communications , par ticularly UHF.

The considera tion of refractive layers in Modern task force operations are highly dependen t
force AAW defens e is as; essential to task force on data links and UHF communications. The
survival as it is to strike group survival . In advantages of UHF Link 11 over HF Link 11 in
much the same manner as ASW forces are positioned allowing effective command and control while still
depending on water conditions , force detection denying the enemy long range locating data via HF—
pla tforms should be posi tioned based on existing DF is obvious , as is the security of using UHF
atmospheric conditions . The operational commander secure voice circuits vice unsecure HF circuits.
has long used the “fade chart” designed for each However , sta t ioning of AAW un its is cons trained
radar antenna system to precl ude “holes” in by the maximum range of UHF propagation. While
coverage by varying ship station. However , these theore t icall y “line of sight ”, UHF can be trapped
char ts are accurate only on a standard day . He by atmosp her ic  layers , wi th ranges in excess of
must have the data available to station his forces 100 miles being experienced. It was not uncommon
on a “tion—standard ” day. in the Gulf of Tonkin to have covered UHF

communicat ions between YANKEE station and the North
Altitude of CAP stations , airborne ESM p1st— SAR station via NAVY RED (an Un—relayed circuit) —

forms , and AEW stations are particularl y dependen t a d is tanc e of mo re than 120 miles~
upon atmospheric conditions . S t a t i o n i n g  on the
wrong side of a layer can essentiall y negate the Control of CAP via LINK—4A f rom a su r f ace
sophis ticated radar and passive de te ct 4 on syste ms p la t fo rm , par ticularl y at the mid and low alti—
of these aircraft , As an example , again , tudes , can be seriously degenera ted when the CAP
referring to the experience gained by ‘JAW— 113 nears a refrac tive layer. The situation is
while deployed with the OPEVAL version of the AMR anomalous to the blind zone of sonar caused by a
dur ing exercise KANGAROO I I  in the South P a c i f i c  tempera ture  l ay e r  in the  water , wi th  the ene rgy
in 1977 , an F—14 was vectored against a low flying “sp litting ” and leav ing an area in which the UHF
F—ill. Bogey altitude was estimated as 1000 feet energy cannot penetrate. While common sense would
(ac tua l ly  at 100 f e e t ) .  An ex t r eme ly  s t rong  layer  t e l l  the  pi lot  of t he  in te rcep tor  to cl imb to
existed between 1000 and 1300 feet . The F—14 regain communications , an accurate knowledge of
chose a run—in altitude of 5000 feet. Detection atmospher ic conditions might indicate that
wd5 ade visually when the controller called a descending below the layer would be the proper
merged p lot. Yet this same F—14 was able to action.
detect F—Ill’s at ranges In excess of 80 miles
both before and after this particular intercept — UHF Link 11 with the E—2C , P3C and S—3A can
as long as the bogey and interceptor were on the also be optimized with a knowledge of refractive
same side of the layer . conditions. Does a datum 100 miles from the force

necessar ily mean that the force must shift to HF
During the same exercise , the E—2 determined Link 11 if real time data are to be received from

a strong layer at an altitude of 18000 feet. A the ASW platform fly ing MAD traps at 100 feet?
station was chosen below this layer to optimize Can an E—2C 150 miles from the  fo rce  neces sa r i ly
low f l y e r  de tec t ion , wh ich was successful with maintain reliable UHF Link 11 at an altitude of
detect ion ranges beyond that normally expected. 25,000 feet? A knowledge of the atmospheric
However , a zero de tectico rate resulted for high anonsolles can greatl y aid the force commander In
flyer s; i.e., bogies above the layer . answering these and myriad other essential

questions in the constiand and control area.
Simi l a r ly , EA—6 and 5—3 ESM assets had an

extremely low detection rate during this exercise , E—2 Required Capabilities
- 4 desp ite exceptionally good pe r f o r m a n c e  be f o r e  and

af ter. Although it is not documented , my opinion Once the staff of the operational commander
is that their performance was degraded by not has been shown the advantages to be gained by
taking into account the severe atmospheric considering the need to determine anomalous
anomolies present in the South Pacific off conditions , the ques t ion s immed iately ar ise  as to
A u s t r a l i a .  It was documented that the Australians what type of equipment Is required to obtain the
(Orange Forces) utilized data on existing layer data , and then , wha t is the optimum air wing p1 st—
and duc ts to plan their mission profiles . form on which to mount the equipment. At the risk

of sound ing paroch ial , I maintain the only viable
Approx ima te ly  midway through the exercise , p latform is the E—2 series aircraft for the fol—

CTV—7 7 recognized the requirement to consider lowing reasons :
atmospher ic  cond i t ions  in AAW . Cap station and
AEW sta tion altitudes were adjusted based on E—2 1. The E—2 is the only aircraft embarked
crew I n t e r p r e t a t i o n  of ANR readouts .  W h i l e  which must always climb through the atmosphere to
performance of Blue AAW improved , the restrictions perform its mission. In my experience , there is
on ability to accurately read the AMR paper tape no miss ion  of the E—2 which cannot be carried out
o u t p u t  precluded o p t i m i z i n g  AAW s t a t ion ing . The at an a l t i t u d e  of 10 ,000 feet or more , unless
lack of IREPs eq uipment aboard Enterprise also anomalous conditions exist. It is axiomatic that
precluded using the more accurate data contained the AMR equipment must be carried through the
on the AI1R magnetic tape. anomalous cond itions in order to detect it.

Command and Control Communications 2. The E—2 interfaces with ~~~~~ ain~tng
mi ssion , normall y as a primary or secondary

The factors mentioned above for radar per— command and control agency.
forinance are equally as important to the
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3. The E-2 maintains communications , both from the computer and normal ATDS operations fol—
voice  and da ta l ink , wi th force commander during low .
all missions.

If going agains t a multi—ship forma tion , the
4. The E—2 has the onboard compu ter and E—2 CICO could query the computer for the other

data l ink hardware  necessary to process the AMP air search radars in the force as well.
data with only minor modification required.

The da ta on the f requency,  etc., of radar
The capabili ties required In the E-2 fall Into which are required for the IPEP ’s compu tat ions

two a reas .  F i r s t , the capability to immediately are already stored in the ATDS computer of the
t r a n s l a t e  AMP data  into a u s e f u l  fo rm fo r  onboard E—2C to enable the passive detection system to
use in determining optimur.. E—2 station altitude perform its f,.&nction. In the E—2B , this  da ta
and optimumaltitude fmraircraft under the cortrol would have to be entered manually by the operator.
of the E—2 . Second , the E—2 must have the In both cases , add it ional memory requirements are
capability to get AMP data back to the force corn— neg ligible.
mander in real  time f o r  his  use in dep loying his
f o r c e  and in st r ik e p lanning. The capability to relay the information back

to the force commander should be done via a data
The OPEVAL report from VAW—ll3 thoroughl y l i nk , for further processing aboard ship. The

doc uments the limited use of the paper tape line two data link systems equipment installed in the
gra ph in enabling the E—2 crew to accurately E—2 , Link 11 and Link 4A , could be adapted to
de termine the ex istence and streng th of layer s . send this data. Due to its hig her da ta ra te , the
Far more usef ul was a simp le log,  kept by the co— Link 4A equipment would appear to be the logical
p i l o t , of “ S ’ values (refractive index) at each choice. This could be done In a number of ways ,
100 fe et of altitude. Most useful , however , was one of i.-t tich is to simply mod i f y  the L ink 4A
the IREPS compu te r  i n s t a l l e d  on Enterprise program such that the data transmitted was from
during Valiant Heritage . The IREPS printout gave the AMP magnetic tape data stores vice the normal
a graphic disp lay of the effect of layers on a UTH’s and control data. This would cost the E—2
specific radar with the target at various alt i— the ability to control interceptors via Link 4
tudes . This d i s p l ay , however , was net available during the brief period that the AMP data were
until the E—2 recssu - ,- red and the magnetic tape was being relayed , but would achieve full Link 4 cap—
hand carried to the IREPS computer. Thus , the ability once the relay was complete. The scenario
information was not usable by the force commander in this case would be:
for approximately ~~ — 5 hours after the E—2
launched  nor to E-2 crews until the 3rd launch of 1. The E—2 launches and climbs to station ,
the day~ obta ining AMP data enroute.

The IREP ’s personnel stated that the lREPs 2. The E—2 CICO loads the AMP magnetic
p rogram is rela tiv e ly  small , and that it was tape into the L—304 computer.
entirely feasible to utilize the L—3O4 computer
al ready in the E—2 to run the program and disp lay 3. The E—2 CICO enters a function code
the resulting graph of radar performance on the into the computer which causes the Link 4A system
CRT d isp lay . Thus , the only modification to the to broadcast the AMP data vice norma l control
E—2 req uired would he a capability to insert the data.
magnetic tape data into the computer arid a pro-
gram to process the data and genera te the di sp lay . 4. Af ter a specified length of time or
This program would be short enough to be included upon receiving d i rec t ions from the s u r f a c e  sta t ion ,
on the magnetic data tape , and would thus be only the E—2 CICO enters another function code which
a tran sit program which would essentially require returns the Link 4A to normal operations .
l i t t l e , i f  any ,  dedicated computer memory . Most
of the memory required for both the program and The equipment required to accomp lish this
the data could come from track store files and capability is the same as needed to provide the
interceptor control files with the memory be ing onboard readout c apab i l i t y ;  i . e . ,  the capabi l i ty
returned to Its ori ginal purpose after processing to read the magnetic tape into the comp u ter and a
the data . transit program to cause the Link 4A to transmit

AMP data vice Intercept Control data. No new ship—
If one assumes the F— 2 were to control a strike board equipment is required as the ship ’s Link 4A

against a M OSYV A c l a s s  shi p, the scenario might receiver can be used to receive the data. The
run as follows: only opera t ional penal ty is that the E—2 has no

Link 4A capability while AMP data is being proces—
1. The E—2 l aunches and climbs to station sed , and the ship has only one way da ta link

whil e the strike rendevous . capability (on a d i f f e r e nt f requency from the AMP
data frequency). This latter drawback can be

2. The F-2 CICO loads the AMP data tape overcome if the ship uses a second UHF receiver to
into th e compute r and requests a disp lay of receive the AMP data. The loss of capability
E~ADNE T “C” performance , should be no more than 5 — 10 minutes .

3. The E-2 CICO determines optimum run in Conclusions
altitude and passes it to the strike leader via
cover ed UHF voice. This paper has discussed the value of atmo-

spheric data to a force commander . The minor
4 . The IREPs program and data are dumped modifications to the E— 2 series *lrcraft to obtain
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this capability hee been shown to be feasible and
have a low Coat factor. VAW—116 has already sub-
mitted a proposal to install a tape read capability
in the E—2 series aircraft which would be compat-
ible with the AMP tape cassette. Although the
primary reason for submitting this proposal was
for the input of POS data and for data extraction,
approval would also facilitate the effort to
obtain and process AMP data. This tape drive
capability has been favorably endorsed by the E—2
CORE committee and may soon be a reality.

The operational requirement for data on
atmospheric anomalies should elicit support for
AMP capability from all operational commanders.
The success of offensive and defensive task force
missions demands the capability to measure and
utilize atmospheric conditions.
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H Y B R I D  R A Y  - MODE F ’O R M U L A I 1 0 7 S  01

T R CP O S PU E RI C  P R OI ’ A G A FI O N

S. H. Cho , C . G. Mi g liora  and L. B . Felsen
Departrn , .n t  of E l e c t r i c a l  Eng i n e e r i n g

P i i l yt e ch nj c  I n s ti t u t e  of F’.ew Y , , r k
F a r n i i n g dal e , N e w  Y o r k  1 17 3 5

SI M MA H Y

Hig h - f r e q u e n c y p r o p a c at i o n  in an elevat ed t r o p o s p h i-  n c  duct  is anal yzed her ,- by a ,,,-w- , , - t I i - , I ici s - i i l v i , -,g
an a p p r o p r i a t e  m i x t u r e  of r a y — o p t u ci  field s ane i w h i e p , ’r i n g  g a l l e r y  mod.-  f i e l t i s  g u i de d  i l e i n g  tb ,  c un c a s - ,-
side of the duct boundary. in this formu lation , ray fields may be regarded as e x p n i - ~ smg th,- ri - n.,, in ’l ,-r
f l eh i  when  a guided mode sc n e ’ s  is truncated or , alte rnativ,’l y, a certa in number f gu ided  m o d es  ac -
counts for omitted hig her or d e r  r e f l e c t e d  r a y s .  To .-x p l i i r e  th,~ theory on a s inip l e exam ple- , the duct is
modeled by a s i n g le ci rcular boundary separating an i n t e r i o r  hi g her  r e f r a c t i v e ’  index r e g ion fr i , n~ -in
e x t e r i o r  ~-eg ion w it h  lower  i n d e x .  S o u r c e  and obs,- rvation points ar e  a s s u m e d  to be wide l y sepa ra t e , l ,
a n d  both are located on the duct boundary. Fhe , - l c ct r i c  l i n e  sou rce -  G r e en ’s f u n c t i o n  is f i r s t  d e r i v e d  in
t e r m s  of e igenm e ides  i n v o l v i n g  w h i s p e r i n g  c a l l , -  ry  p lus  c o n t i n u o u s  spect  ru rn  e- on t  r i bu t i on s , a n d  is t h e - i )
conve rted to the hy b r i d  r a y~~mod,’ a l t e r n a t iv e  f o r m .  It i s  s hown  t h a t  t h e  n u m b e r  of m i ,d e s  a n d  r a y s
r e q u i r e d  in the  h y b r i d  f o r m u l a t i o n  is f- ’r less than when t h e -  f e ’ - l d  i s  e sp r e s s~-d sol, -I y , - i t h e r  in t i - r m . s of
modes or in te rms of rays . Ani t ,ie ’ ri cal ~- xartip le for t y p i c a l  t r o p o s p h e r i c  c o n d i t i o n s  in d i c a t e s  t h a t  a
few o f the ’ h iss- ,- st -loss mod ,-s  a r ,  adequate to dc-sc  n b c  th~ - f i e l d  whe n s o u r c e  a n d  ,ibs,’ rvation points are’
on the boundary, r ende ring th, ray contribution neg lig ible . l i o we ve - r , r e v  fie lds are expectc’d to as sum,’
g r e a t e r  i,,i 1,ii rtaiic e when the  o b s e r v a t i on  point , s o u r i  - p o e .  t - ‘er rh , ., ri l oca ted  i n s i d e ’  t h e  d u c t .

- t N T  P O l ) t ’ C  T ION AN I) CO NC  LI S I O N s

in an e l eva t ed  t r o p o s p he r ic  duc t , h i ch  f r e q u e n c y  s i g n a l s  - i r e - g u i d e d w i t h  l i t t l e  . i t t e n u a t i o n  b y the  o u t e r
boundary sepa rating the de,ct hig her r ’ - f r a c t i v e  i n d e x )  r , ii - d i u n  f r o m  the ’  ,-x t e-  n o r .  The wave  type’ s
r e s p o n s i b l e -  f or  t h i s  l o w - l o s s  propa g ~~iun  rn - c - h a n i s n u  a r e - t h e  w h i s p e ’ r i n g  g a l l er y  iW , G. ) m eide s , w h i c h
have  a p p r e c i a b l e  f i e l d  s t r e n g t h s  onl y in t h i i i  l a y e r s  a d j a c e n t  t i ,  tb ,  b o u n d a r y .  1 - o r  an e l e v a t e d  s o u r c e -
i n s i d e  the  duct , t he  f i e ld  u b s e r v , - d  at long r ange .  may  c ii ,  pris.- many Vi - C . mode ’s  ss hose  prop .’gation
and attenuation coefficient . m i s t  be e alciil ate’d very a s c i i  r i t e ’ I y f o r  r , - l i a b l e  p r e d i c t  nm of t h e  ob~~er v e i i
phase and amp litude of the rransnutt ,-d s i g n a l .  P , - c a u s , - of i n t e r f e r e n c e  be tween  o s c i l l a t o r y  rn ’,dal fj , ’ l ds ,
t h e  tota l  f i e l d  is v e r y  Sen  s i t i  vi-  to  the - c -nt r ,but,ons f r on i  t hi- s-ar i s ’ , i s  r e - I , - v a n t  n i m i d a l  con st it u e ’n t  s -

An a l t e r n a t i v e  p r o c e d u r e  h r  c a l c u l a t i n g  hi g h — f r e q u e n c y  f i e l d s  i s  in t,’rtt s of geon i , ’t r i c  - o p t i c a l  r a y s ,
He re , t he  p r e s e n c e  of t he  c o n c a v e  b o u n d a r y  b e t w e e n  t h e  d u c t  and  e x t e r i o r  r e g i o n s  i mp lie s  the  , - s i s t  “i i ,
of ray c o n t ribut ions un d e rg o i ng  m a n y  r , - f l , -i t i o n s  b e f o r e  r e a c h i n g  a d i s t a n t  ob se r s ’at ion po in t  i n s i d e  th , ’
duct , and espec ia ll y n e a r  t he’ b o u n d a r y ,  r h e s e  m u l t i p l y r e f l , - , t e d  r a y  I o - ld s  of high c,rder are- not o n l y
t e d i o u s  n u m e r i c a l l y but t he -  n o t i c in  of a r ay - o p t i c a l  t i,-l d becom e invalid when th,- ray t rav ,- l s  too c lo se
to the  b ounda r y ;  in t ha t  event , on e c a n  no lot g~ - r i d e n t i f y  -, l oca l  p Ian ~- wave  f i ,- ld t h e  b o u n d a r y  ) s t u r h s
the phase  f r o n t ) wh i c h  f e ’ r n r s th , ’  t i i u i s d a t  ion  f o r  a r ay  r i , - sc  n i p t i o n .

The above o b s e r v a t i o n s  sug g ~-st that  -i highly ,-ffici ent and phy si i aUy appea l i n g  r, ., -tho rt for anal y i i c  high
frequency troposp heric p r o p a g a t i o n  wo u l d  i n v o l v , -  a m i x t u r e -  of r a y s  a n d  mode’s s uc h t h a t  t h e  t i e - I d e
ex t e n d i n g  r e l a t i v e l y f a r  f r o m  the  duc t  b o u n d a r y  wou ld  be’ e xp r e s s e d  in t , ’r f l i , i  m ) f  rays while the ’  f i e ’ l d s
clinging c-l,,se to the boundary would be’ ex pressed in t,-rn iic of Vi - C, modes. We has-,- shown that cmii h
a hybrid f o r m u l a t i o n  can indeed  be’ achieved when the boundary is pe’rf~’ctl y conducting )Ishihar~~, I
and L, B. Felse n , I 175)  or c h a r a c t , -  r i , ’,’d b y a s u r f a c e  i m p e d a n c e  ) l s h i h a r a , 7 a n d  L. B. F e l s e n , l~~7 i)

The present paper extends this a n a l y s i s  t i  t h e  t r o p o s p h e - r i c  case ’  w h e r e -  t h e  i i i ci la r y  s e p a r a t e s  tv -u
media with differ e nt refrac riv ,- ind ece- s -h -sc ri ptiv e of t r o p o s p h e r i c  c o n d i t i o n s . To ,- s t a b l i s h the  t h , - - ’r v
on t he s i m p lest  rnod,’l, the ’ duct  and  ex t ,  n o r  me dia  a re’ t ak,-n ti 0~’ h i e m ’m g e ’ n e ’o u s , t h e  ,luct ) , , ,unda  r y
c i r c u l a r , and t h e  p r o p a g a t i o n  p r o b l e - tu  tv  — m h i m , ’ n  s io n al .  Ge’r , , -  ra  ii za t i on  t i  radial , nh ,,ni.i ci-ne- it  i , -
a n d  sp he’ n c -al  geometry sh i ,u l d  pose ’ no d i f f i c u l t i e s a f t e r  t he  tv ,, d in i o n s i , , n a l  rn , ,del  h a n  b e e n  s, ’l  v, ’’1 .

T he a n a l y s i s  beg i n s  w i t h  the  f o r m , t l a t i o n  if t he  , - x a c t  e l e c t r i c  line’ sourc , ’  Once- n ’s f u n c t ,on  in t h e  t wo -
med ium cy l i n d r i c a l  ge ’on ue ’t ry .  l i i  inc lude  onl y the g u i d i n g  e f f e ’ c t e  i i i  the interface between the se ,u r e -e
poin t Q and o b s er v a t i o n  point  P , without azimuthal period icity of the lie-Id . the’ problem is i o s” - I  in  an
i n f i n i t e l y ex t e n d e d  a n g u l a r  space’ , e - q u i v a l m - n t  te)  p la c i n g  a ‘ p e r f ~’c t a ) , s , , r ) , , - r - i t  tao radial plai n - s .
Such an absorber introduces spurious scattering effects f r o m  t h e  r a d i a l  c o” r d in a t e  o r i g in , w h i c h  a r e
subsequentl y s u b t r a c t e d  d u r i n g  the  a s y m p t o t i c  h i g h - f r e q u e n c y  c a l c u l a t i o n  of the  f i e l d  eFe l s e ’n , L. 1’, .
a n d  N .  M a r c i i s - i t z , e 7 3 ) ,  The asymptotic G r e - e n ’s f u n c t i o n  is e x p r e s s e d  in a l t e r n a t i v e  ) , , r m - i  comprising
a) a discrete spectrum of p r o pe r  ei ge n m~edes plus a p r o p e r  c o n t i n u o u s  -.p e - c t r u r n . and bI a mixture
of geometric optical fields , rne,dal fields and a remainder integral , th,’ contribution f r e ,n i  t h e  l a t t e r
b e i n g  neg li g ible un der  se, i table  con d i t e i n s ,  The ’ d e t a i l e d  ana l y s i s , and c o r r e s p o n d in g  n u r n c ’r i c a l  e a l e - u l a t i o n s

— for a model  t roposp h e r e , h ave been p e r f o r m e d  f o r  the  s p e c i a l  case’ when I’ and Q are widel y se’parated
and both a r e  located on the  i n t e r f a c e .  The ’  mode - plus -continuous- spectrum representation has l,e’e’n
u sed  as a r e f e r e n c e  so lu t ion ,w i t h  w h i c h  t he h y b r i d  r a y - m o d e  f , ,r n , , , l a t i o n  is counp a  red , It is found t h a t
re l a t i v e l y few of th~ most t i g ht l y bound w h i s p e r i n g  g a l l e r y  modes  iui1 y descr , l , e  t h e  f i e l d , r e n d e r i n g  t h ~-

• r a y  c o n t r i b u t i o n  n e g l i g i b le. T h e r e f o r e , t h i s  case is ni ,t be at  suited to demonstrating the utilit y of a
r a y - m o d e  m i x t u r e .  It is anticipated that this situation will change when the source point , the observa -

t i e , n  p u n t . o r  both , a r e  r emoved  f r o m  the  i n t e r f a c e  s i n c e  t h e  mos t  tig htl y hoein d modal fields then
have  e.x pone ’n t i a l l y sma l l  amp l i t u d e s  ) Papp er t . P .  A.  and C . L. Goodhart , l ’77) , N ,-ve rth el es ~~, ‘c,

have  t r u n c a t e d  the  mode s e r i e s  by ‘emitting some of the ,u ost t i g h t l y  hound W , G. modes in on,i,’r I,-,
f o r c e  t h e  r -r y c i , n t n i t , e , t i o n  to  be n o n — t r i v i a l ,  t i n d e r  t h e s e  c , r c u o i s t a n e  ,‘s , h o w e v e r , t he v a l i d i t y  of

4 o r d i n a r y  r ay  ‘j i t  i i  u s  t e e i n g  s t r a i n e d ,  The  r e s u l t s  s h ow  ou a l i t a t i v e  a g n e - er n e n t  t h a t  i m p r o v es  as  t h e ’
n u m b e r  u i  rn, - ) , - - is i n c  r , -a s e d  a n d  the  n u m b e r  of r ay s  ne i l , , ,  , ‘d,
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In su n u n t ar y ,  althoug h t h e ’ r a y - o p t i c a l  f i e ld  is unimportant for the present special examp le when all
m t  t h e ’ lowe s t - l oss  most ti ghtl y bound) W. G. ,i,odes a r e  inc luded , the hybrid ray-mode formulation
IOu ’S d,’ r no j m s t r a t e  a s y s t e m a t i c  means for ca l c u l a t i n g  the ducted fields in the most efficient

ne,n, ,’r ica l , and in a ph y s i c a ll y s i g n i f i c a n t , m a n n e r .  The n u mb e r  of r ays  and modes inc luded  en the
ne ’p r e se ’n t a t i e in  is  de-terotined from v-eli-defined criteria. T h u s , the  re presenta t ion  can be r e g a r d e d  as
e e s i , i c  r a y s  to  cccs ,ei ,it quantitatively f o r  the ’ r e m a i n d e r  f ie ld in a t r u n c a t e d  mode se r ies , or as using
m ode’s tee account quantitativ ely for the remainder field in a truncated ray series , with the number of
e’ i t her  b e i n g  t a r  h e - s e  t h a n  wh e ’n  onl y one or the ot h er is used exclusivel y. The method should have
s t rong  po ten t i a l  f u n  uie ’aling with late’ral and long itudinal duct inhomogeneities , and with scatterin g by
obstac le’s or  l e ,c a l i ze ’d s c a t t e r ing c ent e r s  w i t h i n  the  duct .  These aspects are presentl y under stud y.

2 , . ~ Lr  t : R N A I  1V F  F I E L D  R E P R E S E N T A T I O N

A. C ree, ,  ‘ ,, f u n c t i o n  f o r n i e , l a t i o n

The physical model c i ,n s i st s  of t w o  d ie l e ’ c t r i c  m e d i a  separate-d by a cy lindrical interface with radius p a.
r he r e f r a c t i v e  indeces  in medium l i p  < a )  and in medium .i a) are n 

I and  n , respec t ive l y,  wi t h
n I ~~~2 but n I n ,. An electr ic line source is placed on the  i n t e r f a c e  at an a~~gul an  posi t ion ‘I’ = 4, ‘ .

Sin c,- we a r e -  i n t e r e s t e d  onl y in the  g u i d i n g  e f f e c t s  of the  i n t e r f a c e  f r o m  the source point Q to an obaenva-
t i o n  point  P . it is n e ’ce s sa n y  ha remove the  a n g u l a r  ( 2  it) p e n i o d i c i t v  of the  f ie ld  in the cy l i n d r i c a l
ge’ome’ t r v ,  To t h i- end , we’ p lace’ a l o n g  t w o  r a d i a l  p l a n e s  ( w h i c h  may be a long  a s ing le  d i a m e t e r  as in

— 1 - i g .  I )  a - pc- nt u- et a b s o r b er f o r  a n g u l a r l y p r o p a g a t i n g  wave’ s ” w hich  has the  e f f e c t  of ex tending  the  4 ,domain
from i t s  o n i g i , , a l  0 .-c’ ‘ 2 ii t o  - .e -- 4, “ , (F e l s en . L. B, and N. M a r c u v i t z , 1973 1,  T h u s , r a ves o ri g-
i u i a t i n g  at t h e  s ou r s ,- t r a v e l  t ow a r d  it, — -e w i t h o u t  r e f l ec t ions , and the 4,-dependence of the fields is not
re st ra died  to  be’ p e r i o d i c .  Fhe  f i c t i c i o u s  ‘ pc r f ec t  a b s o r b e r ” is , howeve r , known  to ha ve t he p r o p e r t y of
introdu cing a scatte ’n ing c-enter at t h e  o r i g in - 0 , w h i c h  g i v e s  rise to spurious diffraction effects (Felsen ,
L. Pi . an d  N .  \ t a r c uv i t z , I 7 ~~) .  t hu - se’ s p u r i o u s  c o n t r i b u t i o n s  must  be’ r emoved  from the desired field
r e p n e ’ s u ’n t a t i u u n , S i n ce ’ v-c ’ a r e ’  in t e r e s t e d  onl y in t he  l o w e s t  o r d e r  . .s ym np t o t i c  s o l u t i o n  w i t h  respect  to  the

h a n t ’  p a r an i e ’ te -  r ic 
1

.e - v-he’ r e  Ic 
I is the’  w-avenumbe r in med i um 1 , t h i s  de le t ion  can be accompl ished when

p e ’ n f e ~ n n i i n c  the ’  . i s v n i p t i i t i s  f i e ’ l d  c a l,  i i l a t i o t i .

In t h u  c o n f i g u r a t i o n  u t  F i g .  I , t h e  l i n e ’ ’ s o u r c e— e x c i t e d  f i e l d  G r e e n ’s f u n c t i o n )  G ( p .  ó ;a , 4, ’) can be con-
~t r u c t e d  in  t h e  f o l l o w i n g  i n t e g  ral f o r m  il- elsen , L. It , and N - M a r cu v i t z , l~~7 3);

C , ,  c i ;  ,, ,,
~
, ‘

~ 
L 

,
( g i 1 , , e ;  V I e xp  i c ’  -ci ’ (dv Ii)

-- C

wh e r e ’
- a; v I f o r  P u - i c -  I -‘ 0

t i p , -’ ;” 12)
a ; — v  I for R e ly ) 0

smu t C is the ’ u n t , - < r , e t i , t , path shown in F i g .  ,~, The r a d i a l  Green ’s func t ion  g ( p , a ;  v 1 is obtained by
i m p o s i n g  c e i n t i n u i t y , , n t h e ’  t .c i c m - n t i a l  e l e c t r i c  m d  m a g n e t i c  f i e l d s  at p = a , wit h the source placed at

( 5 i ( ~~~~ )i~~ ik~~~ )

~~~~ 
a ; v  ) = I - ICc’ ) ‘ P~ . a (3)

mlu
1

) k
1

a ) uIc ~~(k ,a)  ll~~~
1 1k ,p (

I , p > a
I — l ( ( v )  ~~ (k ,a)  

—

h e r - - .

2 
~v~~~ 1 1’) = l1

01
(k

1
p) + l i

l
~~~ i k 1

p (

= ) ) ~~~ (k ~ p i 4 R i c ’ ) H
12o (k

1
p ) ‘ 

( 5 )

11 ~~(k a )
I . ~ v ) . (6)

II 1 k 1 a )

~~~~~~~~~~~~~~~~~~~ 

) l~~~~~~)k
i

5 1 ]  [ ~ I1~~~~ (k I }I (k ,5) ]

[.11 
(2 ( 1k a )  l i ~~

2
~(k í a)] + [ k 2

/le 1 H~~~~~2~

an d  the wave numbers f i u r  the  media m,n the concave and convex sides of the i n t e r f a c e , res pe c t i vel y, are
= k n , c i  = 1 , 2 ) , with k r e p r e se n t i n g  the  wave number  in f r e e  space , an d nt~ r e p r e s e n t i n g  the  re f rac t ive

i n du’ x ,

From C , the resonance equation for angularly propagating modes i s

4 1 - ItI~~q
) 0 (8)

“r  c ’u 1,i iva l en t ly



i k  a (  11 ) 1 )  (k 5 1
V I Ic ii 2

~~~~~~~~~~~ q 
= 0 ( 9 )

t~ (k
1
a )  Ic 1 H~ (k ,a )

q dl

rhe  resonance  e quat ion in (0 )  has  two sets of roots , one set nea r  J (k a )  0 or J (Ic a )  = 0 and the
( I ) ’  ( 1 )  v 1 v I

other u’ c’t near lI~ (Ic ,a) = 0 or  II  (k 2a )  r 0 as shown in Fi g. 2. The f i r s t  set of roots r e p re s e n t s
whispe ’ning gallery n i u , d e s  t r ap p e d  on the’ concave  s ide  of t he  b o u n d a r y ,  whi le  the  second set d e s cr i b e s
fie ’lels  s i m i l a r  to th~’ cree’ping waves on a perfe’ctly conducting convex surface . Since k a is  much larger
than unity s ou l  Ic , is very close to k 1, ( 1) )  can he approximated near v = k 1 a in terms of A i r y  f unc t ions
I A i m  na n_ iow it  a anef ’ S teg u n , I d m 4 ) :

5 m
~ 1 

- 
Vi 1 4 

~l)~ ( t O )
- I I - ~~n )  

Vu I t  + c I = 0
l q 0

whe re’ -~ iu = n
1 

- n , ‘. 1 and ,

= k a f  l i-i a 2 l ’ 3 t , l i l a )q I I mm

2 )k 1a 2 )  (hIb)

‘ t  -s I l l  ( I 2 )

C A i l t I  — i P i i ( t ( ( 1 3 )

\% hen  v is not ne’ar k 1 a . one may  em p loy the ’ Deb ye a p p r o x i m a t i o n s  ( s e e  A ) 4 )  in A pp endix  1)  in (91
t m  , ,bta i n :

r os v - v - 2 ,~ nc’xp  I - i s - fl e’xp ( i 2 t l e c - 1) - 
m m 

= 1 ( 1 4 )

coa w 4j c o s~~ W -2~~ nn-i tm - i
whe  re

~ ~~~~~ = 
~~~ ~~~~~~~~ 

- l x  2 - w I  s i n w j  , v k
1 

a si n ’s - (IS )

E~~u a t m o n  1 1 4 )  is valtd t m m r  th u m s, - w h i s p e r i n g  g a l l e ry  m o d e s  w h e r e ’ t h e  Deb ye ap p r o x i o -u a t i o n  may be app l ied
s l \  14 )  a p p e n d ix I I ,  -5 s i mi l a r  e q u a ti o n  c a n  be ob t a i n e d  f o r  t h e  c r e ep i n g  w a v e s , but t he  c o n t r i b u t i o n s

t r i m , ,  t h e  modes  w i t h  f a r  f r o m  k~~a are negli gible. T h u s  one m.c y use  ( I D )  fo r  a l l  re levant  v in  the
c re ’ e ’ p u n g  w a y , ’  c , ’n t  r u b ut i , in  - q

Fo r the’  sp e ’c ,a I  c a s , -  v - hen  the ’  ob sm - n v a t  ion p o i n t  a l s o  h i m - s  on the  int e ’  r f a c e  i i .  e 
~- = a )  , I 3 )  r e du c e s  on

m i s , -  ~ t h e  Vi r mmu skm an r e ’ h at  ‘‘in f - m r  t h u  c y l i n d r i c a l  f u n c t i o n s  te ,

c - m , a ;  i-u i  = 
- 

1 
- 

( 1 6 )
.1 Ic a )  k h ) 1 1 1

~~ k a )I s ’ l  — vc a  — — _______
I L .1 (Ic a e  ~~1 11

i I m  
Ic a )V I v 2

r h i s  c c c , -  shall (u - u - mm ti sui)i- r ,’ r i first .

it. G u i d e d  mod, ’ and  c o o t i n u m m u s  s p e c t r u m  representation

rhe i n t e g r a t i e m n  O f l t o m i r  in  I I )  c a n  m u -  d e f o r m e d  a round the  s i n gu l a r i t i e s  of the  i n t e g r a n d  in the upper  half
of t h e  em - pl a n e  s i n c e ’  t h e  i n t e g r a nc l  d e c a y s  at i n f i n i t y  t h e r e .  A ppl y i n g  ( a u chy  ‘ a t h e o rem , one may  w r i t e  the
Gree’n ’ e fu n c t i m , n  in  ( I )  a s  ( F i g .  2 ) ;

( ,(a , ci ; a , c ’ )  = ~~ I (  g i a , a ; v )  - g (a , a ;  _ v ) 1 ex p ) iv  I -~~~
-
~~ ‘ t I d Y  +~~~~~ G 

~~~~~~ 
( 1 7 1

w h e r u -

e xp ( i v  l 4 , - , t i ’l  I
) I 8 (q k 1

a 
i l k  c i  11 ( l )  

1 k a)) _ 

~~~ 
[ i~ (k

1
a~~~ 

— i I - ~~~ n (  
~~~~ )k ~~~ ) ~~~~- =

W u t h  q = no or  in I s ) , .ind G r ep r e s e n t  the  w h i s p e r i n g  g a l l e r y  modes and c r e ep i n g  w a v e s ,
r e s p e c t i v el y. Vi hen we emp oy the  A i ry  func t ion approx imati on  nea r  v = Ic I a • then

4

A 
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-
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exP (ik i d)exp [i (k 1a/2~~~

3t
q]

~~~~~~~~ t~~~” ’ )I 
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. r W I t + x  h 2

t — ) l - ~~ n ( ( t  + x 0) +  ( l - An)An  I g I)

q q L V i l t
dl

+ x D
where d is a t 4 m - 4 m 1 ,
The branch cut integral in (17) can he written as

1 = 1  + 1  + 1  ( 2 0 )
~o ~l ~�

where  —
~
—- I g

1
(a ,a; em 1 exp ( i v  lit’ - 4 , ’ ) d v  2 1 )

5 

~~~ [ g 2
(a , a ;  v )  - g l a . 5:- V 1 exp ( i v  l~ -4, ’l ( d  v (22)

I = ~~~~ f g l~a , a ; I exp l i v ~ -~~‘~~(dv (23)

g(a,a; e m )  = g 1 (a ,a ; V I + g 2 (a ,a; vI (24)

g 1
(a ,a; v )  !-~~. e(1 i (

1 a )  I - I t ( V I ]  (25a )

a; em ) = 1:~f— I l ~~
2 )

( k a )  ele ,) k  
1
a( (ZSb)

and t h e  i n t e g r a t i o n  path C l i e s  a long  the  imag i n a ry  a x i s  in the  v -p la n e ( F i g .  I I . I t  c a n  be shown (Appendix II

that  I and  I a r e  0 and  r e p r e s m - t i t  sp u r i o u s  d i f f r a c t i o n  e f f e c t s  a s s o c i at e d  w i t h  the  o r i g i n  (p  = 0).
T h e s e  i n t eg r a l s  may t h e r m - t o r e  be neg lected.  T h u s , t he  c o n t i n u o u s  s p e c t r u m  is expressed as I — I, in
( 2 0 )  and ca n be s i mp l i f i e d  as f o l lows (see  A p p e n d i x  1):  0

exp F -k 1
a f eli -~ u - J s in h  v i  dv

Ic * i 2 (26)
o o 2 ,~ n i

m cosh v - i 4 e x p F - Z i  k ,a (c o s h v v s i n h  v ]  exp  
~ 

- , T k 1a ttnh v

Thi s  i n t e g r al i s  in a c o n v e n i e n t  f o r m  for  n u m e r i c a l  ca l cu la t ion .  Thus , the  Green ’ s func t ion  in ( 17)
becomes

1,1 p

Gla .dm ;a , 4 , ’ ) “ ~~ + + i  (27)m f cr u s h  1 = 1  o

with G or C given in (15) and I given in (26), For G • and for  G wi th  v — Ic a or Ic a , onem I C I m r n — I  2
m a y  emp loy t h e  s i m p l i f i e d  e x p r e s sio’Iu in  ( 1 9 1 .

C .  H y br id  r a y - m o d e  r ep r e s e n ta t i o n

To obta in  a hy b r id  r e p r e s e n t a t i o n  c o n t a i n i n g  a mixture of ray and whispering gal le ry  mode f ie lds , we
r e t u r n  to Ic0 in ( 2 1 ) ,  de fo rm the i n t e g r a t i o n  con tou r  to the  rig ht ac ross  some of the  w h i s p e r i n g  ga l le ry
po les , p e r f o r m  a p ar t i a l  r ay  expansion of the integrand ove r the deformed path, and then provide an
est imate for  the r e m a i n d e r  i n t e g r a l .  A typ ica l de fo rmed  contour  C is shown in F i g .  3. It can be shown
that the integrand of I~ behaves properl y as ii — -e to l e g i t i m i z e  the  d e f o r m a t i o n .  We now e x p r e s s

a;v I in  the integr~ n1 in (21) as

ml’ 2 1k a) n+I
= 

2 
R(v( - 

~~~
(k l a) [1 + R Ii’ )+ .. ,  + R n ( V )  + I R(v)] 

(28)

where 
~Z

(k
l
a) and R ( v ) are g iven in (5) and (6), respectivel y. Employ ing Debye approximations and

choos i n g C = C\ as d e f i n e d  below , the  i n t e g r a l  becomes  (see Fig. 41

I f_ 11+ ~ (w)~~
2 Wt (w) exp~ i Qn (W) 1 ( 1 n dw + R N~~ 

( 29 )
n O C N

where

q (w)  k 1 a { ‘tm -elm ‘ si n w  + 2 ) n + I ) F  COSw - ( -W i  s i n wi  } (30 )
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N + l  N + l

F l + R ( w ) 1  R ) w )  exp !i q~~ ( w ) 1e x p  l i2~~(w) i ( _ i )
R

N~~~ 
a ‘i— L - 

— dw l 3 I a )
‘~ 

~~~ I - R ( w (  e x p F i 2 ~~~( w ) (  I - i )

~i (w) = k 1a t c o sw  - l it 2 - w I  sin i w 1 I 3 l b I

and
v a k

1
a 5mw ( 3 1c )

The in tegra l  in (29)  can be evaluated by the saddle point method (see  Fi g. 4 1. The saddle points W
n 

a r e

d ete rmin ed by d q ( w ) / = 01 , and the in tegra t ion  path  
~~N 

is d e f o r m e d  into ~ (local steepest descent  p ath) .
It may be shown n that th i s  deformation is possible , and t he saddle point °eva luat ion t hen yie ld s:

N
I =~~~~~ G

n + R N r ;~ 
(32a )

n = 0

w h e r e

i ~/ 4G = 
e 

~,J ~ k ~, ( - i I ° [ 1+ R w I ]
2 R

n
I w )  exp Ii k 1 D (  ( 3 2 b (

wi th  
1 ~

cosw - ,J C08 2 w -2 -~cn
R ( w l = ___________ 

133a1
c o s w+ ~Jco s ”w- - 2 c ~ n

w = t i 2  - l 4 , - 4 ,’ l/2 ( n + I (  ( 3 3 b )

and
= 2( n + i )  a sin - ci ‘ I  / 2 l u i + l ) J  ‘33c (

The expression (or C in 132 ) r e p r e s e n t s  a geometric -optical ray  field ref lec ted  n t imes f rom the
con cave side of the  be~un d a r y  on i ts  t r a v e l  f rom the source  point to the o b s e r v a t i o n  point (see Fi g, 5), At
each re f l ec t ion , t he f i e l d  amp l i t u d e  ch a n g e s  by the r e f l e c t i o n  coe f f i c i en t  R 1w ). The r e m a i n d e r  i n t e g r a l

in  (30 1 is t a k e n  o v e r  the  loca l  s teepest  descent  path C N c o r r e s p o n d i n g  to t he last  ray In = N

inc luded in the  expans ion. The  s u b s c r i pt N M  signifies that M whispering gallery modes lie to the
r ig ht of w . The r es idues  of those modes with 0 < Re  w < Re w must be extracted from the sumN rn _ N
in (27) since they were  el iminated by de fo rma t ion  of C in to  C

N . T h u s ,

M
Gla , 4 , ;  a , ci ~),m

h 
C + + + It - — 134 1

-~ n ‘~ m —‘ I N M
n O  m = l  1 = 1

The upper  l i m i t  of in s t ead  of m n f i n i t y  on the c r e e p ing wave sum i n d i c a t e s  that  the path CN may
in t e rcep t  t he pole se quence  w’~ as shown in Fi g. 4. A c t u a l l y ,  t h i s  is of l i t t l e  p r a c t i c a l  consequence  s ince
the c o n t r i b u t i o n s  f r o m  the h i g h e r  o r d e r  c r e e p ing waves  a r e  v e r y s m a l l .  It is shown in A ppen dix  2 that

- I RI” N ) l
• R N M  1 + ~~( w ( I  

GN 35)

p r ov ided  t hat the  saddle  point W N does not l ie  n e a r  poles w w i t h  m = M or M + I

3. N U M E R I C A L  R E S U L T S

N u m e r i c a l  ca lcu la t ions  w e r e  p e r f o r m e d  for  a model  t r op o s p h e r e  with the fol lowing pa ramete r s :  f = 900 M H z ,
a = 6 369 k rn , -~ n = 30 u n i t s , fo r  va r i ab le  range  d C a 4, ‘

~~ 
. The g u i d e d - m o d e - p l u s - c o n t i n u o u s -

s pec t rum r e p r e s e n t a t i o n  in ( 2 7 )  was used as a r e f e r e n c e  solution,  It was found that  30 w h i s p e r i n g
ga l l e r y  modes I i .  e. • M = 30( is adequate  to y ie ld a ccu ra t e  f ie ld  va lues  when the  ea r th ’ s b o u n d a r y  is
assumed to lie at p = 6368 km. In fact , t he m a x i m u m  n u m b e r  of w h i s p e r i n g  ga l l e ry  modes wi thou t  the
eart h ’s sur face is about k 1 a/it ( “  3xI0 7 ( ,  and the decay factor does not increase very much as the
number of modes increases. With the presence of the earth’s surface , it is found that the decay factor
bec omes l a r g e  f or t he h i gher  o r d e r  m odes ly ing  beyond t h e  40th mode (Cho ,S. It . and J. R. Wait , I ‘7 5 ) ,
T h e r e f o r e , the number  of modes p r o v i d i n g  the  m a j o r  c o n t r i b u t i o n  to the total f ie ld  r a n g e s  f rom 30 to 40.
For la rge  d is tan ces d , as cons idered  here , t he c o n t r i b u t i o n s  f rom the c reep ing  waves and the cont inuous
spe ct r um a r e  neg lig ib le .

The h y b r i d r ay-mode  calcula t ion f r o m  (34J, was p e r f o r m e d  f o r  v a r i o u s  combina t ions  of r ays  and w h i s p e r i n g
g a l l e r y  modes , but t he n u m b e r  of modes M aj~~~ ys in cluded all  of the  modes h a v i n g  very  small  d e c a y
fac to r s  ( these  h a v e  poles l y ing betwee n ‘n /2-42 ~~n an d n/ 2 ) .  Wi th  the ph y s i c a l  pa ramete r s  chosen above ,
the  number  of these  modes is s ix,  The  numbe r of r a y s  N was chosen such that  w N c w/ 2  - J ~~’~ - The
phys ical  i n t e rp re t a t i on  of th i s  c o n d i t i o n  is s i m i l a r  to that fo r  the  pe r fec t l y c o n d u c t i n g  boundary ,  ~~ d is
schemat ized  in Fi g. 6. Mso , the c r eep ing waves  a r e  neg lec ted  in the h y b r i d r e p r e s e n t a t i o n , and t he ra y s
blocked by the e a r t h ’ s s u r f a c e  a r e  e l im ina t ed  in the ca l cu l a t i on  of the  total  f i e l d  in o rde r  to compare  the
re sul t  with the f ie ld  based on the w h i s p e r i n g  ga l l e ry  modes onl y,  in t he p r e s e n c e  of the  ea r th .  T he ra y s
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el iminated ( i . e .  , blocked by the  eart h’ s su r f a c e (  a re  indic ated in Fig. 6(b ( .  In Fi g. 7 ( a ( ,  the amp l i tude
of the total f ie ld  is n o rma l i zed  to the f ie ld  in the f ree  space , w i t h  the distance between source  and
ob servat ion poin ts  m e a s u r e d  a long  the i n t e r f a c e .

The numer i ca l  resul t s  show that  the modes hav ing  ve ry  small decay fac tors  account  completel y for the
total f ie ld , the re by r e n d e r i n g  the r a y - o p t i c a l  con t r ibu t ion  and the r ema inde r  R,, — negli gible Thus ,
the hy brid ray-optical field formulation does not really show up to its beat advahY~ge for the pr .sent
example where the source and observa t ion  points a re  both oi~ t he i n t e r f a c e  s ince a few ti g htl y bound low-
loss modes account  e f f i c i e n t l y for the obse rved  f ie ld  at long r anges .  Never the less , the vali d i ty  of the
method is confirmed because the mode sun-i may legitimately be terminated after inclusion of only the
lowest-loss modes , with the truncation error quantified by the (neglig ible) ray-optical field.

To force a situation where the geometric-optical field is not neglig ible , it is necessary to choose l~ so
that not all l o w - l o s s  modes a re  inc luded .  A c c o r d i n g l y,  we have calculated the  f ie ld  also for  M = 3 , 4.
The results are shown in Fi g. 7(b(. The agrc-ement wi th  the  r e f e r e n c e  solutiou is now poore r  than
before  but the  co r r ec t  gene ra l  t r en d  is p r e s e r v e d .  Since now W

N 
> a/2 - ~J ’Y~~ , the ra y r e f l e c t i o n

coe f f ic ien t cannot  be app rox imated  by Deb ye t o r m u la s  but r e q u i r e s  use  of t he  A i r y  f u n c t i on :

) t )  W 1(t -+ x 0
)

— 
W ( t (  - W 1 (t+x D

)
R(t) 

1 (36 1
_ W ; I t I  W~~( t + x 0

(

W ,(t) 
+ W

1
(t+x 13(

w i t h

= ik 1
a 2 (

2 
• w = it “-“ 136a 1

It should be emph a s i z e d  that  the  va l i d i t y  of the  ra y - o p t i c a l  f o r m u la t i o n  is s t r a i n e d  in t h i s  p a r a m e t e r
range since the r a y s  s t r i k e  the  i n t e r fa c e  a lmos t  at g r az i n g  inc  edence.

When the source and (or) observat ion p o i n t s  a re’  moved f rom the i n t e r fa c e  into the reg ion p < a , the
in f l uence  of the  t i g htl y bound wh i s p e r i n g  g a l l e r y  modes wi th  ur/ 2 - J ’~~’~ < w < s - 2  is d e - e m ph a s i v e d
since their field decays  rap id l y away f r o m the  bounda ry  iPapper t , R . A . and m~~ L. Goodhart , l’~7 7 I .
It is then expected that modes with w- it - 2 - JT ~’~’ become important , thereby providing a better
framework for the hybrid representation. This aspect is now being studied.

A P P E N D I X  I - A pprox imat ion  of continuous spect rum integral .

From ( 3 )  and the r e l a t i o n  fo r  the  H a n k e l  f u n c t i o n s ,
I l l ( 1 )

H (k
1

a)  = cap  i v si ii
( 2 1  

)k 1 a )  A l )

one obtains

F e x p l e 2 v  it( u 1 I 
~(k 1 a( + I ) ~~’~~(k 1 a ) 1 m .  , )k 1a i

g( a , a , - v I = —i— ‘
~ (A C

- e x p  ( i Z v  w I R  (v  I
Substi tuting ( A21  into ) 2 2 1

1( 2 — 2
i’ ex p i i 2 v  tt( H~ 

(k 1a) [  ( + 1-t i e -  I i
I = —a-— J I i  exp liv ‘t’ -c- - I 1 dv 1A3 1

1 mu I I  1k cii

I - u ’xp li 2v it) 
~ I R lv  I

H )k 1a l

~~~e may emp loy Deb ye a p p r o x i m a t i o n s  fo r  - k 1 a F ~ ) ~~~ ( 1/ 3

(ka) 
it~ a~~osw 

exp I + i ~ 1w’ ) + I i t 4 (  ) A 4 )

I I ) ,  ____________

(2) I Zcosw -11 (ha) 
‘l/ ska exp +i t, I- ~ I ± m i t  41

where

~ )w)  = lea F c o s w  - ( w / 2 - w (  s in  W~ (A 4a(

and 1A4)  is val id  fo r  l a r g  ) t,~w ) 2 ’3 ) 1 <  2 w~ 3

Let
= k 1a s in e A Sa )

and
d v  = k 1 a cos w d w =  i k 1 a cosh v dv

4 w - h e r e  the  las t  e q u a l i t y  is valid on the imaginary axis in the v - p lane (A bramoWit?. and I, Stegun , 064).
i s i n g  the Deb ye approximat Ion in (A4), with (A Sa , bl, in (A3 (, one may ohtca,n:
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I 
-e I + R  ( ‘,) 1 expF - k 1a I n +  ci - 4 ,  ‘ I )  s inh  V 1 expt m2 k

1
aic,,s h v-v sinh

I — — T ~f d v
o 1 - (-i)exp (i2k 1

a (coshv-vsinhv )] exp (-wk 1
a sinhv )

— , r exp (i2k 1
a) 

— 
exp (i 4k 1

a)
- 

~~ 
(1+ R IDlY [ i~ + ~ -. ‘I )k 1

a ~ )‘iIIt(o) (2x+ j4, -4 , 1) k 1
a ~ ] 

+ 01 
Ic 2 I I A 6 )

where _______

— 
I -  Ji-2.,~n

I d O l  =
1-4 JI-22i ,n

The a s y m p t o t i c  resu l t  in A l l  f o l l o w s  on geometric se r i e s  e x p a n s i o n  of the  i u i t e g r a n d  and e’va luat  m m , ,  mm
each integral in the s e r i e s  by integration by parts. Similar ly,

~
-e 

exp ) i  2 v i t ) E  ~~~ 
1 (k 1a ( 1  1 1 +  R I e m  I exp )-iv ci -ci ’) ]

- 
— (I) (C dv

- 
i-i t R e m )  eX p ) i Z  V w I l l  1k al t4~~~ (k

1aI

- — , ~~ 
exp)i2k 1

al 
— 

exp(+i4k
1
a) ‘

~—~F I + R h m ) 1 ’ I +i— ,) ltlol — — — + 0 ( — “--— —- )

S L Itt - I4 , - m: - ‘ I n ’ 1a Zs-  Ici -ci ‘ j ) ( m
1
a J

To deal with the integral 1 in i.. i i , we w r i t , :
C

0

- i  
i e  e x p l i v  F - : -  -c - - I I  d v

I — , ,  ( A S )
0 ( w k 1 e i  :, F I ( k I a I ~~~ . o ) k I a ) Z I e m ) 1[~~1 ( k l a )

~~~Z I v l H 1”I Ik l5( 1

w-here (II
k , H (le a)

Z(v) = ~, V i A m i
1 ((I (k7a)

The denomina to r  in ( A S I  may be r e w r i t t e n  as :

D = ~ f H U 1 (k a l  11
( 2 h i Fk a )  - 7~~~I F l I

H h k a ) I I ( 2 h ( k  ~~ + I 3 ~~~~ i Ic a l  H i 2I
(k 

~~2 v I i-u I v I v I v I em I

+Z2 :v i l l
( 2 i i k 1

a ( l l ) U
(k 1aI  • 1  i i ~~~~(k 1

aI- Ziem 1 H~~
2 i

b l a l F
2 

~ ( A l O l

t s u i i g  Dehye a p p r o x im a t i o n s  f r o m  - 5 4 )

r i  2 / - 2 -~

D— .L 2cos w 
[(\

i + “~ “~ 
) 

+ exp(-iw .”21 (~
l - cap I i  cC) exp (-i 2 

~ ) w I I I
I c o s w-  j

w h e r e
k ,

Z ( w (  = ~ -~~‘— exp is 21 cosw ’
2 

(A12)

with Ic 2
cosw

2 
— ‘~J <~

- sin w )  ) A l 2 a )

Thus , on the imaginary axis , f o r  v ‘

D ! Zco8hv 

[ c~~~~~v 
+ u ’ x p l - i i t ,’ 2 )  (I + 4 - 

~~~~~~~ 

~~~~~ 
( _ 2 i

~
) s ) ) 1  A l l )

w h e re ~ ) i- -I is g i v e n  by ( 3 I h )  ‘~ - i t h  w = i v .  It fo l lows tha t

I 
exp -l m 1 a jeb -4, ’ l  s i nh  V ) d v

— I (A l 4 I

2 + 4 : - m (  exp l . wIc l a s m n h  V ) exp I - Z i k 1
a ) co,u h V - ~ s m n h  v ) ]

L c ~ sh V

4 

(-le r e , t he c i m n t r i b u t i o n  f r o n t  - i e to 0 in (A 8 1  is neg lected s i n ’  u- it Is 0 I ~_L_ ( (see A it m i )
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A P P E N D I X  2 - A p p r o x i m a t i o n  of

Front (301 ,

— 
N-i l N- +l

- 
I l+R Iw l~~’~~ R)w)~ (- u) expl iq N

(w))eXp ~~~ l w -i l

1
N M  ~7 -i-- — 

I A l ~~l

I — I-I ( W I  e x p~ t 2c w I l l — i )

e now r , w  r i t e

- ‘ i  exp [ ~2r, i w ( ]  R I w )  I C 1 + ( - i )  exp [ 2i~ lw- I ] R I w (  1
1 —  — 

‘ I I I
1 - I - i l  exp (i2~~lw) 1 

I-I l ’z I - L I + l - i (  e x p 1 2 u ~~ ( w ) ] R ( w l  J

- ~ [I  
+ i t an  ~ w i  + + it 4~~. i I n it (~~ ) (A l ?)

vi-he r i

1w) = exp [ i  1) 1w - I l  exp  F 1 1 ~ l i t  (w I l l  (A 1 5 1

If t he  saddle p u i i n t  \V

N 
f o r  the last ray satisfies

- 
t i i w

.-t
i

+ w 4 z j w  I A I ’ I

where J is an (mit i- c m -  r .t hi - - i the renia imiih ,’ r tm . m t  h e c , i n ies  a p p r o x  m n i a t - I y e’ m- 1 2 ( 1

I~~ l - t ( w \ l ~ I R ) w \ ) l
— ~~~~ [i~ 

1+ FI
N
) J — ~~~ +~~~~m~~d ) l  

i A 2 O l

F h i s  r e s u l t  is used in I3~~).

‘Note that the phase’ function q lvi ) doe’ s riot i n c l u d e  t h e  phase  of th( ’ r e f l e c t i o n  c o e f f i c i e n t  t e r m s  tha t
appear as anp litudes . There~o re , the ray paths do not have lateral shift s on the boundary. For the
cas e of interest i c r , - , i bm ’  sh i f t  e f f e c t  it are negligible when the D~~b ye apprnx ,n a tm m , n can be app l i e d .
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(v)

g,t. a ewj

4

P~~F c t  ~~~~~~~ 
~~~~Fig. 1 Physical configuration . The ‘~~erfect angu-

tar absorber ” int roduces  a s ca t t e r i ng  center  at ,, (m. a; v, ~
______ 

g,(d,a; V.)
= 

~~.

Fig. 3 IneegraPion path decomposition in complex
- v—plane. Also s)-i~~ n are i-he integrals 1~ ‘ 

I and
I~~. W’I e n  the’ Integration cc’n~ omir C is ~~~ ng~’d to

CN Wit l i  tI m , - same Integrand , one obtains in addition

to the integral along ~ the residues representing
the whispering gallery ~ode’s front m = M to  m — ~~ +l .

~~ 

5s a s s  i~ = S
~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 

S

S
/ Whisp.,.,ng gall.., mod.s

~~ /

it

/
C 

IC. ~~ ~~~~~~
—-4 ,

S
S

1’ I / •~ ..$.t
Fig .  tnte gra’- lon ps i-Its snd gin~ t i l a r it i es  in c orn- = = .7’s s . ~~~~~~~~~~~~~~~~p li x v p l ane  

,
,/

~~W 

~~~~~~ i(v.a 1 (v .e~g)

Fig. 4 Steepest descent paths and singularities in
w—plane (‘ii — k

1a ~
in v ) .  The saddle points  for  the

direct ray and the ~ ,‘ime~ reflec”ed ray (l ase ray)
a re w0 and W

N~ re~pecttvely. When the  remainder
integra l (see equation (31a)) is along C~ , one has
in addition to the integral the contributions f ront
the whis pe r i n g ga l l e r y  mod e poles  is — ~ I + 1 to M.
A l s o  the deformed pa th  may capture creeping waves
wi th / > N.
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a ass

~~~ \ \ / \ Fig. 6(a) In this sketch , withou t the earth ’s

~ \ I / boundary, the effects of modes with caustics small~~

( optical  f i e lds w j t h N — 2 .  
accounted for by ray

.Lt±_L . ‘~~~~
_ -

~~~~I (s.,)

Fig. 5 Geometr ic  o p t i cal  ray p ath  (it 2 1 .

~~~ wls..p..t’s, 9&eWm’j .

Fig. 6(b) In this sketch , in presenc e of the
earth ’s boundary , the direct ray is blocked aml
o m i t t e d  f rom the c a l c u l a t i o n .

FIg. 6 Pictorial represent ar iu in of ray-mode corn-
hinat ion . The M whispering gallery modes inc luded
are those wh ose cam ,stics fir between the int erface
and Phe N-times reflected ray traject ory - 
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Fig. 7(a) N > 6 so that all whispering gallery modes with very sm al l
lo~~ are lnci,,dpd . The r a y - o p t i c a l  con t r ibu t ion  is very smal l .
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Fig. 7(b) 3 < N < 6 so that some of the whispering gallery modes with
ve ry s ma l l  lose are omitted. The ray-optical remainder may now be
appreciable.

Fi g. 7 Comparison of mixt u re of rays and whispering gallery modes with whispering gallery mode sum.
The re ference solution involves smmmmat ion over 30 whispering ga l lery modes and is shown as the solid
curve. The hybrid representation of modes and rays is shown as the dashed curve , and M and N indicate
the number of modes and rays , respect ivel y . Actually computed points are indicated b~ . for the mode
aunt and X fo r  the ray-mode mixture , respectively, with the ntimber next to X denoting M. The number N of

4 
~ shown near the bottom scale. The direct ray (n 0) is omitted from the calculation (see
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CASE STUDIES OF TROPOSPHERIC PROPAGATION [N LATERALLY HOMOGENEOUS GUIDES

R. A. Pappert

EM Propagation Division

Naval Ocea n Systems Center

San Diego , CA 92 152

C. L. Goodhart

Megatek Corporation

1055 Shafter St.

San I)iego , CA 92106

I’ ABSTRACT simply in term s of plane wav e  reflection coefficients. In Figur e I

us sit ’s mi an u u l t n i i i -- s e e t u . , I  s uuu.t gap ii h eig h t  6 ah e , s e  t h e  g rm mein d
It h,is tong hcen recognized that wav eguide concepts can The gap is also shown expanded with the inclusion of an upgoing

he used to at least qual i ta t ive ly  explain much anomalous ti -GPo- and downgoing plane wave determined by the complex angle m e

sph eric radio wave propagation and the advent of the electron ic If R 6 is the plane wave reflection coefficient fro m everything
computer has made it possible in recent times to perform detailed aisove 6. then R 6 operating on the u pgoing wave I.~ gives the dow n-

‘se stud y  comparisons betwe en theory and expenment .  In this goi ng wave E) , Similarly if R b is the pla ne wave reflectio n coeffi-
paper several Case studies which have been treated by waveguid e cie nt from everything tueIm,’a h . then R h oper ating on the down-
con cepts , which  follow ~Ie’ se’i~ BL i dd eru ’S lorm al i s in . are r i-st ewed ,  goi ng wave I) gives another upgo ing wave. The self consistency
Points 01 discrepancy between calculat ion and observation are requirem ent tha t  the original upgoing wave equal the upgoing
singled out along w i t h  some problem areas worthy oh fu r ther  

~ ave generated by the reflection processes yie lds the fundamen ta l
stud ~ , mode equation shown in Figure I.

I - INTRODUCTION 3. SOLVING flfl- MODE fQt -~TION

For several year s an effort at this laboratory has been Cnicial to any successful waveguide program is the deter-
directed towards wa vegtiide computer modeling of propagatio n nr i n a t i on  ot all significant comples zeros of the fundamental  mode
for a broad class of horizontal ly stratified refractivity stru ctures ,
These include shallow surface dtic t s and ground based or earth
detached ducts produced by elevated laye rs as well as the simul-
taneous occ urrence of combinations of such environments , The
computer modeling has advanced to the stage where it has been

‘1 possible to perfo rm detailed case study comparisons between 
-theo ry and experiment and the intent  of this  paper us to review 5

some of those case studies point ing out some of the areas of
disc repancy along with some of th c remaining  problem are as ,

2. APPROACH 
~
_

Since waveguide formalism is wt.ll documented by a
number of authors (Kerr , 195 1. Brekhovskikh . 1960 . Budden , b
1 96 1 Wait , 1972) , the essence of the present approach will he /
reviewed only very briefly. First , the develop men ts a re i n te rm s
of a n earth flattened geometry where eart h curvature is included ___________________________________________
in the index of refraction. Therefore , in the usual terminology n -

in Figure I is the modified refractive inde x referenced to I at the H ( O) U —
ground and its height behavior for a combination surfa ce duct 

—
a nd elevated layer is shown schematically. In the numerical R b (O)R bft)) U Rb (O)O U
methods used , the modified refractivity profile is approximated — —

by li near segments. The numbe r of linear segments is essentially - Rbco)R b(o))u — 0 ~ 1 - R b (O) R b (A) — 0

unlimited. The normal modes are found subject to the boundary 11(8 .0-) ~ b (O)R h (O ) - 1
conditions of outgoing wave at the top and outgoing wave in the r I

14 - 
ground. The fundamental  mode equation can be developed quite l”. un’ I.  t1,’ihm, dm,fApp reta ch and M,xie!(quats ’n lki’rlu ’pmcni

-1 ( - — - - - - ‘—C, ---
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1~ 

The m odal t ’unct ion is required to he analytic w i t h i n  and on the

35 I.—. 0 11 CURVE ZEROS boundary oh ’ the search rectangle. The latter requirement guaran-

1. x ISOLATED ZEROS k i s  th at the phase contours must either ten ui i nat c’ on zeros of the

5 - p inotl .il f unc t i on  or en te r  and exit  the search rectangle (see Figu re 3) .

I I mm mect t h e  re quire m ent ci ’ i n a l y t i c u i y  w i t h i n  and on the houn-

~ 4 - /& I dan of the si’~ r e h  rectangle generally requires considerable hut

~ I ~~~ 
st r aight forward  t ra ns for uut a t i on  of the modal function shown in

.‘

~~~ 3 — 

a S j 1-igur e I - The m et h od has been used successful ly for tr il inear
a a 

~ 
t re ,I ’ ulcs U oodhart and Pappert , I ~) ]7) that  us , mod i fied refrac-

~~ 
2 — I i u s u t i e s  approx imated h~ three linear segments. The method cer-

ta i ni~ ~i muhd , and we believe should , he extended to include a

1 — 
~ hreuadi ’ r e I.m s’ - i i i  prol ’thi ’s . Leng thy  conuputer  t i me ’. can he antu ci -

p.i t i’d ut u s ing t h e  uuie t h i sl It  ihc’ upp e r I J H F  band hecautsi ’ t he

0 ~ ~ ~ I I ~ I L J t r ,m S l i l t  it  ~ em I niodal ssml u i ions Ca it require S - r\ small niesh ~~ ua ri’s

0 1 2 3 4 5 6 1 8 9 ice h~ Lisc’d in the  two-din iens ional  se ’arcl u a lgonthm .

ii a 103(RAD )t -I ( ASI-
begun 2- /,~pi ~ I.e s-a t, ,u s i,I th, ( - ~nj ’I ~- s t ~t,’,wp~~1~’ .‘ipae -i-

To 1ns e au idea t el the d ynan l i c  f requ ency  r~e utgi - to a huch

equation - Oiue so lu t ion  c ut  the equ a t i o n  is 0 = 0. U sit tg itt ~ ~~~~~ F the w a u e ’guud e’ h o r in a l i s n u  has  been applied. w e  bt ’giuu wu i t t  a recent

edge and p lo t t ing  the G curs - c defined in Figure I al lows t t r  One num erical  s t u d y  made m it  d uc t i ng  it the  III - hand (Pappert and

method of root cx t r a c t  ion - -‘sti m’x,enl pIe is s h mmwn in I- ug e u r c  2 . The om ‘dhart - s u i l u u t u u i  l id  to Rail to S~-ienc-e I, In ,c ru - i ’m -nt  si uds
vert i cal  u S e s  is th u  u i l l . i g unar ~ p art  ‘u t 0 ,in d the  h u o r u , e u u u i a l  ax es  the 1’. l l . i l ~st ,’ut ( l ° 7 7 )  reported inc’a su r e t uue te t s  m u set e 23~ k m t u  sm m u t h e r n

real par t .  The 0’s denote  s e t l u i i e c u u u s  on t h e  ( cur s e t r e e  m e t  t’roin the (‘a l u t o r n e , i  all  ocean pa th  itt th e t r c ’que’nc~ range frm m 4 to 32 M hz .
m ’ r u g u u l  \s w i l l  he seen there are ,ulsm i  s o l u t u o t t s , ri - p r e s e n t e d  by No sky wavc  c o n t a m i n a t i o n  e x e s t e e t  for the  path .  Hansen found
X ’s in Figu re 2 , wh ich  do fle t i  t e l l  m u t t  the  1. cone  w t i e c t u  e n u a n . m t e s  tha t  above about  20 M l lz  the  average signal l e ed s  considerably

re ut ut  t he  origin , It  is t’ue luev eeh thuesi- are iso lat ed zeros I i .e ., zeros exceeded pr ed uc lions based on stand ard ground wave theory .
m utt  c e mr se s  t m ’ r  wh ich  R R I = I c l emse s  uip m uc hell) ,  It  us k u i e u w n  Av a i l ab l e  du r ing  a 24 hour  period oh h anse n ’s utt e ’asur em ents we’re’
l’app ert  end ( ;oodhari - I ‘V’~ tha t  simple t r a i i s t e m r n t . e t  outs  m a t e  he n ine  t e l  r e d  us et p r m m t  d e s  re - emi reh e d  at t o u r  d i i  t e r e n t  s i tes  which

used t e u  ch ange the’ ieepo logy m t the  coin j u le s  0 spai -e and w e  he- were en reasonable p r o x i m u t \  to Hansen ’s path .  E ac h  refractu s ut ~
h ieve a h i he m ugh  h~ no nlea it s  h ave p r u m s  i-n t l u , i t  any  mode c ut  sig . trim s did an en v i r o n m en t  tot which  was-eguide calculations were
ni l i cance  can he’ ob ta in e d  by t r , m c e t t c ’  -u ; ctu r ’,e h u m  liii ’ mm g u t  per tor me d ,  I- gore 4 sltu ~~~s measu red and ~a lcu lat cd  path  losses.
1 hat  us to s,e’, t h a t  .u t r an s f or i t t , i t  ion cai u he made tot wh u ~ h each the avi -r .ig e pat t i  lmmss e s  ire  ct  t l tc ’ i i t uclpoin t  oh t ite error bars
oh t tue X ’s in I i  em ri 2 , for ex a m p l e - can he ut ad i’ to t a l l  .i iue n g a Ii t i l t  represent m ul t i ’ s tat tda ret ci es 1,1 t suit on each sidc of the  ,is ci-

curv e tr a mcml  t reunu th e’ origin - Quest em mi t s m et iii ernung I lie m u m  m m l i -  .i~t~- I t  w i l l  I”~- seen I l i i  t the ca lcu la ted  as eragu ’s and the cx pen —
ri t i e ml usm u l . u t ed  st ul t i t e m i t s  ,is well  ,m s w h a t  can he don e h~ t r ins- flue n h a l  es erages art ’ in good agreett i en t - I )  u sp ,e rit  v he twt ’en the
forming I hi ’ t e u p m u l m  ‘c ’s c u t  th e’ t’ig e’nang he space’ ,ire i-er t e l  n l it i O u  - cal cuc ha ted anti iuhser s’ed s tandard des iat ion us at t r uhu  It’d to the

~m u h t  ,ur i -a ’m desers u n g  m t  , u h e h u i u , e u t . i l  s t u d ’, - I i  k, - I iheuoe h oh l a t e ra l  u i t h i m m u t i m m i ~ei ue ’u t ~ c ut  the guide at any  go en
i t me s-li elm has not bee ii t aken  i n t m u  a i’i’u u un t in the calcula t imu n s

- \mummt t u et mi’thm mc t S h u t e t i  by no iuui ’at i ’ , ht.e ’ - been t t i l t s  es
ploited tmut f u i t uhuiu i !  the mode s , m l u t u i m t t s  is b ise ct on an u i u g e u u c m u e l s  -‘s nuajor pur t u i  ise m u t  Hansen ’s nl easurenien t s was ic e i-heck

-i I~i m ci i t t  iii mh es eloped by She h lnt , u  it ,ini h ‘s t - i t  h i t  I I I “ i m  I I t  is based Ott t R.u r r uck  ‘s t I I I s t ir t  ace  rough ness theory tor ground “s-as e

mut t  s ea rch in g  t he  perup h ie r s  ot ,u r ec t angu la r  region ol t h e  eug en -  pr~ p ag,i tuoit ,  An m i c e deserving s tudy concerns the question of

angle sp.ice t u u r  ,er u c ur  I SO ” hu ll ase’ i m m i u t ours  cut a u u t c m c h . m l  I e i i i i  t mul l , whe t h er Barric k ‘s t l u e ’ m u r y  app lies in the  presence of duct in g en-
s i r o n u u t e u u t s . a l though it seems likel ’, tha t  surface rouguness
et i e c t s . ex c e p t  perhaps t e u r  the  highest sea s ta tes , would he sub-
thont iit , e ru t  to the lucid enh ance m en t  due to the dueting at fre-

® ZEROS OF A MODAL FUNCTION quencies above abou t 20 MHz.
F E

1-u g ecre ~ shmm mc s a cast’ st itc h ’ , mac h e ’ at u~ Ml Ic’ - It app tues

— 
T m ’ ’  i t  t shore S e  i i  t em’ i n’ueasureme its dun  ng a period whu e’n an —

270 0~ invers ion I a % e r  charact erized hr a 40 M un i t  defici t  existed hc~
— — p— iso-- tween -about (mOO and 1 000 ft (Pappert and Goodhart , 1977),

A 0 0 Shown are measured and calculated height gain behavior for a
1 21) nau t i ca l  mile range’ w i t h  the receiver at 100 ft. The vertical
axes us altitude and the hori ionta l  axis is sigual level in dB relative

ieO”J t o t ree  space. Also shown is the height gain for a “normal” non-
- — ¼ i—1— du c t in g  env i ronmen t ,  Enhancement of the si~~ta h due to duc tin g

____________ \ 

I 270 ’- ’ near  t h e  midpoint  of the duct  is abou t 40 dB and it should he
— not ccl hu , e t t  her e us no eviden ce oh ,u radar It ole ,u tmets’m ’ I he’ I.e y e  r. Out

the contrary the signal levcls abov e the layer are also much en-
C hancesi over the normal field , Clearly the waveguide model does

14
1 an exc ellent job of predicting signal levels in this single mode

F ’~~urc Su’hep,~ tic ,,f k - u t  i- ’i&uig tleth, uej ease . The case study iml ’ Figure 5 us also of interest because it i sa

S
t -

- ~~~~~ -
‘

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
—

~~
-- 

~~~ 
— -

~~~~~~~~~~ 



F— ‘
~~~~~~~~~~~ T~~~~~~~~~

Sc
case for which calculations have been made using a phase in tegral

I THEOR ETICAL method (Hayes, 1973 ), In particular , the method in this instance

90 1 MEASURED — HANSEN has been used to determ ine the reflection coefficient referenced
GROUND WAVE to the ground b r  the layer structure shown schematically in

~ ‘j . , Figure 6, K is the free space wave number and z0 1 ,2 are zeros of1 the quant i ty  q and are indicated schematically by the X’s on the
layer stru cture , If the zeros are sufficiently separated the expo-

110 
‘.

~~ 
nential term in the denominator of R0 is very small relative to one
and the formula reduces to the conventional form given in standard

1,1 textbooks, The modified form discussed by Hayes allows for

120 •‘l, leakage through the layer by vi r tue  of the exponential term in the
denomina tor.

~ 130 ~ •‘l - 
Figure 7 shows a comparison of the phase inte gral calcula-

= I 
~

, lion with t h e t c’II svase and exper i m enta l  results (Papper t ,  I ‘)‘~4 I
1

1 ~~ 
It will be secn that the phase integral method does qui te  an ade-

140 1 1’4 quate job in this instance. Al though much remains to he done in
L f.J~,; ~ assessing the adequacy and u t i l i ty  of phase integral  method s, they

150 - ~‘4 $ ~ ~ T t ~ do seem to offer promise in applications such as IR E PS (Rich te r

~ 
and Hitney, 1977) where approximate hut quick computat ional

“
~~ ~ I I ‘ ! I methods are required.

160 - “ .. I ~ -1- igure S shows for the same environment which applied to
Figure 5 height gains along wi th  normal signal levels at 3,3 GHz

170 - ~~.. for a 1 20 na u tica l mi le range and receiver a l t i tude  of 500 ft
(Papper t and Goodhart , 1977) . The comparison betwee’n calc u-
la ted and experimental  results is quite good, This case is an example’

4 8 12 16 20 24 32 of si~ iah level calcula tion by waveguide concepts when the number
of modes is on the order of 100. The large number  of modes points

FRED (MHz) out the need, of course , for approximate  methods such as ra~ hop,
pt ta se  i n t e g r a l ,  ( ;TD or h y b r i d  m e t h ods. N e s er t  tue Icss l i e  r e s u l t s  c ut

F~ i~ e 4. (‘ase Stud i- mel Dueling at h F  !-requu ’ncit’s Figure 8 show that with enough tor hitud e waveguide ca lcu la t ions
can he carried at least Ii the several GH z range even for elevated
layers and of course a reliable waveguide program can he used as a
tape measure to assess the  accuracy of approximate  methods.

_________________________ —___________________________________________ 
Figure mc shuows ,idd it u e u n a l  r esul t s  close to 3 ( .11, I I’,i lu .

2000 I 1 600 pert a nih ( ;eu t ud hart . I ‘i~’~’ - l i i i  uic m , - h’.ippe it - I Ia t tait and ( ;ood-

I hart . 1978) . Shown are calculated and measured Im a ih losses as
i soo~ . / FREQ. 55 MHZ 

~~~~ 
. -

RANGE = 120 1 mNAUT, 141(222.41(14) ,e huimi ’h i m u it ml ra ilge ut .1 t rauu ’ i u t i l t e r  at i’S tt and a

- RCVR. ALT I 100 FT. (30,5 MI at 3000 f t .  The  range e m s  eu s ihe l ine oh sig h t  regi on. the
isoo~ \ EX PERIMENTAL 

500
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1400 j ~~
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I 350 —
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~ 
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2000 diffract ion regioit and the region well  beyond the  horizon . Two
waveguide results ar e shown. One u s for the elevated layer environ-

1800 — FRED = 65 MHi 
men t shown in itisert (h )  of Figure 9. whic h  was indicated by radio-

R A N G E  = l2ONmi sim itde ntc’asure ’inents iu uad e  dur ing the period of the measurements
RCVR ALT = 100 ft. and the other is for the  s u r h a c e’ duct shown in inse ‘ rt I c )  which

1600 — EXPER IMENTAL nte t e oro iogica l  data  indicated m igh t have’ existed at the time of

I ~~~~ WAVE the mea sur ent ent s . The arrows are crude measures of the horizon— — — PHA SE INTEGRALI t e m i  a direct  r e v  ( ~ 75 naut . mi . )  for a ray once reflected from the
1400 — -

I d I m ’S j i c e l  Le ’ m er (~ 170 itaut. m l . )  and for a ray twice reflected from
the elevated Iayer (~~ 290 nau t .  mi ). Observe tha t  the wavcguide

1200 — I c.i1 UI,cic ’ch Iat h kiss he u r lh te  e levated Lever s l u m m w s  a large increase in
the neighborhoo d oh the arreuws consiste it t with what in ighu t he es -

I •
• peeled oit the’ hm .isus of a ray hop picture  aitd g r e a t l y  cm s e r e s t  i I t i , u i e s

~~1O00 - th i e  obse rved path  loss beyond the first hori z on.  The waveguide
calcu la tu oi t  tor  the  s- cr y s t r m m u t g  evaporat ion duct  gives reasonable

~ 800 — agr eememtt w i t h  the beyond the hori zon signal. Ih i u ~~esei . especial l y
huee.e u sm - m u t  t he  d i fhe rcnc e  between the  exper imenta l  and shallow
surface duct  resu l t s  ckuse to the  hi or uz oi t  we don ’t believe the

600 shallow surface duel  ht a s been e h e h u u u u t e l ’ , e s ta hh i shuc ’eh as the sm uie r e e

— I :  of the ’ low t~ a ttc’nua tc’d in eucle ’ or modes pro fua g ahi n g beyond the
heu ri io i i  -\ p c m s s i h m i e  a l t e r n a t u s  e es,p l a n a t u u u n  us t h a t  th c’re are many

400 t weakl y .itt e iuuc.iic ’eh uiumeele s of the elevated layer sy s t e m  which
4 .ch ih um e uu gh i h e e l  dire ctl y L’’,c t e c h  by the ’ t r a n s m i t t e r  m a y  he c’ x c i t c ’d

200 — h i s  iiiode e e m i t ’ , e’ i s u m u t u  lu re t e esses  due to possible’ la teral  inht omogene-r
u t y  oh th i e I c y  ci [ t i e s  su gg este d ec,p lana t ion  us sh uwn sche m at ica l l y
in I - ugure hO.  The I c y  c i  is indicated Im y the top t w e m  h orizontal

0 I I I I
—30 —20 —10 0 10 20 30 lu tes  I hi e source and ii’, inuage ’ g i ses  in the  l ine  of sight region a

PA TH LOSS 1dB/ FREE SPACE) l y  l ’ i e , i l  t~~o source u n t e r l e i e t u e e  pa t t e rn , as indicated , which falls
me l t  at  t lie’ h u m e r i  ceu n - I f I lie la ’m ci u s l a t e r a l l y  inhu om ogc’neous it

hitiire 7. I’lwa ’ Intu’~’ra l (~ mni /ur iam?u with th ’a.cur.-niu ’nl wc u u l e h  he e ‘, lueete el thtat node conversion rout the  direct field
ou ch Full k’au ’e (~I/oe&lt5’n t e e  sse, ekh y aitenuat c’d modes euf t h e s’m s ie i i u  would occur in the

line of sight region. Th ese w e a k l y  a t t enua ted  modes would then
2000

600 propagate  he ve un c h the  h or u ,u un  and ra chiate ene’rgy out as indicated .
c ’ut hie r by v i r t ue  of large scale la teral  inhiomogeneit r  or because of

1800 I t u r b u l en c e .  Tht c’ drass hack in pursuing a model l ike th i s  is of
e mu i cr sc - t h a t  we kn e iw l i t t l e  ahou ii  t tue  large scale lateral  inbiomoge-
neits to be c’xp eeie ’d e’seit u m n a s t a t i s t i c a l  basis.

500 -

1600
F ugure I I shioss s ii iu ot h e r  u i— h igh t pat h t  k iss w i t h  range he”

FRED. = 3.3 GHZ 4~ ha v ie i r  record ed in it t  o h f s h t ure San l)eegu eitvironnue ’it t l’he

1400 RANGE 120 NAUT. Ml h e a t u r e  e)f in te res t  is thte ratlter sudden recovery to nearly free(222.4 1(14) -

cI RCVR. ALT. = 500 FT 400 space signal at about ~~~ naUt miii .  The radioso mtde data dur ing
(152.4 14) the  pc ’ri m x h u h  the measurement  indicated the ra ther  strong cIt ’s at-

~ 1200 E X P E R I M E N T A L
— — — CALCULATED 350 i ed t , m ’ e ci a t about 1 500 ft .  Wav c ’guid e ca lcu la t ions  based on ih e

~ el i ’s a ted ha s ci i r e  s h u u u s s  n l ’s I h ue el a s h u e t h  l ine  ni 1- igu re 12 a itch as wi llI — -— \  N ORMAL - -

1000 300 ~ he se-cit cannot expla in  the observation. An a l te rna t ive  explana-

~ i ioi i  which we h ave pursued in r a the r  eu ir se u r ~ fashion is based onI ,
I — — — ~ t h e  folle u s~ h g  Imh e’fl ou t ie ’non wh u i chu us used in integrated eup tuc - s

800 .- —‘ 250 tec h  no leu gv -

200 Figu re 13 st u i ms e s two identical guides ac d their individua ’
600 — 

modal height gain. The normal modes for the coupled system are
I —

— — 150 the s v mm e t n c  and antisymmetrie combination Rh and g~ each
I _ :3- w i t h  t h e i r  i nd iv idua l  propagation constants  a 1 and 

~~
, respec t ive l y400 —

— — - 100 l I t h e  field d is t r ibut ion  as a function of~ i s taken t e u be expi’ession
I g in Figure 13 it  follows tha t  at s = 0 tIme energy is localized abouttoo

L /
the lower guide , hut at a coup ling distance R/( ~~2 ‘a l ’ the energy

i s localized about the upper guide, Based on this primitive notion

0 we have examined qu i t e  arbitrarily whether such a coupling
0

-60 -40 -.20 0 20 41) between th e ’  very strong evaporation duct shown in insert tel of
SIGNAL STRENGTH (08 RELATIVE TO FREE SPACE) Figure 9 and the elevated layer might be responsible for the

J u n e  13t h  recover y The result shown in Figure 14 for the com-
bined system cannot expla in  the observed recovery and we are

4 l”~ure R I/ eigh t Gem Curve l w  Ground I/aced Duet
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Constants in an Earth-Ionosphere Waveguide . Naval Electronics
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MARITIME SURFACE DUCTINC-: UK MEASUR~~(~~T AND TH~ )RY

J F Sketchley

Admiralty Surface Weapons Establishment

Portsmouth, UK

ABSTRACT The work described has been carried out by
the Admiral ty Surface Weapons Establishment and

The development of the UK’s detailed model its contractors. This paper does not necessarily
of surface evaporation ducting is summarised , represent the position of other UK authorities.
together with its application to the preparation
of a radiowave range prediction method for The f i r s t  part of th is  paper outlines the
operational use at sea. The method’s short— development of our surface duct model, and i ts
comings include difficulty of use; alternative application to prediction methods for use at sea.
remedies are the provision of each ship with a Our more recent propagation measurement programme
book of curves giving the performance of its is then described , together with the conclusions
sensors in various conditions, or the implementa— and outstanding problems.
tion of the method on a programmable calculator.
Initial evaluation data suggests that a 1.1 Historical Background
significant improvement over earlier methods is to
be expected , but that significant scatter remains. Our work arose out of a requirement to be
A fur ther  l imi ta t ion  is the breakdown of the model able to characterii- e and if possible predict the
ii-, certai n conditions. var,able over—the—hor i z o n propagation condi t ions

we were encourmter~ng, which were previously
A year’s measurement programme in dismissed an ‘anomalous ’. An ini tial trial,

West Cornwall (1976—7 ) is described in which using aircraft rar,ge runs against a f ixed site ,
regular samples were taken of I Band signal demonstrated the wide va r i a t ions  of signal levels
strengths over fixed over—water paths, both over— to be expected from refraction effects, and
horizon and l ine of si gh t .  The receiving station established a need for a fuller theoretical
included antennae mit several heights close to the understanding of the surface  th~ct , supported by a
sea surface. A wide variety of sea and air more extensive and controlled neasurement
conditions, some representing open ocean , were programme.
covered. Results presented include details of
height—gain curves, fading characterist ics , and 2. MODELLING
comparisons with the theoretical model .

A theoret ical  model of Surface Evaporation
The conclusions of the study include the Ducting has been developed for us by S Rotherautu

following. The UK nodel is highly sensitive to at Marconi Research Laboratories, Chelmsford ,
met measurement accuracy , especially humidity. England.
Simpler models may give as good an estimate of
surface duct propagation as the full model (at A model of the refractive index profile has
least in this case). Current synoptic pictures been constructed , incorporating recent boundary—
could be useful for broad brush prediction. Not layer theory . The revised set of refractive index
enough is known about the horizontal homogeneity profiles has theic been incorporated into a wave—
of surface layers in coastal waters. Further guide mode model of the beyond horizon propagation
work is required to de termine  the contributions through the duct.
of elevated layers and other types of surface
refract ive layer; i t  is not clear for what The model has been applied retrospectively to
proportion of the time it is safe to make surface— data from the Hamburg Universi ty paths in the
to—surface predictions using a single surface southern North Sea. Good agreement between theory
ducting model, and measurement was obtained .

1. I~~TRODUCTION A further development of the theoretical
model has been made to cover line—of—sight

Thi& paper covers more than one of the major propagation. A phase integral representation is
topics of this conference: it is to some extent used for the wave propagation in the layered
a position paper, rather than a detailed treatment refracting structure of the duct. Solutions to
of any one aspect of our work. It was felt that the differential equation are developed from
such ar overview would be most appropriate in the Weber parabolic cylinder functions. Several
circumstances, different integrals are required to cover the

d i f fe ren t  cases:

4
SI

- --‘- ‘

- - - - -~
_--~----- - -~~~~~~~~ --- - - -- 

~~ a
—~~ _.__,.i_ -

~
---- _—_- 

~~~~~~~~ 
— — 

~
- — - --- -_ - _—- __ ~~ _!-_a_ — 

~~~~ —



r - - - —-
~~ 

- 

~~
--—---

~~~
-- - -

~~~ ~~~~~~~~~~~~
— —

~~~~~~

- —

~~~

-

~~~ 

-- -
~~~-i -~~~~ -:--—

~

(a) Direct and reflected waves.
MflEO~OLOGiCAi. DATA

(b )  Weak and strong ducting . [~~~~~ft ][’
~

’
~ ~~~~~~~C c )  Disposit ion of the  terminal points  with

respect to the duct. Three different ~i
classes of path are identified.

The posi t ion of the in terference lobes is ~
-‘

shifted due to the phase shift introduced by ,~~ , ~~~~~ L,,J ‘°‘~~“

different refraction effects or~ direct  and
reflected path lengths.  The corresponding .- 

~~~~~~~~~~~ ‘dc i
imbalance of ampl i tudes  r’e~ uce~; the dep ths  of th e  eileen ~~. rucT~~s ~~~~

—— 

us,
nulls, since complete cancellation depends upon ems
equal amplitudes of direct  and r e f l e c t e d  waves. .~~t c’~~ ~ue~ 

- - -

The e f f e c t  of sea roughness has been
incorporated in  the model , the incoherent  Figure 1. RSG— 6 Prediction Method.
ref lected wave being treated atat nt ic a l ly.

The form of the calculation is indicated in
The e f f ec t  of the rough sea is to decrease Figure 1. The usual single—point  met data are

the c oh e r e nt l :.- r o f l e rt e~ wave , par t icular ly  at used , namely air temperature, humid i ty  and wind
short ranges , and t h u n  re iuce the aunplitude of speed at a single known height above the sea,
the  in terference n a t t e r n .  The ~-% and 95% together w i t h  sea temperature. A correction for
pr obabil i t .~ levels are also included . In the sea state is al so available .  The calculat ion
presence of a n t r o n . - l u c t , the  angle proceeds v~ a -~u c t  h e i gh t  and atmospheric
of inc idence  at r e f l ec t i on  fro c  the sea tends te u t ah ~ l~~t :.  For each nenn or  - tern t e e radio
increase , which -c in  turn leads to a larger value frequenc:- and rece iver  and t r an a ni t t e r  or target
of the Raylei gh Parameter and to an in c r o -” - e  in h e i 7 h t s  are then Lr our i t ~rn , t o - e t h e r  w i t h  t ’ e
the rr,ac~r i i  tu d e  of the  in c o h e r en t  ref lected wave,  power fac tors  nucc an e , r .  n- , ,  receiver
This is another way of saying that we expect sea s e n s i ti v i t y ,  t —e ri-et c r o n u — r e c t  i on ;  t ’- e~~e power
clutter to be enhanced under lu c t in , : c o nd i t i o n s ,  f a c t o r s  are i n c o r p o r a t ed into a o~ r’- - --mn ;—for—al l

ca l cu lat io n  of free crane ran r’ ,
t t  the sauc e t ine  the coheren t  r e f l ec ted  wave

is rnu c i ;  r e du c e : , tiu s ne’ iu c i r_ ’ t h e  ampl i tude  of  If an : m : nun: t o n  han em- n made , cu r :. an a
the  in t e r f e r e n c e  pa t t e rn  st i l l  f u r t h e r .  The ut n Iar:: t -cr - a’t u: tne m rs: case or a t - s:- -;ar t
phase e f f e c t  ( i e  thee displacement of the lobes) em i t t e r  tyr-e tin- -i~” - - n n e , : c, -e t u - r

is the astut e as for the  smooth sea case. thcn snould be cxl i ;c it ani not t-rr. en he
n u - e t i c t  ~o: —et : , o d ,  ave trrerefo’~’ necenr -en

5. APPLICA:Ly:3 lust a war n - . n o t e  n-n o--ri accoroanv Axly ; r e f - c —

tion tucu t epen;n on n-r t o n ,  of thin

~.1 ~~~~ineer s ’ Curves It i s  inoo, ’ tan t  n o t  to  ‘.-.“- t o  ;rut rre-n;or. cf
precision wuere none u-c n t ,

T:e crinc;n-d (unclic-’ in . : of t- ‘-

Duct  ~o~~el is to :mu: ;e -: ,n --ntn  of the  perforncnce The cal c ,ulat on in at  n r e n e : -t  set cut  as
of e x i s t i n g  and ‘ : r t u r e  sencor :::nte n- ;“ ink - approx imately  30 stor; , each of whic h is e;t’:er
condi t ions ,  The no : iet  :tnelf is a v n - ,l a i t c -  to a n r r t e  an’; t n -n e t  - c c- il n ’uir stion or -i curve
our e n - ;  n oon :;  in t : - nrn .  of  a :‘~~~~i~~ cr0 -c-in r e an u n- - , it i n  ‘ u n : n — e t a t  a sim ple ca l cu la to r
suite. A d dj t i o n afln- a Look of - inn: ’ . c :en ;- ’ Curves will be available to : s r n r : ;t  w r t ,  the arithmetic.
has been orepared , which rn ’u~-,’ be ‘- - t u - ;- ” w i t h  the  The rrethod is -ien ’ned for u n e  by q u a l i f i e d
Duct Height , Atm on ;h :e r c y e ,  b .  l i t : , yen .ltnte , 1-tet O f f i c e r s , l ik e  ;t n  nrc i cce rruo r ;  i t  can be
and nyston parameters ie Ar,te :un’s i c r - t n , Radio expected to take in excenn of 1~- r~ nuter to
Frequency. Curves of signal utu -e n -t i; (with perform , although the  i n i t i a l  ten n t e j - u leading
respect to free znacei versus ra, ;e are preaented , to duct  he i -ht  and atmospheric st.’et-il: ty do not
together with curves of attenuation coefficients have to be repeated when considering additional
and h e i g h t  ga in  f unc t i ons  to enable other curves sensors opera t ing  in the same env ironment .
to be constructed , eg: s ignal  strength vs height ,
or signal s t rength  vs duct  h e igh t .  A fu l l  range A preliminary comparison has been made
of duct ing  condi t ions  and radio frequencies is between the RSG— 6 predic t ion method and an
covered , for tue  beyond—horizon case or.ly. earlier method based on German work , using ship—

to—ship data collected on a deployment in the
5.2 RGG—6 Prediction Method Red Sea and South Pacific in 1975/6, The data

sample is small , but includes U}~ /Vh~’, E/F and
Another important application of this work I bands. Strong evaporation ducting was

is to the on—board predict ion of propagation present throughout the  sample.
condi t ions  and t h e i r  effects on sensors, using
on—scene meteorological measurements.  A manual

• p r ed ic t ion  method has been prepared from Rotheram s
theoretical model, with funding from NATO Research
Study Group RSG—6.
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Figure 2. ‘German ’ Prediction Method Performance. Figure 3. RSG—6 Predic t ion Method Performance.

Figure 2 indicates the performance of the Figure 3 shows the performance of the
older method. Predicted maximum range is plotted Marconi method against the same data. The
against measured maximum range. An error histo— variation with RF is much better-  modelled. A
gram is given above, error being defined as considerable scatter still remains , but in
prediction minus measured signal. The method centred about zero error. F.Ctt intercep t ranges
fails to account for the var ia t ion of the range during the t r ial  were particularly variable and
enhancement with radio frequency (this is the difficult to preoict. Front this limited sample
main failing) and with terminal height and power it can be said that the Marconi method shows
factors ,  promise. It does have l i m i t a t i o n s  however:

( a )  It only deals with surface evaporatior,
• duc t ing .  Evidence is accumulating to

the e f fec t  that in many cases it is not
safe to ignore other forms of refraction
effect , such as elevated layers and
advection ducts,

(b )  The duct model used breaks down under
certain conditions; fortunately in a
fairly obvious way. When the air
temperature is much in excess of sea
temperature , excessive duct heights are
returned which lead to invalid predic-
tions. We have found that the failure
conditions are not commo n in temperate
waters , but about a third of the data
from the Red Sea ar~1 South Pacific led
to fa i lure .  I*rther refinement of the
duct model will be required if the
method is to be fully useful world wide,

(c) In its present form the method is too
slow and difficult to use. We have
therefore studied methods for simplify—
j ag and/or automation of the method ,
especially for use on ~na1ler ships.
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‘Fast Prediction Method’

Irt one possible solution the usual met data
are collected; a programmable calculator then
performs the steps to derive the duct height ,
This value might  prof i tably be communicated to
other platforms in the force , especially to those -

unable to make met measurements themselves.
Another alternative is to include duct height in
a more -enenal forecast.  This  has the
disadvant age of genera l i ty ;  the surface duct can
be a localised pluenorn enon. There is no subst i tu te  S(YE N Nf~ LVN
for  good or ;—: cone  met data. The climate around STONES
the  British Isles is von - variable , l im i t i ng t h e  • GUNVALLOC

e f fec t iveness  of h is tor ic-r i  r e f r a c t i v i t y  rnethoas :
c::on t term changes tend to swamp long tern •. ST ~~~~~t r en ds, IS L ES OF

SC l ILY
The final stage of the m e t h o ; could use

c ri o:; of performance versu s duct height , pr-onan-e : Figure - . Cornwall Propagation Paths.
for the — i v e n  ship ’ s par t icular  cc. o n : , and t h u ;
: ;c o raor a t i : .: th e : ‘ ~~ ante : :na  h e c : h t n  and power Fixed paths between coastal sites were uaed ,
ac t o rs .  Separate cur v e s  woul be requ r red for to urrovi~ e sampling over a iong period , to provide

4 can: f ; ’ecru e :cy band a : - i  for  ccc; radar tn -r e . a wider  coverag e than would be available from
r e l a t i v e ] :- nhor t  tr-~ aln with  ships and aircraft

The a lt e r ra t  :v~ to these curve :  is to I b:c : d - : i - r c t i o n a ]  rsdars wi th  fixed antennas
ir i-leme :t t h e  w r : o l e  method on a rro gratcnu ’ub lc  tu rn - ~e-i at St Mar :- ’ s , Isles of Scilly , to
calc:;latur. Thin han j u s t  been achieved (with provide a beyond horizon path of ~~ nautical
r o t e  ni-a fflin of car is )  on a hewlett Pac :ar’- - ‘ . m i l e s , an~ at Newly . to provide a line of sight
gore :; : n s l i ; ; r ’ r t i on  of t :.e :et ho i  was r equired ,  t a t .1; of n a u t i c a l  r ul e s,
T h i n  hart  i’u ’e i:ctio:: h e t h o i has now to be

-
‘ : ra te J  for ;rccux’acv and ease of on-’r :tt :0 . Norizonta]. polarmsation is used. The 5.9 dB

beac’width of tie itt Mary ’ s antenna is narrow

~~. , : - .~~: cc:h~-;:~L: :t.  Jd ;;h :- ;h::~ ’ pgog~~:- ::: 1 - — - enou.n: to oils: ante  all but t ::e lowest elevated
ducts fro m effective contribution to t h e

To s u s u - l en e : . t  the  evaluat ion of h o t ; e x ’ as ’c rece ;ve-i slanal at Gunwalloe. h;r-;lar J band
o Id a-anunt Je:’rar: :nt:r fr’on hel olan u , We trarnnitterc :avo recently been corautissioned on
ace code as r - x t en ; e  no n-- . of itr ’ pa n t c o n  each s i t e ;  but seasurement,s are in progress. Met

‘-ean; r r e n t e n t :- at rJur,walloo is hest  horr :wni l , dot s  for  d u c ti n ~ ca lcula t ions  are collected at
aim e d cart ;cular’lv at cover ’:n n a w i d e  rat: -e of  Seven at o n e r  L igh t  Vessel , a d j a c e n t  to the  long
werthor c o : : i i t i o .  , and collectin .’ i l itn  fo r  a sat :: , suppleSented by measurements  at the  coast
ru -e of receiver  ::e:- ’ntn, wh et  ar r r or r : ct e ,

c .1 cite ;; and Cor.d t : o : :  Th e r e c e i v in g  s i te  at Gunwalloe is equipped
wi th  a::tenmc;- at ~ feet  above low water and a
stack of s ix  horns between low water and 2n feet.
::- :e : -e - i v u -  us a fairl y fu l l  set of measuring

• / :e i r : i t :- as t h e  t ; de height varies, The sea bed
she lves  :ttee i’; ;s f r o n t  of the  mast , so wave

/ 

-te eren;n - in, onl Y n i n i f i c a n t close in , and

~~~~~~

)L

~~~~~ 

open sea c o : i i t  i o r n  are m a i n t a i n e d  over most of
the path in southerly weather ,

HELGOLAND ~~

week’s meanurement  each ~=:
~~~~~
J 

0 - sampli ng a variety of conditions. Signal levels
on bo th  paths  a sh  at all he igh t s  were recorded
ev ery four hours, at times coinciding with met
da ta  collect ion at Seven Stones. More frequent

GUNVALLOC 
r~~~’cgs were taken when signal behaviour

The c l ima te  sampled in the year included , as
we had hoped , a very wide variety of weather and
sea conditions , ranging from calm dry high

- - - . - - - pressure to the strong winds and rapidly changing
‘ i n tro  I., ..ocatror. of Pr’oragct;on .in-s. - - -- conditions associated with the passage of

- - - depresnions and frontal systems. AnotherThe ‘ut Cornwall loca t ion  was c . :o ;o;:  - -

because c is r e n t u o r - u b l - ’  ore’- t o  ‘ A ’ l a - : t i c  
im por tant  and fairly common weather type is

- - - -
- - relative cal m with sea mist or fog. In these

weather and sea conditions in the prevailing SW
r ‘-tr 

- conditions no duct becomes established — poor
ens, 

visibility and poor over—the—horizon radar cover—

4 age being correlated in this case.
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Figure 7. Beyond—hor izon  Signal,
- 26—~~Q April  1tu77.

Figure 6. Occurrence of P t Height (Seven Stones) .

Figure 6 presents histograms of the calcula— Figure 7 shows a typ ical plot of four days
ted duct height for the summer and winter periods, over—the—horizon signal data. The dotted lines
The strongest ducts appeared only in the summer represent signal prs~~e.o ts. The following poInt
months, but significan t duct ing can occur year- are worth noting;
round ,

(a )  The signals at d i f f e r e n t  hei th t s  have
1+ ,2  Signal Characteristics and Fading similar time variation, An interesting

exception is the first of the four days,
where a sharp rise in signal level
becomes established first at 15 metres,
and subsequently in turn at 5 metres ,

• 2 metres and 1 metre, over a period of
hours. Large, sudden changes of signal
level were often readily correlated with
the passage of frontal weather systems.

(b) The prediction follows the measured
signal’s overall variation, on a t ime—
scale of several days, It fails to
keep in step with the sudden increase
on the 26th however. This time lag
between predict ion and measured signal
was observed on meveral occasions; i t
suggests the movement over the area of
a horizontally inhomogeneou s air mass.

A subset of the recorded signal data has
been examined for fad ing characteristics, The
subset derives entirely from summer measurements
(A pril , May and June) but it includes the full
range of signal levels and propagation
conditions,
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increasing height over part of the height range of

A ® DEEP ~ IOd S interest. This would be tactically significant.
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In bi .nire 3 the  fa - i e  ra te  (p o s i t i ve  zer o— 0 ,’

cror; ; ::: ‘a or i t o )  is plotted agar n at  s n - a l
level, ha l;::,- Jert ., also indicated b r  I __________________________________
c :ute -ori: i: : - the p o n : t r , in to  shallow , sodium and — SO —40 —30 —20 —40 0 +10
deep l a : - ,- to em to - i ;rtnr: ”u~ sh f a d i n g  t y r e n .  SIGNAL ILVEL dl /c*fe6PAC~

The conliresnion at t h e  top of the fn g u r e  in
due to l i t i t a t n o : .n  of the r e c o rd in g  medium , Figure 1 , Typical Height—Gain Curves
which would not allow mencur enent  of fade r~ te rr (30 Ma~’,’ 1 17 7) .
greater t h a t ~~ 1:, t:;ougl: the:— could still be
resolved . Our measurement programme was therefore

designed to provide signal strengths for a range
Th .e f o l l o w in g  festuren ,  wore observed: of hei ghts  above sea level , which we convention-

ally plot as a hei ght—gain curve of height versus
(a) yeah s; u:’tl n e x h i b i t  deep f a s t f a d i n g ,  signal strength. The le f t—hand curve is for the

t n e  R u ~’ l e i g I: f ad ing of a scatter beyond—horizon l ink ; the right—hand curve for
n i rual . the line of sight, Arrows about the measured

• p o i n t s  indicate  f a din g  range, The dotted lines
(b)  i tt r or.ger s ign a l s  exp e r i ence  two are the theoretical curves, This is an example

r : n c : r a  t . r er of f u r l i n g :  of a good f i t  between theory and measurement.

( i )  ,h :,’ u l l c w , fast  i rc in t i l l a t i o n , Despite some var ia t ion, the general shape
which  was in fact observed in of the measured height—cain surve is fairly
v i r t ua lly all s igna l s ,  constant , especially close to the sea. Varia-

tions in absolute level are much greater than
( i i )  hiower va r ia t ions  in level , varia t ions  in shape of the height—gai n curve,

which in  most cases are also
shallow, - ‘i tt very strong
signal s, however , deep slow
fading may sometimes occur.

The l i r e  of mi -h t  n~gnal uris almost alwaya
steady,  but ruhject to scintillation, However ,
on one occasion deep slow fading was observed, a S..pI. a.~..ITh

1 ’3 Height—Gain Curves - - - —___________

One of our principal concerns is the o _______
var ia t ion  of signal s t rength w i t h  he igh t  close ~~~~~ u~~ S
to the sea surface, Theoretical results ..tr, ,l~a&

suggest ed that  in the strongest ducting a re-
entrant  in the height/gain relationship could Figure 10. Measured Shape of Height—Gai n Curves.

4 occur , such tha t  signal strength decreased with

~~~ ~~~~~~~~~~~~~~~.L ’ .
~~~~~, - 2 - ’ -

-~~~
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Figure 10 presents a sample of measured height— PREDICTED
gain surves nortealised about the signal level at dlIFSmetres above sea level. It further demonstrates 10
the fairly constant shape of the signal vs height
relationship in a wide variety of duct strengths.

o a
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Figure 11, Predicted Shape of Height—Gain a x 
a

Curves, —70 a

Figure 11 shows the predict ions for the same a a

sample of height—cain curves, normalised at —80
2 metres as before. The shape of the height—gain  — 60 50 40 30 20 —10 0 10
curve is generally much be t t e r  predicted than i t s  dl / F S  MEASUR E D
absolute level . This led us to consider whether  OV E R—HORIZON SIGNAL AT 2.. ccl.
the use of a standard shape for all predictions
would introduce significant additional error. It Figure 12. Scatter Diagram : Predicted vs
was found that overall the additional error would Measured Signal.
be mnall compared with the error already present.
However , certain important special cases would Many workers have presented their results
no longer be predicted , notably the shallow in the form of scatter diagrams of predicted
re—entrants  above 2 or 3 metres tha t  sometimes signal against duct height or against measured
occurs in strong ducting. More severe re—entrants signal. Figure i,~ presents one of our scatter
were not found , nor any re—entrants below diagrams, for beyond—horizon signal strengths at

~ metres. 2 metres above sea level. A poor correlation is
apparent. The signal levels at other heights

t~~I~ Comparison with Prediction are similarly scattered. The line—of—sigh t
signal was such better predicted however, wi th
rms error typically 7 dB , while the beyond—
horizon rms prediction error was typically 20 r iP .
The correlation coefficients obtained from the
beyond horizon scatter plots, while formally quite
significant , indicated that a significant part of

• the  variance of the measured signal was due to
factors not correctly included in the prediction
process.

- - . S0U1~~ t S OF ER1~0R

• 1 Signal Measurement

Signal measurement error , inc luding  calibra-
t ion  inconsistencies etc , would only account for
• ~ dB error at worst (systematic  and random
error combined).

-.2 Sensitivity of the Model to Meteorological
Measurement Accuracy

The model was found to be very sensitive to
inaccuracies in ce r ta in  met parameters. Wind
speed and sea state, varied together over the
likely range, gave variations up to 8 dB•
Senritivity to sea temperature and air tempera-
ture variation was roughly 16 dB/Deg C and
12 dB/Deg C respectively, Inaccuracies in wet
bul b temperature are naturally the most serious
of all , leading to changes of up to 50 d~~Deg C.
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It j u t  particularly important to -Jse well
calibrated pairs of thermometers for the wet and 

Tdry bulb hy - -r o : re t : -y ,  and for the air temperature 
~~~~~ INCIDENCE

and sea temperature ne : u : -cr e cren t :- , so that L
temperature and h , u r ; - d r t y  , -r a - ; ;c rt : ;  may be _

~~accurately found.

Desp i te  th’,i; n e : : t iv i t  problem , wet and dry
bulb hygrometry can i-c a sufficiently accurate ‘~~~ L
technique , wit:: t ems ert u  - i r e  rc-u a i n , ’;; to -).1 Deg C 

H
leading to an accuracy of — u t - o u t  • 1~i relative hu—
- - i J ~i ty  in ideal c o t - i t t  ion:; .

r ;eaaunene~~t error wet bulb as i  ~ea tOn~~~~~ urO , 
0 ~and ~~~ 

0~ for dry bu l b  error. i’;1 i3  would contri-
bute a:: - r i r e i n ct ; o ; :  error of 3 :1 . This
will  r io t  account for t -.e c:-: t :’c: o predic t ion errors ® /jot;::;. D —

- . - ;o,”n:to:~~a_

Tt:e ot ::er  s et eor o lo  - ;c a i  cons ide ra t ion  a f f e c t —
t : .e  r e:sr l I nn ;:o:’.no::tai :or- o ‘crc; t::. The ( II~.
i :  -

- n o ; - -l  ~- t a r a g t e r n sen t h e  t r o t - u . n u t  no :: r a t i ;
n i  ne: , :::rn en e- nut of air and sea co:sizt~ o::m at one
xi tat . Thi;: Its;; aro-;uce-; of 11 r esul t;:  for ’ one,:
ea - ‘an I . ,on: - ,  ~~rd , :t : ; ,  - ‘a of the decorrelat no::

of auct :e; -ht i - n t t ;  t i n e  :~:;~~~e. t t : , :ut  suet ; 4%
character: n-st ions car, be e : - : : -ecte :  to have v;rl i ;i t’,’
of an averri ’e to : :Ot :r a .

Thns s :-a-xs: ’tiorn of corn co;:tal :050 e s c n t :  G I6~~,
- t in t  be g ue st  n on e . ;  for coastal ;:trter;- i t :  the
1 ,.-:,m of on ;r results.  ;~z:ot  her loo~: at t o  nap 

, ~ rrc 5) cu ”e::t. t - ,rit w :- j i e  our Seven 7to::ec
‘net l i t  ~ cod ; ucli be ;-e:-neaentatnve of the Figure lh . Sim m f i e d  Weather  Classifications.
be ’o:. — i on to:: bath ;n no--,t to south west ~,‘ns;ic ,
it eo n t - o t  ‘ ecec a:”.l- ne : rp :;ent  t h e  inn , I ;o re  A simplified classification of weather type
hal f of t : e  r u t h , u’ . t , -ec  all y it :  unset t led cond i— by pressure pat terns  was derived from Bilharr
t i o n n  ri-i ; is i-si :. :.~ ‘~:t.. ‘, :ort :erl.  conr’~~t t c r : t .  I t  ( 1937). Similar c lassif icat ions could be
in coat -u i r t t : -  o: en to ‘- “nt isa ac a norin-;re of the developed for  other areas. The ~~ noptic chart
1 ,::e oh s: - - t ytrl n. for noon of each observing day was examined

an,i classified according to th is  mcher ,e .
hoe : nor: ::o::tsl nose u i - c :  t n  of the  tidct hris

p,’ f o i : t :t  : rt t:ottc are—t:: 7-’ ;li~ hter and ot :r’ra.
Our c o n d i tt o : . .  d i f f e r  iii t u e n ; ’ ten o er :cn’  towards 

~~~~~~~~~ SiCwqI. ~~~~~~~~~ %occuuEcce ove tie i c r  e o I ;0 a I the  rel’u v ol —so so ~~~ 2 o W I ATN D T Y P I
mob u,~ e ~ea w t  - - - i-c. - t . ,a~. c .,rre ,,t  i
nrc .; Ito’ i ” -  tI , wn~cn :crb ect:: the  sea surface

a” to f t  , r l - - - air rur t l’1trctuat~ orc. 5 ~~O(S ~ LN*M

i’isal l~; , t h er e  is t a o  ad :cce:: t land ma, which - - - 
24 S I

s;1~’ co: t r- :bute at: a - ;vec tn o : :  d u c t  in north or
‘tort : :eont weather ‘in -1 in net t le-i antnc ’clonic 

o- r’7i__fTH3 I S  4

- . , ‘ f :,cp lrc~~ Ppho;.g ilg C 
o -~

-
~ 

2

It  war qu e c t i o t t e d  r- ; . e t ; - .er a broader descrip— 0 
J ~~~~~~~~~ 20 i

tior : of the c :u r r - e : , t  ril’nopt i c  weather  situat ion
to t;se l to SIVO a broad orun:: nre - :’,c tio r, .

Ti;; s wo-Id be of m e  where  the  fu l l  method could I 
o - 

I )  I I

not be -msed , nerd-irs because -let-t ile d net data
were n ot. a v a i l - n h ’ . P 0LJTL I N  14

~ 
:~
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—
~~
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7 I A

Figure 1~~. Beyond Horizon Signal vs Weather
Type.
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Figure 1L+ shows histograms of the aoon 5 metre as high, medium or low.
signal for each category. The ordinate is signal
strength in dB with respect to free space. The High and medium signals occur only in winds
percentage occurrence of each weather type in our with a northerly component.
sample is compared with Bilham ’s figures at the
right. These correspond to the pressure Patterns B,

D and F. A simple prediction classification by
The sample is small, but high signals only wind direction again gave 15 dB rms error.

appear in weather Types D and F, and moderate
signals in Type B. This is not unexpected , mince In conclusion , simplifier and synoptic
Type B is the north—westerly air stream often models wouLt seem to offer some prediction
associated with the relatively dry and clear capability, which may be useful when full
weather following a cold front; Type 0 is the dry surface ducting calculations are not possible or
north—easterly continental air stream ; and Type F not applicable.
is a static anticyclone. High signal levels
might also have been expected in weather Type C, 7. ALTERNATIVE PROPAGATION M~~~~HANISMS
but our sample of th i s  type is too small to be
significant. We conclude that in the test environment the

propagation is not fully described by the surface
The median signal in each weather class has duct model alone. A feature of the results is

been used as a predictor , prediction errors using that a number of measured signals are strong
this synoptic method had a standard deviation of while the prediction is quite low. It is likely
i i -  dB as against the 21 dB using the full model. that these under—predicted signals are due to
The synoptic method fa i ls  to predict the alternative propagation mechanisms.
irrrportsr.t highest  signal levels as well as the
full metnod however. Jeske (1977) has drawn attention to the

incidence and influence of elevated layers on
It should be noted that measured current 10 GHz surface—to—surface over—the—horizon paths.

synopt i c  pictures were used , rather than fore— The results contained two classes of signal , of
casts or hi storical data. Short term forecasts roughly equal occurrence. One type of signal,
are not expected to introduce much additional characterised by fast fading, was well predicted
error, by an evaporation duct method. The other,

characterised by slow fading, was usually badly
under—predicted , and is associated by Jeske

ILY0N0—N0~IZ0N S—N
(’l Nt SIaAL.:ST~ CNGTH 

~~~~ ~ 
with elevated ducting.

L~~~I -a We obtained retrospectively radio—sonde

N 
profiles for two subsets of our data, one

— ‘~~~~~~~“ “ corresponding to the  severely under— predic ted
- 
- — “t!t,.~~ signal s, the other a control. Unfortunately

- - • ‘S 
the nearest radio— sonde data was for a point  some
miles inland and therefore  of l imi ted  applica—

/ bility. Furthermore, the geometry of our over—
a t h e — h o r i z o n  path Was such as to limit e f f e c t i v e

/ s ‘®~ . elevated layer contributions to the lower and
nar rower duc t ing  layers, and these tend to be so

a a narrow that they are not registered by standard 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
meteorological radio—sondes. Perhaps because of
these two problems, no correlation could be

., found between our severe under—predictions and
a ‘~ a •,‘ • / elevated layers.

5
” - 

_ s
N ‘ ‘

~
“t0 KNOTS / More s i g n i f i c a n t l y ,  a comparison between

I a ~, those signals of slow fading and those of severe
ZOKNOTS under—prediction yielded no correlation, unlike

f 
— 

—
- • Jeake’s very clear results. There is a need for

4 - — — further work to determine the extent to which
s elevated layers will affect surface paths. It is

by no means clear that elevated layers can
generally be ignored for surface to surface

• 
predictions, but it may well be that line—of—si ght
and short over—horizon paths will be unaffected ,
depending on antenna elevation beaswidths.

Figure 15. Signal vs Wind Vector.
In anti—cyclonic conditions especially, dry

The Bilhariu classification is based on air spreads out from the land over coastal waters,
pressure patterns, but it is reducable to wind forming art advection duct whose thickness is much
direction without much loss of information. This in excess of that of a pure evaporation duct.
suggested as even cruder prediction method , only The s”rength moreover depends strongly on the
applicable to a given location, using wind distance from the coast. The advection duct will
direction. In Figure 15 the position of the not necessarily conform to our model of the refrac—
points represents wind direction and strength, tive index profile for the evaporation duct, and
the aignal strength being classified by mymbology horizontal homogeneity is lost. A detailed
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surface evaporation duct prediction on met data
from a single off-shore point cannot be expected
to cope with advection ducting.

Advection ducts are a problem. We know when
arid where they are generally likely to occur , but
they are difficult to measure because they are not
necessarily uniform over an area. This also makes
them difficult to model. Ideally we should collect
refractivity profiles all along the path and then
integrate along it to find the resultant field.
A generally applicable full theory cannot be
prepared since the form of the duct wil l  depend
on local geography. A model for a s t ra ight  f la t
coastline would be an interesting first atop.
Advection duct ing remains a s i g n i f i c a n t  nap in
our radiometeorology .

CONCLUSION

In summary , coastal waters  are importan t to
us , and coastal r e f r ac t i ve  e f f e c t s  are complex
phenomena made up of more than  one c o r : t r ih u t i n ~
mechan ism. A J et a i t” . I model  of surface d uct i n ,-

( wi l l  not describe .;i1t::al cond i t i ons  cor rec t ly  on
all occasions, The e f f e c t s  of elevated layers
cannot always be neglected , and the  format ion  and
e f f e c t  of advection duc t s  demands f u r t h e r  zr tu , t ’ ,- .
As an in te r im  seasure , siciple synoptic methods :ive
some pred ic t ion  capab i l i t y .

,u’ f erence: : :

E C hnl i i r i a  Th e Clirsate of the B r i t ish  Isles.
- l o c m i l l an  1-~~t ’ n .

H Jesk e et al Final Heport of Research Study
m~roup RSC,— - . IIATO AC/21~
( Panel I I I )  D/16() l I Y .
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RADAR CLU’I’FER UNDER A’I~IOSPHERIC DUCTING CONDITIONS

F .  Perry Snyder

EM Propagation Division

Naval Ocean Systems center

San Diego , CA 921 52

ABSTRACT

Atmospheric ducting phenomena can seriously Pr opaqation models applicable to anomalous
influence radar coverage , significantly extending atmospheric condit ion s such as duct ing have
radar ranges or causing radar “holes.” Such r ece n t l y  been d”veloped at the Naval Ocean Systems
atmospheric ducting conditions influence not only Center (NOSC) in association with the development
the radar targe t re turn  signal , but also the signal of the Integrated Refractive Effects Prediction
returned from other objects i.e., radar clutter. System ( IREPS) as discussed b:; Hitney in these
Expected improvements in radar performance due to proceedings. Recall that the purpose of I REPS is
some ductinq conditions can be seriously to provide an ‘on.board ” capability to assess the
rij itnished , if not converted to degraded effect of atmospheric refractive anomalies on
performance , due to c lut ter  e f fec t s .  Art “on—board” sensor performance. The effort involves the
capability to assess the effects of atmospheric development of models which express the effects of
ducting conditions on Navy sensor performance has refractive anomalies in terms of equipment
been developed in the IREPS (Integrated Refractive performance , the verification of these models, the
Effects Prediction System) project at NOSC. software development of the models for shipboard
Presentl y ,  the TREPS , or any other known general implementation, and the inclusion of meteorological
purpose performance assessment system , does not statistical data to estimate the probability of
adequately consider clutter, encountering refractive anomalies as a function nf

geographic area and season . The IREPS , however ,
Radar clutter return has been investigated does not presently consider clutter.

extensively, both theoretically and exper imenta l ly ,
and several empirical models for sea clutter have A very successful initial shipboard
recently been developed. These sea clutter models demonstration of TREPS aboard the USS ENTERPRISE
have many features in common , par t i cu la r ly the was conducted during summer 1976. During this
consideration of only standard atmospheric demonstration an excellent example of ducting
c o n d i t i o n s .  A ties clutter effects model, capable effects on clutter was observed. A pictorial
of consideration of non—standard atmospheric presentation of these observations is shown in

4 condi t ions, has been developed for intended usage Fi gure 1. Shown in the figure is a reproduction of
in the TREPS . The :‘~~de1 , which couples a classical a hand drawn tracing of a SPS—l2 radar display for
ray—optics  propagation fo rmula t ion  wi th  an 16 June 1976 at about 2000 Z. Note that the normal
empirical sea clutter cross—section model, is radar horizon is about 17 Miii in this case so tha t
discussed . Also presented are predicted effects on the occurrence of an elevated refractive layer
radar coverage due to 1 variety of a ’mospheric producing a surface based duct is clearly
ducting environments , The clutter effects model is indicated. Refractivity profiles, obtained during
most appropriate to a propagation environment the time period the extended coverage was observed
n ’sulting from an elevated refractive layer but not , unfortunately, at the time the clutter
producing a ground based duct. For such ductinq rings were most enhanced , indicated the presence of
conditions , the clutter effects model predicts the a surface based duct resulting from a thin
occurrence of discretely spaced “clutter rings ,” ii refractive layer at about 300 metre altitude,
agreement with observations.

The sea clutter rings in the left central
I. INTRODUCTION portion of the display were observed during some,

but not all , of the time the coverage was extended
Atmospheric ducting phenomena can seriously &~e to the refractive layer. One description of

infl uence radar coverage conditions. For example , the rings given by an observer was that they tended
significantly extended radar ranges can occur due to ‘fade in and out” while remaining nearly f i x ed
to ducting, and “holes” in radar coverage can in position. A common feature of the clutter rings
result from refractive layers. Such atmospheric is depicted in the central rings shown. This is
ducting conditions influence not only the radar the splitting or separation into two narrow rings.
target return signal , but also the signal returned Mother common characteristic is the tendency of
from other objects; i.e., radar clutter, rings to form first in a narrow angular sector ,
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then qrowing in azimuthal ext ent until one or more NOSC is currently involved in exploratory
concentric rinqs full y encircle the center of the development of numerical models that assess the
,,tdsr d isplay, then qradually disappearing, effects of the environment, particularly
st irring in tb, angular sector in which they first atmospheric ducting conditions, on radar sea
appeared and finishing in a sector in the oppositi clutter signals. This investigation is being made
diri ction , all the while remaining at a nearly from two general viewpoints. The one viewpoint,
i o r r t ; t an t  range,  most app licable to the elevated layer , ground based

duct , considers ducting effects on sea c lut ter  wi th
— 

— a combination of an empirically derived normalized
— sea c lu t t e r  cross—section (Dyer , 1978) coupled with

COAS TLINE

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ iuctinq—clutter -to’ lems and involves t b ,

/ a ray—optical  p ropagation model . The o ther
v i ewpoint is sore applicable to general/

CHANNEL ______
ISLANDS \ cons idera t ion  of sca t ter ing  , ‘f fec ts  - f a rough
I

model combined with classi--al mode - -nv ,’rston
- -on - i’~-t ti . In th i s  f o rmu l a t i o n , t h e  ,ea back

SEA :
SAN C L E M E N T E  /9 

~ oround plane by using a wavequide node propagation

sca t t e r  is modeled in te rms of conversion of

ISLAND — 

l fo~~ ard propagat ing modes i n t o  backward propag ati~ qCLUTTER RINGS—

I S ..
I —

Only tb, first model , using a r ay—optical
,
~ 1-rop aqation fo rmu la t i on , w i l l  be f u r t h e r discussed

- 
- 

/ sec tion .  The empirical no~~~ lized sea clutter
in this report, and is considered in the n e X t

crosS - o c t  ion w i ll  also be consi~i”r , ’d in Sect ionHORIZON
NORMAL R A D A R Z  

t I .  In -t  ion I I I , i m p l e m e n t a t i o n  of the c lu t t e r
~-f f,’ets model into the IREPS will be discussed .GUADALUPE ISLAND —-—__ ,

~~ Fur ther , sonic predic ted e f f e c t s  of sea clutter on
— 

— — — 
— 

~‘256nmi radar coverage for a variety of environmental
—

~~~ conditions will be presented in Section I I I .
FIGURE ) SIMULATEDSPS- 12RADAR DISPLAY
SHOWING OBSERVED CLUTTER RINGS CYLINDRICAL CARTESIAN
(16 JUNE 762000 Z) COORDINATE FRAME COORDINATE FRAME

The theory -f r - l s r  c l u tt er  i- - t u r n  has is- n
i n v e s t iga ted  ‘x t i - n s i v e l y  (, .q., Wr i- ;ht , 1 ~-8). -

Ex)cr i it-oft aX observat i cnn;  ii;  c l u t t e r  have a)  so

2rc1w r ’ed (c_ - n ., Writse , , l  r l , l’0n 7 and h al ey ,  - i

al , .~~~~a’ta-rr2 it  t, -rn , I s  have I-eon made to

I “W.JNDEX — n(, ) I INDEX — n(z)exp(z/a)
i t- ito  -i w o r k i n g  as-I-I for s,-a c l u t t e r  c r055— n. t i o n .
A n o t i t - 1 ’ -  . - n< )mI le of sic-h cff ;-t ts i n ;  l und in ‘he

-cr1-inc t h . - ’x i - . ’r iment a l  and t heor”t  ical  r , - su lt s  

1

~~~~~~~71REFRACT ?VE • REFRACTIVE

•~m I - i  t ic i i  as- -I,-) recently 1,-vol oi- o~1 for c - a  c lu t  t , - r

Ic , -; . , Daley , I ’ ~t -1 ; s i t ’r o p ,  I - i  . M - - - ; t  d I/ 
h 

——— ~~V(x.z)

0
the-- i-el ical radar clutter models have two 1,-at tires Win  - -- nn mw’n . One i s the er scnt i i i  l y  t at  i st i c a l  -los—

-i- i l  t j o T - n  I i-ho — l ut f -i- so-ir- - -? s, m l  the e thm’r is
the  con sj de r , it ion of r n ly  t anilard atmosph er i c  V z a ln ( p /a)

‘1 - e n - l i t  i-in s. The empirica l p-o Iels I ikewjse ire
esaent  i a l  l v  i - m s - - I  - n th e  a s n ; i I n n n l - t  ion -f  radar
; r-t-)- aO -ll ins undm-r s i  mo-h - i  r I  ~t mospheric i ’< -nnt l it ions .
N- -- — ln itt ,’ r  ~~xIeI o xj - ;t s  w h i c h  is adequate under FIGURE 2. TRANSFORMATION FROMCYUNDRICAL
it rnosph , -r  ic - looting c’ond it ~Of lS.  COORDINATE FRAME TO CARTESIAN COORDINATE FRAME.

TW’ - t -/)- ~’s of a t m o s p h e r i c  - i n n o t s  occur which can
be oxpe - -t ’- d  to qr’-atl~ influence sea clutter. -S ; ,
is r h ’  - ;nmr f ,m c~’—ovaperition - t i - i , which is formed ~ PROPAGAT I ON AND CLiJT’FER CROSS—SE CTION MODELS
esse n t i a l l y  by t h e  sea s - ,r f a c e  and the m i n i m u m  in
the  nea r - ; , , r f a - -- refrac- t iv,’ —i t- ,-leX p rofile , which is The geometrical basis for the ray—optical
i n t u r n  -1,-torunine l by t i n - -  ver t ica l  - l i s t r i b u ti o n  1 propagation formulation is developed in the
wa ter  va ) ’o r r”n il t ir ~ n from evaporation. The other following way. The propagation environment is
is a - i re mn I l,;ms~ d duct fOrTTs’il by an elevated assumed to be two dimensional with the earth
r, frac~~n ’~’e layer . Pro1 ,-n-stion in the two different represented by a cylinder and propagation in a
environments —an be best ,-onriidered usinq tWO 1-lan e t ransverse  to the cylinder axis. A classical

— I Iiffer”nt formulations . V”rtical limensions for conformal transformation to Maxwell’s equations in
evaporation duet.~ ire on the order of metres to cylindrical form is employed , converting the
very few ‘ -os of met res rod -i wavegulde mode geometry from cyl indrical  to rectangular
f o r m u l a t i o n  would I-” il-propriate for this type of ((‘artesian). This transformation has been
duct.  V m r t l c a l  d i m e n s i o ns  for  -i round  based ;ticts discussed in the context of earth flattening by
formed l-y an elevated refractive layer are Richter (1966) and has been widely app lied In
‘yt icall y on the or der  of many l en s  of metres t o  a radiowave and radar propagation problems mien earth
few hundred met r es  m d  ray—optical formulations curvatu re in the direction of propagation is an

14 would  be a p p r o p r i r t ”  here , import ant factor .  The net effect of the
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transformation is to change from the cylindrical At this point , recourse to Snell ’s law in the
geometry with refractive index given by n to the transformed coordinate frame is necessary . The
rectangular geometry with refractive index given by refractive index in this frame , 

~a
’ is given by

n multiplied by exp (z/a), where a is the radius of
the earth and z is essentially the altitude above

ri ~~e (5)  (3)
the earth (see Figure 2). a

The formulation of a ray path trajectory in the Because the atmospheric refractive index n(z) is
cl utter ef fects model is somewhat unconventional only slightly grea ter than uni ty, it is convenient
and is found in the following way. First it is to write n(S) 1 + ón (z) where on ~ 1.
assumed that the original refractive index is known p.~~ical1y bn~~ lO so in order to have a number of
or can be determined only at a limited number of more convenient magnitude , the “ref~activity ” ~ has
al titudes. It is often assumed at this point that been defined to be N = (ii — 1) x 10 On x 10
the refrac tive index is continuous and varies in Expanding the exponential term it-i (3), using
some prescribed way between these altitude points, thg modified refractivity , defined as M = N +
and some type of “ray trace” formulation is used to 10 s/a, and retaining terms to first order in
compute the ray path. Rather than doing this , it smallness , Snell’s law in the rectangular frame is
is here assumed that the refractive index is
continuous with unknown variation between profi le  n COSI3 = CONSTANT = A
points  and that the ray path in the transformed a o

coordinate f rame is parabolic between refrac tive or
index profile heights. Thus, if x, z represent the
coordinates of a point on a ray path between two (1 + lO

6M) cOS j3 = A (4)
0profile heights, then

The constant A is conveniently determined at some
height where °M and 13 are both known. Using

z —a x 2 + )‘x ~ 
trigonometric identities in (2) along with Snell’s
law from (4) yields

where, for convenience , the reference point x = 0,
z = 0 , is chosen at one profile height and x x 1o 6

(M~ — M )(2 + 10 6
( 141 + 1 4 ) )  

(5)z z
1 

will be chosen at the other (see Figure 3L

M If a small angle I i~ 10’ ) approximation were
valid , assuming a quadratic order to the variation
between profile po in ts  for a ray trajectory would
be equivalent to a l inear variation in modified

L~~~~~
—

h , refractivity between profile points. Making such
M , an assumption in general, and wri t ingZ r 

—.. 

x
~~ ~\1 o

dz

14 — M — I —I z ,

where .~MJ.1 Z is the slope of the modifieddx refractivity , and using N as the average value of
14, (5) becomes

M0Zn

______________________________________________________________________ 

_______________

/ M ’10’(n 1-z/a ) 
2A ~

or , wi th in  the spi r i t  of the approximations

M a io~ (’%~
) 

(In)

2

FIGURE 3. PARABOLIC RAY PATH TRAJECTORY . The ray path between profile heights is thus
essentially determined through knowledge of the
path angle at one height and the change in M

Differentiating (1) with respect to x, recognizing between the heights.
that this slope is equal to tan L3 , where ~ is the Some properties of ray paths which are
angle between the ray trajectory and the x axis , importan t to the question of sea clutter under
and calling the initial ang le ~ (where x = 0) ducting conditions are shown in Figure 4. A

0 surface based duct resulting from an elevatedand the final angle (where x — x
1
), yields , 

refra ctive layer is shown diagramatically in Figureafter some algebra
4 as a tn —linear 14—profile . Assume that a ray
source is located at some height, such as position

V — tanft1 A in the figure. From (1) and (6), a ray will be
concave upward within the first linear segment of
the profile and concave downward within the second .

~ 
tan 2fi1 — tan 2fl2 Fur ther , from Snell’s law (4), the magnitude of the

slope of any ray trajectory will be the seine at all
4 z 1 points within the profi1~ with the same N-value,

provided of course , that the ray reaches the

14
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particular point at all. For example , a ray
launched horizontally (labelled ® in Figure 4)  at A 5K ~ 5K - 

,

~

,,
,/

the first change in profile slope and will then
will be continually turned upward until reaching ~

4K •\~ 4 K .
begin turning downward. As the ray approaches the 

~height A’ , where the M—value is the same as at A , ~~
‘uJ \~ 

w M2 “Uithe ray trajectory will again approach horizontal Ui U ’ 3 K  /U’ 3Kand continue turning downward , thus being z
“reflected” at height A’ . The ray trajectory again ~ /

I

~ 
/M1

~~ 2K
Uiand is again horizontal at height A , being ~)

changes concavity where the N-profile slope changes 
~ 2K .

I /reflected upward at this height. The ray is thus
“ducted” or “trapped” between A and A’ . 1K . 1K

0 I I I 1 0
M PROFILE/ 180 230 280 330 380 300 330 360 390 420 450

FIGURE 5. REFRACTIVITY PROFILES IN N-AND-M UNITS.
(N (n 1)’ 10° , M N.(h/a) 10’)
n retractive index - c/vC

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
tract- propa qat ion sodel was exercised . The results

Using these two refractivity profiles, the ray

ir~ - cown in I j e e r , -  6 for  the weaker duct — Ml , and
it-i t - n - i e r i n  7 for lii , stronger duct — M2. Also shown

C~ B’
in each f igure  is the grazing angle as a function
of range . Note in Figure 6 that most of the

DISTANCE trapped rays depicted never actually reach the

FIGURE4. SAMPLE RAY PATHSWITH A SURFACE surface. These rays could contribute to a

BASED DUCT. s iq i r i f i can t  radar return from elevated targets
(e.g., land masses) i - u t could not contribute to sea
clutter return. This point is further emphasized

Consider a ray launched downward at A with such by the grazing angle plots. These plots show the

an angle that the continual upward turning will nirazinq angle for rays which strike the surface.

result in a horizontal trajectory just above the Note from Fiqure C, for example that no rays reach

surface. Such a ray, l abe led ~~ in  F igure  4, will the surface between about 15 nmi to 50 nmi.
be trapped between the heights of Ft and B’ as shown
in Figure  4.  Any ray launched below this ray will
reach the lower surface  (which is necessary l-e for -  5K
the ray can contri ln-nte to sea clutter ) and be
reflected accordinq to the usual laws of reflection

~~~~~~~~~~~ 

I

l

/

I

at a I lane interface . There is a launch angle for
which a ray w i l l  ~-i st  become hor izon ta l  as i t 4K
approaches C’ in Figure 4. Such a ray ,  labeled 0 ______

in Figure 4 , will be reflected downward at C ’ and ______ /
will thus be trapped between the surface and C .  

_____
Any ray launched below this ray (such as ray ©i n
Figure 4) will reach the height c ’ a t  a non—zero  ~_ ~~~~ 

. ______

Ui _____

surface. By s~~~~etcy and reciprocity arguments, 

~

angle and continue upward , escaping through the top w ______

of the duct. There is thus a range of downward U’
z

launch angles for which rays will be both trapped ; I - -

in the duct and reflected off the lower (sea) 2K .

there is also a family  of rays with upward launch I
angles which will be trapped in the duct as well as /
be reflected off  the lower surface .  I t  is these

1K ___________ _______________

two fami l ies —f rays which contribute to sea
clutter enhancement under conditions when an ______________

elevated refractive layer produces a surface based
duct.

0

This geometrical property is perhaps best seen ~ 6

by examining a series of ray trace trajectories for 4 j 
GRAZING ANGLES 

~
,• • 

an actual profile. Shown in Figure 5 are two —~ ¶ ~ 
‘ 

- 
- 

-

~ 2 •modified refractivity profiles , each typif yin g a ~~ . - 
- - 

. 
. 

-
thin refractive layer with top at about 1200 feet C - - I .1 -

(366 metres). One of the profiles, designated Ml , 0 50 100 150 200

has a modified refractivity minimum at the top of R A N G E I N N A U T I C A L M I L ES

the layer of approximately 10 14—units less than the
surface value and the other profile , M2 , has a FIGURE6. RAYTRACED IAGRA MANDQRAZING ANQLESFOR

14 minimum value of approximately 40 N-units less than MODIFIEDREFRACT IVITYM I RADA RHEIGHT I42 Ie8t
the surface value.
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Further, the maximum grazing angle for any ray moderate speeds. For example, there is as much as
reaching the surface is between four and five a 20 dB change in cross—section between 10 knot and
milli radians .  From Figure 7, for the stronger 15 cnot winds. There is a much decreased
duct , note that the range from about 15 nmi to 35 sensitivity to changes in wind speed at higher wind
nmi is devoid of any rays reaching the surface, speeds although the clutter cross—sections are much
Also , the maximum grazing angle for the stronger larger for higher wind speeds. Note also that the
duct is increased to about nine milliradians. directional dependence of clutter cross—section is

insensitive to the actual windspeed and grazing
angle al though there is some sensitivity to the
radar band, with the larger directional dependence5K
at higher frequencies.

I
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The clutter  cross-section model used with  the FIGURE8. NORMALIZED SEACLUTTER CROSS SECTION
‘1 ray path propagat ion model was obtained from Dyer

( l 9 7P ) .  The model is semi—empirical and calculates — .—5~~~ MHz)the  normalized c lu t t e r  cross—section as a product
of three variables: sea direction, windspeed, and
multipath. The model assumes a “fully arisen ” sea
for which wave he ight and wind speed are coupled The operational implications of the combined
und r the assumption of equil ibrium conditions, ray path propagation model and normalized clutter
Itoth the wind/sea direction depe ndence and the wind cross-section model can be qual i tat ively inferred
speed dependence of the cross—section model are from the considerations of the individual aspects
sepinically derived. The mult ipath portion of the already discussed, It can be expected , fo r
model has a theoretical basis, example, that at high wind speeds, even moderately

The sea clutter cross—section per unit area is strong surface basec -icts will result in enhanced

shown in Figure 8 for two radar frequencies (C-Band clutter effects. The clutter r ing “splitting ,”

and L—B and ) at several wind speeds . Both upwind mentioned previously in regards to the IFS

and downwind values are shown for a 15 knot wind EN’rERPRISE demonstrations of the IREPS, can be
speed. Some properties ~f the sea clutter cross inferred from the existence of two sets of

section per unit area are to be especially noted, influential rays (the initially upgoing and
For hi gh wind speeds , the sea clutter cross-section downqoing launched sets). The existence of clutter
for the C—Band increases very rapidly at very small rings in only a limited angular sector might be

grazing angles , reaching a nearly constant value inferred by the directional dependence of the
between f ive and ten milliradians. This property clutter cross—section , but horizontal inhorrogeneity
is also exhibit ed at L-Band, although not SO In the environment would seem a more likely cause.
dramatically. For both bands, there is a large
sensiti vity to variations in wind speeds for

14
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reference , the coverage diagram for a non ductedI I I ,  IMPLE~~~NTATION INW IREPS
(standard) atnosphere with a 10 knot wind is shown

The basic transmission equation for radar can in Figure 9. Recall that the darkened area of the

be written (Kerr, 1951) 
diagram represents the range/height condi tions
where the radar would detect the target.

- t - ’2 A 
~= F

- 
(4~r) 3

R
4 FRE QUENCY56 00MHz

FSRlOOnmi
where VBW 16

P = target power returned 50K TARGET V-I
SMALL ROCKET

~~~ 1OKN OT WIND
P
t 

= transmitted power 40K . — — —
—G = antenna power gain Ui

A = radar wa~~ length Z 30K .—
R radar—to-target range

IF = pattern-propagation factor
= target cross—section 20K ‘ ~~~~~~

If the range to target detection in free space
is denoted R , then the ranges at which target 10K

- fsdetection can occur under actual conditions are
given byJ 0

R < F * R  0
fs 50

provided clutter is not present. If clutter is 100
present , the clutter power can be wr i t t en  as R A N G E I N N A U T I C A L M I L E S

- 

P ,~G 2 A 2 
(8)  LOCATION:STANDARD 150

c 3 4 C TI ME NOTSPEC IF I ED
(417’) I~

200
where

FIGURE 9. COVERAGE DIAGRAM FOR C-BAND RADAR AT 140
P = c lu t te r  power returned feet HEIGHT. STANDARD ATMOSPHERE WITH 10 KNOT WIND.

= total clutter cross section
c

If clutter is present, target detection is A coverage d i ;q r a m  for the same wind

assumed if conditions , ‘ — for a —urface based duct is shown
in Fiqure 10. The elevated refractive layer

B F*R f5 ~~~~~~~ 
‘
~~~ 

Pc ~~ 
causing this duct is located at about 300 metres

The second requ irement -an be related to the FRE QUENCY 5600 MH Z
FSR lOOnmipattern— propagation factor by using (7) and ( 8 ) .  VBW 16

The equivalence is
50K.—— ...,,,_,

F >  
— ..

, 
TARGET V-I
SMALLR OCKET

40K . — 

..,,, 1OKNOT WIND

I-
The total clutter cross—section in (8) is Ui ..

Ui
related to the clutter cross—section per unit area U~ 30K ‘5

,

of Section II as ‘5
‘5 ‘5I

- ac/A 9 20K ‘5 %
Ui ‘5 ‘5
I ‘5,~ ‘5

‘5 ‘5
‘5

where - — 
10K

is the cross section per unit area and A ‘5% ‘5
is the area of the clutter patch. The azimuthal ‘5

portion of the area is dete~~~ned ~~ the antenna 0
beam width and the range portion by the pulse 0 ‘5 ..
length. The range to the c lut ter  patch is assumed 50 % ,, ‘5
to he the surface range. A contribution to clutter ioo ‘5
from a given range may be made by both sets of ray
famili es as discussed previously. These are RANGE IN NAUT ICALM ILES 150assumed to sum noncoherently.

LOCATION: NOSC BLDG 323
The clutter effects  model has been coded and T IME:6/29/76 1948Z

implemented into the IREPS . Typical results are 200
presented in the “coverage diagram s” of Figures
9-11. It hypothetical C-Band radar with 100 ne free FIGUREIO. COVERAGEDIAGRAM FORC-BANDRADARAT I4O

14 space detection range against a certain target is feet HEIGHT . ELEVATED LAYER . GROUND BASED DUCT WITH 10
assumed located at 140 feet height. As a KNOT WIND
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and is about 40 metres thick . The M—un it deficit References
between the surface and the layer mi n imum is about
40 M—units. Notice the enhanced coverage for low Daley, 3. C., An Empirical Sea Clutter Model , Naval
altittxtes to longer ranges. For this case, any Research Laboratory Memo Report 2668, Oct. 1973.
clutter effects are just barely observed. A
coverage diagram for the same refractivity profile Daley, J. C., J. T. Ransone, 3. A. Burkett and 3.

but for a 15 knot wind is shown in Figure 11. For R. Duncan , Sea Clutter Measurements on Four
this case, the predicted effects  of clutter are Frequencies , Naval Research Laboratory Report 6806 ,

qu ite dramatic. Within the darkened areas of the Nov. 1968.
diagram , target detection would be expected.

Dyer , ~
‘. B. ,  Georg ia Insti tute of Technology ,

Private Communications , 1978.
FREQUENCY 5600 MHz
FSR1(~)nmi Kerr, D. E. (ed.): “Propagation of Short Radio

Waves ,” MIT Radiation Laboratory Series , vol. 13 ,

50K — — ., ._ TARGET V-i McGraw-Hill Book Company , New York , 1951.

WALL ROCK El

4 
~~~~15 KNO TW I ND Richter , J. H . ,  “Application of Conforma l Mapping

OK - — — 
— ‘5 % to Earth—flat tening Procedures in Radio Propagation

~~~~~~~~, Problems,” Radio Science , vol. 1, no. 12, December

~~30K — — 
,66, pp. 1435-1438.

‘5
~~~~ Sittrop, H. Ir., X and Ku—Band Radar Backscatter

9 20K 
Characteristics of Sea—Clutter , Physics Laboratory ,
TNO , Repo r t PHL 1975-08, April 1975.

_
•5~ ‘5 ‘5

10K 
“5 ,, Wiltse , J. C., S. P. Schleisinger , and C. M .

— 
“5~~~ Johnson , “Backscattering Characteristics of the Sea

‘5 in the Region from 10 to 50 kMc , “Proc. IRE., Vol.
0 ‘5 “5 45 , pp. 220 — 228 , Feb. 1957 .
0 ‘5

%50 ‘5% 
‘5 Wr ight , 3. W . ,  “A New Model for Sea Clutter , ” IEEE

100 %~~ Trans. , Vol. AP—16, pp. 217—223 , March 1968.

RANGE IN NAUTICAL MILES
LOCATION- NOSC BLDG 323 

150

TIME 6/29/76 1948Z

200
FI GURE 11 . COVERAGE DIAGRAM FOR C-BAND RADAR AT 140
feet HEIGHT . ELEVATED LAY ER , GR OUND BASED DUCT WITH 15
KNOT WIND

However , w i t h i n  the areas no longer darkened
compared to Figur e 10 , the target would no longer
be detectable compared to c lu t te r . The presence of
clut ter  in this case would appear on a PPI type

‘~ display as bright rings , ma sking the target.

The ray-optical propagation model presented
here appears to be adequate for the elevated layer,
ground based duct propagation environment. Before
the entire clutter effects model can be implemented
for “in-fleet” usage however, quantitative
evaluation is still required.

The work reported i n  t h i s  paper was performed
under sponsorship by the Naval Air Systems
Command. The author would l ike  to thank 3. W .
W i l l i s  for his continued support.
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SURFACE DUCT EFFECTS ON RADAR/ESM DETECTION RA}1GE

LT Ricluird A. Paulus and Herbert V. Hitney

Naval Ocean Systems Center

San D iego , CA 921 52

ABSTRACT modeling of these propagation mechanisms (Hitney,
1975)  as substantiated by Dropagation measurements

Anomalous propagation effects due to (Richter and Hitney, 1975) now make it possible to

surface—based ducts .i :- e~~ ~uantitatively examined for 
quantitatively predict maximum radar detection and

variation of (1) detection ranqe for fleet radars ~ - ~ ~~~~~~~~~~~~ I ranges for varying ducting

versus ~(estroyer—sized targets and (2) maximum I-:M conditions. The itsire to make such quantitative

m t  -~-r ~“I 
t range for various threat cmitters . Roth -r -d:ctions is in response t~~ the fleet ’s need for

h - - surface—based duct from -leva ted rcfra~~ti.c Pi ssive/active detection and targeting of

I t w -r s  . in ~1 the  - - -  ~-~~ r at i on  duc t  - f f . - - -t  -~~~~~ ~n s u r f a c e  c ve r - t h e — h o ri z on  -I r . ta c- t s  for  the HARPOON miss i le
to s u r f , c - propagat ion pa ths  arc considered,  sys tem .  However , a l l  - - i r f a c e  u n i t s  and submarines

1 - v a t c (  refractive layers , creat ed by Id! ~
,( should f i ~~- -1 this I- --;-ns- nt l s e f u ~ i n assess ing

• I i n s i t l o n s  i - - t w o -n f i f f e r l ”  - layers of a i r . ~, ,  search radar cat’abil:t i- s and in 1 t ~M utilizat ion

I- -~ ’ n  f i n _ i lp c-n  he i n u t  -f the layer  and i t s  H t l  in n in g .
- - f l  - i t , form a surface—based duc t .  Thi s S i t uat i o n
in he i-~s, ss,-i f-v u n i t s  hav ing  accc-ss 2 .  SURFACE-BASED DUCTS f f 1  M ELEVA TrD REFRACT I VE

I i f  i sseni r - - f r a c t o me t e r  ~a t i .  A l t h o u g h  LAYERS
r ’ - 1 - i t  i - -I y -  I c r I - :  in  most ocean areas , t h i s
f - t  in q  tm-I-h 0, wh en i t  - f e es  - c t , n e a r l y  veT -~~~ean i t e m  here - - I  t,-n ex i s t s  a cool ,

a lway s - t i l t s  in r ’ - i t l v  , x t e t - f , - f  r a n- l i - s . The m oi s t  m a r i n e  a i r  m a t  ex tend ing  v e r t i c a l ly  from the
- -‘ 11 ora~ it -n ~ - t  -t  , - r--ate -f f-v  t he  rap- id  - 1,-crease of ocean surface t an altitude of up to a few hundred
-~- i st u r e  ‘- itt above ‘ho an su r f a c e , can fe m e t r e s .  Th~ a i r  mass above th is  a l t i t u d e  can be
assessed v , - - i’- I , -  graph ica l  t i - c h n i - p i e  s i n - i  much warmer and d r i e r  than the marine air for a

- t  in - fi r -I ‘t,-t,-erol ji i eal moamu ri-ment s and in  v a r i e ty  -f reasons and creates a t rans i t ion  region
i - c , i r ~i t -  - ‘ - -i - - r f  i n - ’-  t , ~0r , r a t I 1 r ,  r,na suremont . The in which the a i r  warms up and dr ies  c-ut r ap id ly

t - - c t i l t i - e :  - - v i c o r i t  i-l fl f n - t  : l - - i - t h t  is a aririi- t ,-r w i t h  i n c r e a s i n g  a l t i t u d e .  The rap id  warming and
t h a t  i n - f i c a t e s  the  s t r e n g t h  of the evaporation dr y ing of the air c-an cause the radio refractive

f t  - - -tf t h i s  ‘Y!’° o f l u ct  -it-’ h i g h l y  index to decrease rapidly  enough to r e f r a c t  radio 
n f , - n t  upon f r ~-pt -ncy and , to a lesser ex ten t , waves at low inc ident  angles downward and create a

i n t l - u n ,  h e i g h t s ,  duct .  I f  the M decrease th rough the t r ans i t ion
layer is great enough , a surface—based duct is

1. II1TBODLCTION created (Figure 1) .  This  type of duct wi l l  tra}-
radar signals at all frequencies and will generally

I t  has long 1. n recognized that changes in give greatly extended ranges for detection or
‘- ho v’-r fica l distributi ons of the air temperature interception of surface targets (Figure 2). The
m I  h u m i l i t y  near t ho sea surface can have frequency -i f occurrence of surface—based ducts
signif icant effects on the propagation of radio

~~~~ (Katzin , 1 -17 and Kerr, 1951) . In
!i rtic ulIr , s i -m a l t  p ropagat ing between terminals
reasonably close 1-0 the sea surface , such as
characteristic of shipboard heights , wil l - -

experience variation of s’-tnil strength of up to t
‘o-vo,al tens f dB at ranges far in excess of the
horizon. The Im p a c t  -f such propagation variations -

-in the  detect ion ranges  of fleet radars and maximum ‘

in tercept range of ESM (E l e c t r o n i c  W a r f a r e  Support ,, -
H - - i - -  - ) r’-coivers ntan be dramat ic , w i th  maximum
ranges va ry ing  between nea r -hor izon  ranges and 250
n a u t i c al  m i l e s  or more The propagation mechanisms — —v--— —

responsible for  the increased ranges are of two
types :  surface—based - fu ct s created by elevated
r e f r a c t i v e  layers  and the surface evaporation duct Fiqure 1. Air masses and transition region
created by if , - rapid decrease of moisture just responsible for the trapping layer and resulting
above the sea surface. Recent developments in surface—based duct shown on the right.

i’ -I 
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Figur e  ,~ . f 1 , m . f , i r  w is- ,- ! i t  1 ‘ - -- r a - - - it I m - - — l - a t e l  -f ict Figure 4 . Radar wave path uu n f , - r  evapor ation
~-r , ’a t , - f l v  an ,‘ l - v m t ’  I ‘ u m i - !  1 1 n 1 l m ~ i r . duct ing  condit ions r e su l t i ng  in beyon d—the—h Orizon

de tec t ion .

v m r i , ’s wi t h n- ir a !  h i c  1-cit Ion , season , and even evapora t ion  duct  w i l l  have on detect ion and
time n-f  f m- ~- . They ~r ’-~~~~ - - l i t ive ly uncommon it, most intercept  range is very f~-pu -n~lent on the Particular
ocean areas but may occur is much as 20 to -1cm -f radar frequency, and to a lesser extent , on the
the t ime  in such areas as t h e  southern - ‘ il i forr i a height above water of the antennas. It rust lie

oper a t i ng  i r a , the eastern Mediterranean , and the emphasized that the evaporation duct height is a

-4 northern Indian Ocean. measure of the strength of the duct only and is not
a height below which a radar antenna must be to

A surface-based - lIc t I t o t  an elevated give e x t e r i - h ’ f f - i - c t  - - i  ranges. For a given radar ,
refractive l iver can be -r - o~ e r - l y  assessed onl y w i t h  f et i - c-t  u - n  and i n t e rcep t  range w i l l  genera l ly
i n f o r m a t i o n  n - f  the refractive index profile of the increase as the duct height increases and , for -ili ct
lowest part  of t h e  atmosphere. This infcrnt - - m t i - i  is heights sufficie-ntly large , surface targets will Inc
p r e sen t l y  -1 ,-t i c- -I in  the fleet f-y meteo,olo~~ical detected at ranges significantly beyond the
personnel  from bal loon-borne rad iosonde hor izon , as i l lu s t ra t ed  in F igure  -2 . The f r e q u e n c y
m,- ,i - r- - r t s -nt s .  of occurrence of duct  he ights  s u f f i c i e n t l y  la rge  to

g i v e  beyon d — t h e - h o r i z o n  de tec t ion  c~~;- a t n i l i t v  ‘o a
3 . FVAPORATIcN bI !CT~ p a r t i c u l a r  radar varies s i g n i f i c a n t ly according to

geographic loca t ion , season , and t ime ~nf day.
A ve ry pers i s ten t  - f u n - t i n t  mechanism is at ed  C en e r al l y duc t  heigh t s  w i l l  be - t r e a t e r  at l a t i t u d e s

--t o’ r ocean areas l v  I h - u p  i f  - ,-crl-at ,’ -f mois ture  nearer  the equator ,  du r i n g  the  sumne r -o-as In, and
i m m e d i a t e l y  above !ih ,- ocean su r l ac ~- . For f i r i n g  day l i q h t  h o u r s .
n-ont in lli t - ,’ reasons , the a i r  i f  l accnt tc the - -cc- mt

is saturated with water valor and the relative The evaporation duct an be assessed t, ,r~
humidity is thus 100%. This high relative humidity meteorological measurements -f - -‘a t ”  i l u u ’ - , m i r

dec reases rap id ly  in t h e  f i r s t  few metres to an tempera ture , h u m i d i t y , -mu d w i n d  tq -em- I m l  n o  

ambient value which fr -2 -en d s on v a r y i n g  the evaporation duct - ,,lcul a t n -r - i,-v,- lo ! en f w i t h i n
meteorological conditions. The rapid 1, - crease - f  the l- M P ropaga t ion  Div i s ion  if NOSC . A sam! le - i t

h um i d i t y  causes the modified refractivity M t o  height calculation is I r--sente~I in a later s- - ct  i~~- r i .
-lecroas,’ with it _ -i-lilt initially, but at -i r , - ,irer
heights the humidity distribution will cause M 4. DETERMINATION °F HANOI

reach a minimum and thereafter increase with
height , as i l l u s t r a t e d  in I- i - t o r i -  3 . The hc-inth ~I it Detection and intercept ranges are f,-rive~f f-y

which “1 reaches a minimum value is called the calculating the r u - r e  at which th,- path I 
evaporation duct height and is a measure of the
strength t - f  ‘h o evapora t i on  -l uct , The evapora t ion
-fuct , which extends f rom the s u r f  a - c  - p t - -  the -lus t
height , is much thinner and weaker than a
surface—based duct from an elevated refractive
layer. As ii result , the effect that the

L

‘ ‘fl’’’ ~~~~~~~~~~~~~~~~~~~~ . ~ ~ 21 1’ 4 - .- 5,
1 I’~ ‘ii ~ I C~~L ‘ t n  I S

Figure 3. Relative humidity and modified

A 
r e f r a c t i v i t y  H versus altitude for an evaporation Figure ~~. Path loss curve for SPS— lO surface
duct, search radar under standard atmospheric conditions.

711

~i .  
‘ “ t , - - - - -- -.- -—-—--——_ - - - .—.— -—— —-— - - -- —

:~~~ 
‘ i l,: .~~~~ 

,

Lt_~~—.- ~- T T T -
~~ .—~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - - - -- - - -



~~~~~~~~~~~

- 

~ 

- -_ - .

~~~

- --

~~

_ - -- -
~~~~~
- ---:

~~~~~

-- - -
~~~~~~~~

— -  - - - —

~~~~ 

-

determined by the environment and transmitter  and ‘ I
receiver/target heights, exceeds a piven threshold ~ I

- 
- - p I ~~ oaA scan - ~~that is determined by system parameters. Figure 5 ~

shows a sample path loss profile for the SPS-lO ~ /
surface search radar . The range at which the ~ /
one—way path loss threshold for the radar syst em : — 
intersects the path loss curve is defined as the ~ ~
detection range. S imi la rly ,  the threshold of the ~ ,
‘-ISM receiver determines the intercept range. C

n - , EXTENDED RANGE M SESS? .ThN T . ~~

An assumption inherent  in the propagat ion
model is that the atmosphere is horizontally 

- 
~~~~~~~~ ~~~~~~~~ ~~~~~~~~

homogeneous . This assumption can lead to
unrealistically large ranges. Thus , maximum I;tt M 

,
in te rcep t  range was arb i t r a r i ly const rained to be
200 tim: - l r  less . / ~~~~~~~~~~~~

t t i n c , -  the meteorological conditions that lead / ~~~~~~~~~~~~~ ~~~~~~~~~~~format ion i f  the  t wo  types of su r face  fu c t s  are ] 
~~~~~~~~~~~~~~~~~~~~

fifferent , a surface-based duct from an elevated . —

r,-frac tive layer and the -va~-~~r m t jot -fuct can exist

it the sante t ime . .d l l  this does occur , the
,f fe ct  s t h i ,- sur e — f - i s  d duct i t , -  considered to
I - - m i n , mt e  the o f t -c l  - - - lie evaporation duct ,snd

t t or mal  l i t ,  ~t ion -m d m t  -ree l-I t i n t - s  are nea r l y
a l w a y s - i t -  - m t  ly  - x l  , - n f , ’ f .

~~ Z ,‘~ 1
A .551,-u t - - I  ‘ -x t ,-t i , - I  ranges n -a u - i ’ - f  fy 

~.

- - ‘ - i ~ ’ -rOt u - t i l i n ~ t m g  is i - t im -  ti liz in, !  the  duct
height - -al cul.,l or - -I F i g u r e  and the F igure  ~~. Radar  detect  ion range I or a 

r--l . i I  t- n , - ~u i ~ ut  -rents r u t t  o-t ,’ l i l iove . For de st r o y er — s i zc’ I -turf-ice ta r -t m-I versus evaporation
duct  h e ig h t .
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F i m ir e  In , D i m - - I  h e i g h t  - - ,m l c I m l j t o r  arid sample Figure B, tm.-’t , t - -t  ion range calculator and samp le
u - a l c t u l a t i r m . cal c u l a t i o n .
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the example in Figu re (~, TN , 1. - - , is a 4~ The intersection of lines from graphs 3

measurement of the sea surface temperature. This and 4 indicates the evaporation duct height.

measurement is quite critic ,i l but -au be

sat isfactori ly obtained f-’~- taking a bucket The resultant duct height for the example in Figure

temperature or an expendable fmathythermoqra1 fi~~ n I is 16 metres, This information can then be used

water undisturbed by the ship ’s wake. TA , 1 ’ .7 c, in conjunction with graphs such as those ii: Figure

and P14, 53% . are the air temperature and relative -t , These graphs show the variation c-f detection

humidity as coiminonly measured aboard ship. This range of a destroyer-sized target with duct height

measurement is t aken it  some convenient h e i gh t  and can be prepared t i - r  any radar.  Notice that
above 6 metres and in a location that minimizes -toy detection ranges increase with duct height. And ,
ship—induced ,ff,-cts such as heating. WS , ‘ ktsits , although e ; m  rformance characteristics of the two
is the true wind speed is corrected from the ship ’s radars are not the same , the major difference
anemometer  r i - a - f i n - i  . The procedure to  ca lculate  I he between t h e  two curves can be exp l a i n ed  by t h
evaporation duct height , DII is then: difference in frequency. Thus, the hi -t I mer

frequency is enhanc emi more than the  lower
1. Find th , intersection of TA and RH in f,-emluency . conversely a hi gher frequency radar

gra ph 1. requires a less st r o lm a  - I i c t  for  a given detection
range than 1 i - m - t .  the lower f requency radar .

2 .  10 I a 1 m i s  b m m i r i : i n t ~~l ly  in t o  ml ~ ~h
until it in tersect s Tt . st - t i a line Ii ~ m tl t is Alternatively, the same information for a
intersection vertically downward into .trap h 4. -liven r.idmr can l~ - dii ! layed as in Figure , living

- fm t , m t  ion range  di  r i - c t  ly
1 . mml I it ,  the a i r — H e m t m - m ~ -e t  a t u l  i l i f t m m

TA—T S .  F m n i  fm e l O t  , - r t ; ’- ~t t :- i t i .n  f ~\ - 1 t  and W. n ~ h i  h r - - s  9 and 1.1  show the v a r i a t ion  of n i mx l m u m

t u  a1-h I in-I  I r o l e c ’ I l i r e -  l - i r i z o ~m t , I  ly  i t t - - ~r i 1  0 h H m l , - r - ’ - ~~~ ‘ m n - r i -  w i t h  - l u c t  h e igh t  f o r  an

4 - i l  I t I m r  i v ’ r Wi t h  two - i i  I f m r et it  antenna

Receiver at 3’
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i tht versus m r j o n m s  radars, It is si-i -t m that  a ~~. RFFERENCE S
-m- ~rface—basem -l I n l - t  traps all I r c - p u - t m c i  em and gives

i r m - at ly  extended ranges (200 nmi - -r - treat -r i - It Hitney, H. V . ,  1975: Propagation Modeling in the
is also obvious that the m-va (-i r a t ion I i m c t  m - f f s - c t s  Evapora t ion  Duct , NE LC TB 1947 .
i i .-  h igh l y f rm- -Jui- n~-y - e1-end , n t  . Low f requencies ,
1.-os than approximately 500 .‘.Otc , do not experience Xatzin , M . ,  B . W . Bauchonan , and W. Binnian , 1947:
-oreat variation in ut t i - t i  as duct height varies 3— and 9—Centimeter  Propagation in Low Ocean
whereas i l i m -  higher frequencies do. Intercept ranqe Ducts, Proc. IEEE . 35, 891—905.
genera l l y increases  w i t h  duct h e ig h t . Ilowi-ver , i n
some cases , an ~-t - t im u m  f -me t height is reached above Kerr , D. F’., 1951: Propagation of Short Radio
wh ich the receiver and e m i t t e r  antenna h e ig h t s  Waves , Mc Graw—Hil l , New Yo rk.
become the dominant  fac tor  and t f i , -  in tercept  range
nierroases with increasing duct height (higher Richter , 3. H. and H. V. Hitney,  1975: The E f f e c t
frequencies in Figure 10). Also note that the of the Evaporation Duct on Microwave Propagation ,
higher frequencies do not require as stronq a duct NELC TB 1949.
for the same range enhancement as the lower
frequencies. Comparing Figures 0 and 10 shows the
m-t feot of antenna height (ifl i n t e r cept range under
standard atmospheric conditions (0 duct height (
I n f e r  weak duct ing condi t ions  (low fu c t  he igh ts) ,
the high antenna gives longer intercept ranges.
However , under strong ducting conditions (high duct
heights) , the low antenna gives longer intercept
ranges at the higher frequencies.
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Edward 1. Schmidt

Naval Air Development Center
Warminster , Pennsylvania 18974

ABSTRACT
direct path emission energy . An example of

This paper is intended to present an this is depicted in Figure 1. Since the
overview of a program currently under develop- proximity of the emitter to the top of the
ment at the Naval Air Development Center. duct influences the limiting ray angle, the
The program , which is sponsored by the Naval vertical dimension of the duct will infl uence
A i r Systems Coimoiand (AIR-370), is intended to the amount of energy trapped .
provide meteorolog ical sensors and processors
which will allow for the tactical exp loita —
tion of refractive anomalies by the Fleet.
The first section of the paper will briefl y
review the environmental conditions which can
affect electro-m agnetic propagation . These _—~~~ 

-

effects will then be treated relative to
miss ion impact for an ASW aircraft. The
mechan i sm by wh ich fleet ASW forces can ~.— _- - - --—

~~~~~~~~~~~~~~~~~~~ —
utilize refraction data will be discussed - ‘

~~followed by a descripti on of an air launch- ~~~able dropsonde system currently under
development. A brief description of a shi p-
board launched min i-refrac tionsonde , also
under development , will be presented and
finall y status susonaries and developmental
schedules for each system will be discussed .

Figure 1. Shadow caused by emitter in sur-
DISCUSSION face-based duct

1. Electromagnetic Refraction and the Under normal conditions, electro-magnetic
Environment, radiation propagates to a line of si ght

horizon which can be calculated from linear
Environmenta l effects on the propagation geometric princi ples . These values are

of electro-magnetic radiation near the surface typically used to predict effective radar
of the earth cause two primary anomalous ranges. Surface duct propagation effects
effects: a low-loss surface prnpagation duct however can trap energy and produce a low-
and a related hi gh-loss shadow zone above loss propagation condition which can effec-
the surface duct. The parameters that are tive ly extend radar ranges. This condition
most influential in controlling propagati on is sometimes referred to as an extended
anomalies (temperature , pressure , and horizon since it effectivel y produces electro-
humidity ) are also most variable near- tne magnetic propagation paths which follow the
earth surface and are thus more likel y to earth curvature and extend well beyond straight
cause a surface duct than an elevated duct, line horizons. Since the altitude of radar
The surface duct is defined as a region which contacts is usually based on straight line
causes some upward traveling rays from a ray path assumptions and antenna elevation
su rface-based emitter to bend toward the ang les , a surface-based duct which refracts
earth which , after becoming downward rays , emissions may result in erroneous estimates
either bounce from the earth surface or are of the altitude of radar detected aircraft.
subsequently refracted upward . These totally Examples of distortion of straight line
refracted or refracted-reflected rays stay horizons and elevation errors of detected
trapped within the dimension of the duct aircraft for surface based ducts are depicted
while other rays emitted at more acute ang les in Figure 2. The effect of a surface-based
penetrate and escape the duct. The emission duct on the performance of radar emissions
ray angle closest to the vertical which for targets and emitters at the sea surface,
becomes trapped in the duct is called the with in , and above the duct, are suninarized in
limiting ray ang le. The emission ang le Table I.
closest to the emission ang le just beyond the
limiting ray does not become trapped , but The surface duct is present in many
penetrates and escapes the duct. After geographical areas and is often very dynamic
penetration of the duct , the acute rays over time ; i .e., some locations exhib it these
typically become upward refractive , forming ducts onl y under certain weather conditions
an energy void between the limiting ray path which change dramatica ll y over time . In
and the top of the surface duct. This region addition , some weather conditions cause
is known as a shadow zone and contains no
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DUCT SENDS RAYS.
BEND RADIUS IS LESS YNAN CONCENTRIC.
SURFACE IS ILLUMINATED BEYOND NORMAL
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Figure 2. Range exte nsion and elevation ~~~~~~~~ ,, ....—
errors caused by trapped rays
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RAYS BELOW CA°FT7CAL ARE BE’1v7 rn DUCT
RAYS aQi5OV( CRITICAL APE £iYAFF~’CT(O BY~~CT

Is
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~~~~~~~~~~~~ .ra.’ a w.t , (b)
~~~~~ iI~~~tro ~~.WS Ias 

~~~~~~~~ ,~~~~ Fi gure 3. Extended rada r ranges (a), ‘shadow ’
(b) caused by emitter above elevated duct

Table I. Surface-based duct -- expected
radar prirformance effects ~~~~ 

~~~ ~~~~propagation ducts at altitudes well above the ________ 

__________________ __________________
earth surface . These phenomena , referred to &.ts ,*~ i~~ ar . ,i.,atas k.dm~.d i~~ ç m

~~,i,-, I..’as elevated ducts , influence the propagation - - _________________________

~a’tof electro-magnetic emissions in much the -L ~
same fashion as surface ducts for emitters mw.- 2s’aaMaI 

.w i t h i n  the d u c t .  However for elevated ducts, t,
there are cond itions which place emitters ~-‘l I4as5r1a ~below or above the duct. It is of some 

~~~instructio nal value to review these condi- 
-~~ ~~I.._ tI.tions and their effect on propagat ion. For -~~ ~~~~~the conditions of an elevated duct with an

emitter below the duct , rays penetrating the
duct at low elevation ang les, remain wi thin
the duct for a considerable range, are Table Ii. Elevated duct -- expected radar
refracted , and then escape throug h the top of performance effects
the duct. This condition results in a false
target elevation for a radar tracking an II. Refraction Impact on ASW Missions
airc raft . For the case of an emitter above -

the duct, there is a limiting ray for pene- The refraction anomalies discussed
tration of the duct and a resultant shadow earlier can combine with the ASW mission
zone above the duct at a distant range In parameters to cause both desirable and
addition , there is a false horizon for the undesirable situations . ASW aircraft fly ing
ray slightly elevated from the ray that would at altitudes without knowledge of refraction
calculate to the horizon . This ray will anomalies can produce situations which cause
produce a propagation extension beyond the loss of sonobuoy RF data during operations,
true horizon . These conditions are depicted loss of coninunication links with friendl y
in Figure 3 and show that fal se ranges are surface vessels or task force and snore subtly,
derived from radar detections of surface a false security from distant enemy detection
targets , and detections are lost by shadow and attack. If refraction conditions are
zones at very achievable ranges for aircraft known , proper altitude selection can optimize
targets. The radar performance effects for the successful completion of the mission and
combinations of emitters and targets at the return of deployed aircraft. An optimum
sea surface , i ninediatel y below , in 5 and above flying condition for all these concerns Is
these elevated ducts, are sunmoarized in Table depicted in Figure 4.
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maximum effectiveness of a missile strike .
Each aircraft could also telemeter these data
to other forces in air , on land , or sea for

~~~~~~ 
on magnetic tape currentl y used for acoust ics‘WI,

more broad-based utilization and could record

and Bathythermograph data ) these data for
post mission reproduction and analysis at a

— TSC or equivalent.

III. Dropsonde Characteristics

~~~~~~~~ 
The dropsonde system under development

5~~
__ s.,p consists of a sensor and a processor. The

intent is to utilize the dropsonde system
w i t h  currentl y used ASW aircraft receivers ,
much in the same manner as a sonobuoy and itsFi gure 4. Optimum flying position for moni- processor. The dropsonde sensor is containedtoring sonobuoys wi thin the form factor of an ‘A” size sonobuoy
(4.785’ diameter x 36’ length cylinder).Presently, ASW forces have available With this design , the sensor can be loadeddur ing pre-flight the historical data files aboard and launched from ASW aircraft in

from FNWC (Fleet Numerical Weather Central) exactly the same fashion as sonobuoys. Thefor areas of operations. Generall y because sensor weighs 11 pounds and is retarded in
of the dynamics of these environmental condi- the air stream after launch by a two-stage•.ions , historical data are not relied upon . parachute system wh i ch is initiated by a windThe sole Source of these kinds of data for flap mechanism . Once deployed into thetoday ’s ASW fleet operations becomes local airstream , the sensor orients and stabilizes
radiosonde data obtained at a carrier for S-3 in-air flow wi thin six seconds , wh ile des-type aircraft. These data are ra rel y used by cending at a rate of 1 700 feet/minute . This
patrol a ircraft for mission tactical planning descent rate combines with the comutationan d onl y occasionall y used by ca rrier-based rate of 0.8 seconds/cycle and sensor sampleaircraft. However , the meteorological unit interval of 0.4 second/sample for temperature ,on board carriers continuousl y updates their pressure , and humidity to yield a data profileinformation by launching radiosondes . The resolution of 12 feet. The output datarecently developed IREPS (Index of Refraction format of the sensor is depicted in Figure 5.Effects Prediction System) is intended for The data are multip lexed into the LOFAR (Lowuse in both VP (Patrol) and CV (Carrier) TSC Frequency Anal ysis and Recording) sonobuoy(Tactical Support Center). This functional acoustic passband and telemetered to thecapability has a most desirable product and aircraft on one of three VHF sonobuoy channelsideall y cou d be utilized to impact both ASW used by the AXBT (Aircraft Expendable Bathy-and other aircraft mission plans. If the thermograph) sonobuoy. This forma t enablesinput data are current and related to the the present avionics aboard ASW aircraft tolocale of the mission , the utilization of receive this data and record the data onthese data will increase , magnetic tape units normall y used for acoustic

data from sonobuoys. The details of theThe dropsonde system is being developed dropsonde sensor are listed in Table III.so that these data are used by both land-
based and carrier-based aircraft. Incidental-
l y, the dropsonde utilization will assist in
answering the nagg ing unknown about horizontal L..J

homogeneity whi le at the same time suppl y i n g
large q u a n t it ie s o f da ta  f o r c o n f i d ence
bui ld i n g  of t he s t a t i s tics ov er sea son

, j
~~~~~~~~Pfl~~~

J

TP T P ~~~~HT
wea t her c o n d i t i on s, and location . The drop-
sonde is a system which includes both the
sensor and the processor. This system w i l l
be u t i l ized aboard P-3 a i rcraf t  for TECHEVAL 

~~testing and data will be collected , pro-
cessed , and d i sp layed aboard the aircraft via TIME , M I LL I SECO I~1DS
the dedicated carry-on processor. In addit ion , (FQ(~ ,wNCy SCALE • 1’~oo)the raw data from the ASW aircraft receiver
will be recorded on magnetic tape and proc es sed
at the TSC . Figure 5. Refraction dropsonde output data

forma tThe ult imate ut i l izat ion of this system
could include on-board processing and display The processor under development for useof refraction data for both P-3 and S-3 aboard ASW aircraft is designed to deconinu-ai rc r a f t  w i t h out  the  add it ion o f hardw a re to tat e, d ig i t ize , and smooth data that isthe avionics suite . Each aircraft  could then inputted from the wSW receiver. The processoruse these data for surv ivabi l i ty  to and from wi l l  then convert the environmental data tomission sites , maximizing mission success by eng i neering units , select si gnificant values ,full reception of all sonobuoy telemetry and and disp lay the output. One output formatcomun ication with task forces, and even for will provide a 40 character-wide printed
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IV. Improved Refraction Sensor for Shipboard

r tr, ~~~wti..VPr tr ~~~ & ~t w o

p_ ‘a’ SO. ~~~E~y ‘ II SM. . 2 at~~ ~~ t 
-

b.~ attr III . ~~~~~~~~~~~~~~~~ In  addition to the dropsonde sensor/
FoS.Oatk. m processor system development which can be
Ata IrI~.~~ ~~~~~~~~~ (a~~ t~~,sfri.s ) used by ASW a i r c ra f t , an improved shipboard
~~t.~~ ’sI•’ —w . ~~~~~~~~~~ refractivity measuring system is also under
C~~~tatI. Iat. O~• mih,i~ ‘ O. i .us/i 1 development by the Naval Air Development
Ss~~~~5~~ t.IMs.’.sI O.4 .sr~ Center. This system , referred to as the MRS

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (Mini-Refractionsonde System), is designed so

1~~~r.t.. ~ d1t~’L5t~ - OIl Iit2~~ .f.M’C ts4C)’LO’C 
that  the entire activity associated with the

1~~4053 C4lr tWIst~ ’’ 
,Ii ,i~ 3.&(G t.~~~~~I.s.)’~~~a.a. l aunch  reception and processing of the data

pros.-, isltd Slst. - II.vy~~I f f%L ta~~~4~~)~~~~ can be handled by one person aboard shi p. In
addition , the filling of the balloon and
associated handling can all be accomp lished

- I Table III. Refraction dropsonde details below deck. This system receiver has an
automatic signal acquisition feature which

report of the real time refractive l ayer , tracks a comunication frequency , preventing
inc luding the altitude (in feet) at the top loss of data . The system also requires no
of a duct , the strength of a duct (in ‘M” baseline check because of a plug-in calibra-
units), and the altitude (in feet) at the tion scheme and the processor functions are
bottom of the duct. It will also indicate automated providing outputs without operation
date , time , latitude , longitude , and misce l- interacti trn . This entire system is the
laneous labeling information. Another output subject of the next paper to be presented .
format will provide a refractivity report it is onl y mentioned here for introductory
that will be available within minutes after purposes.
the cessation of telemetered data . Finall y,
it will provide a meteorological report in V . Status and Development Schedules for
WMO (World Meteorolog ical Organization ) Improved Refraction Sensor Systems
format.

The dropsonde system is presentl y in the
The real time refractive layer report advanced development phase of the product

can be compared on-site with the mission acquisiti on cycle. The feasibility of this
env i ronment prediction received prior to system has been demonstrated and presently
fli ght and adjustments and refinements in the in i tial acceptance evaluations are ongoing.
mission plan can be made when required . In Thi s phase is expected to be completed by
addition , a message can be sent back to the late FY-79. By sometime in early FY-80. a
meteorolog ical center or TSC indicating forma l TECHEVAL of 100 dropsondes and two
differences between the predicted information processors will be initiated . This evaluation
and the on-site measurements, is expected to require about nine months . If

the TECHEVAL is successful , ASU (Approval for
The refractivity profile report will be Service Use) is expected by the end of FY80.

used as an input to the IREPS. These data Production contracts for this system would be
can be used to construct and revise refrac- issued in FY— 81 and fleet introduction would
tivity prediction information used to develop occur by FY-82 . A l ayout of the principle
tactical mission plans. This report will events of this development schedule are shown
also include pertinent header information for in Figure 6.
identification and the data entry will list
pressure in feet, geopotential altitude in The MRS system is basically similar to
meters , and modified refractivity in ‘N — the dropsonde in nature , but is about three
units. The number of significant data points months later in achieving the ASU action .
in this report is limited to 29 for compat- However , fleet introduction should be about
ibi l ity with the IREPS input format. the same time due to the simplicity of design

and the less severe environmental justifica-
The meteorological report option will tions of the sensor in this system .

provide data at significant and mandatory
levels for WMO forma t weather reporting. Because the dropsonde system has an
These data collectivel y form the input to a environmenta l sensor of the form of a sonobuoy ,
local weather prediction by the meteorological it has led the comunity to consider combining
unit aboard carriers . It also provides FNWC the AXBT , another environmental sensor of
data to facilitate global weather assessments this form , wi th the dropsonde. The AXBT is
and as a byproduct provides archival data for used in acoustic ASW in a manner analogous to
the research and development coninunity. This the refractionsonde . The AXBT data are used
report contains listings of mandatory levels to input to ray tracing programs to derive
of pre~sure (mb), altitude (meters), ~empera- underwater acoustic propagation layers and
ture ( C), and dew point depression ( C) and their dimensions , limiting rays to the surface,
listings of sign ifi~ant l evels of pressure and general propagation loss from source to
(sb), temperature ( C) and dew point depression receiver. It is entirely feasible, considering
C). the volume available in an “A” size sonobuoy

container , to comb ine these two funct ions
into one overall environmental sensor . The
critical issues of this marriage are the

4 
sensor and mission cost impact and the basic
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sensor ronflicts ; e.g., a slow in-air descent
for refraction vs a desire to rapidl y obtain

~~~~ — ~~~~— — 
~~~~~ BT data to begin an ASW contact prosecution .

Some of these issues are under investigation
at present. Any resolution of these issues
that would encourage sensor development will

FT be scheduled into future plans.
- FT-it

F.&MI&ty~~~~ tntI. Another growth potential for the drop-
sonde sensor for ASW impact has been studied

0l,~~5t .Fl.* ~~~~ and evaluated in the past but never pursued .
~qs Fottr., ~ W

The inclusion of wi nd into the sensor cap-
cN5 I~~t~~~ttttam ~t 7 $ ability , by the reception and retransmission

of Omega navigation data , is a desirable ASW
F~~ tcata l~s 5~~~s V parameter. These data would enable much more

accurate sonobuoy location estimates to be
made so that higher altitude target localiza-
tion can be achieved. This improvement is
also being considered for future plans , but

AIprfl~~ St
Osta *s~uttsm~t.*av.p 

rY1~
7a for now the schedule shown earlier will be

F..t ~tI It, Fo~~I I,-~~~ , ~~~ followed for the basic dropsonde system .
FT.?’

~ sap ~~ F imst. -v- J  L$.~~~adt I~ ts

IM.~ .ti. I ts~ I ~~~~~
Ji~~5sst,~~ ACq. I~ttr , Pt

-V

~~~~~~~~~~~~ A— -
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Figure 6. Refraction dropsonde system
development schedule
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THE MINI-REFRACTION SONDE SYSTEM (MRS) FOR MEASURING REFRACTIVE INDEX

Curt is  D. Motchenbacher

Honeywell , Inc .

Hopkins , Minnesota 553U3

1. INTRODUCTION deployed . The telemetry system is being made RF
tolerant so it will operate in an EMI and radar

The Navy has a requirement to measure the environment.
ver t i ca l  p r o f i l e  of’ i n d e x— o f — r e f r a c t i o n  from sea
level to above 15,000 feet . It is necessary to make 3 DESCRIPTION OF DEVELOPMENT
these measurements  from many classes of ships under
typical operating conditions . To fill this need , a 3.1 Mini—Refractionsonde
light—weight balloon sonde and processor (mini—
refractionsonde system) is being developed by The function of the sonde is to measure tern—
Honeywell under contract from Naval Air Development perature and humidity versus altitude so refractive
Center and sponsored by Naval Air Systems Command index can be calculated .
(AIR—370).

A VIZ premium rod thermistor is used for tern—
This paper discusses the mini—refractionsonde perature measurement over the range of —95 C to

program plan and status . The development of the +55°C. A VIZ premium carbon hygristor is used for
son de , ground s t a t ion , balloon filling and handli~ig humid ity measurement over the range of 0 to 100
equipment are described. Discussions on utiLization percent RH .
of the soride are included .

For pressure measurement , a Honeywell silicon
2. BACKGROUND diaphragm barometer is used. This device was

or ig ina l ly  developed for measuring altitude in corn—
The p r inc ipa l  purpose of the mini—refract ion— mercial aircraft, The miniature pressure sensor

sonde program is to develop a system for measur ing consists of a 0.1 inch square silicon chip with
the a l t i t u d e  and s t r eng th  of a tmospher ic  inversion  strain sensitive resistors diffused into the surface
layers . Near a land mass , these layers will create of a one mu thick diaphragm . The back of the sensor
cells of atmosphere that are homogeneous over a is mounted on an evacuated tube to measure absolute
distance of 10 to 20 m iles. These cells create holes pressure . The diaphragm is normally deflected by
or ducts for radar s ignals . For sh ipboar d ra dars atmospheric pressure on the front of the diaphragm .
th is can greatly extend the range of radar detection As the pressure changes the diaphragm deflection
along the surface , but can create elevated holes in decreases giving a change in reading on the diffused
the radar coverage. Communica tions signals are also piezoresistive sensors. The altitude and pressure
affected by the inversion layers . This is partic— change is read out as a varying DC voltage . The
ularly a problem when trying to communicate from pressure sensor has a basic accuracy of 5 m i ll i b a r s
surface ships to aircraft aloft , and has a reproducible accuracy of much better than

one millibar. The resolution and hysteresis are
There are three difficulties in measuring much better than 0.1 millibar. The barometers are

atmospheric refractivity from a shipboard environ— calibrated to one mill ibar and an overall accuracy
ment. First it is desirable to measure refractivity of approximately 1.5 millibar over the pressure
in localized areas of 10 to 20 miles. Second it is range of 0 to 1 ,050 millibars is expected . The
necessary to make the measuremen ts while operating barometer is capable of’ operating to greater than 10
in a confined shipboard space . Third , it is neces— atmospheres. This light—weight low cost barometer
sary to operate in a high radar and RF interference is the technological breakthrough that allowed the
environment , development of a light—weight mini—sonde .

A solution to the problem of measur ing atmos- A cut-away view of the mini—refractionsonde is
pheric refractivity from a shipboard environment is shown in Figure 1. The sensors are mounted at the
to develop a small light—weight miniature balloon top in an air duct. Inside the case are located the
sonde that can be launched with small 30 gram or 100 meteorological electronics , the NAVA ID receiver for
gram pi bal balloons. Because of the smaller balloon wind sensing, the battery power supply, and
it is possible to launch the sondes from ships such telemetry transmitter. The antenna projects from
as destroyers and frigates where conventional sorie the bottom of the case.
launch ing capabilities are not available . For ease
of’ h a n d l i n g ,  the equipment is made semi—automated
for one man operation. The system is one-man
portable for t ransfer  from ship to ship. This way
data can be obtained over a wide area as the ship is
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~~~~ ~~~~~~~~~ for the mini—refractionsonde system. A preamplifier
. and filter will be mounted at the antenna to improve

- -
~ “B--,’ telemetry range and interference signal rejection .
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Figure 2. Ground Station

Figure 1. Mini—Refractionsonde , Cutaway
A special telemetry receiver has been

The sensor signals are coimnutated by an inte— developed to receive the meteorological signals in
grated electronics package wh ich commutates at a 10 the presence of a high EMI environment. The
cycle per second rate . This gives an output of a receiver has high skirt rejection for out—of—band
high reference and all three sensor signals every signals and a high intermodulation intercept point
O.k second . At a vertical ascent rate of 700 feet to reject in—band signal interference. Large radar
per minute , this gives a complete data frame every pulses that overload the receiver are automatically
f ive  feet  of ver t ica l  ascent .  The sensor vol tage b lanked  for the du ra t i on  of the in te r fe rence  pulse .
sig~-a1s are converted to audio frequencies in the The receiver has automatic track—and—lock so that it
range of 200 to 2500 hertz by a linear voltage—to— will search for the sonde telemetry signal , lock—on
frequency converter. These frequencies are and track the signal if the transmitter frequency
telemetered to the ground station processor by an FM drifts .
telemetry transm itter. The transmitter operates
with 1/2 watt of power in the ~4OO to U06 megahertz When the receiver is operated in the automatic
meteorological telemetry band . Frequency modulation mode it will scan for a signal until a sonde is
min imizes interference from other radio frequency acquired . If no signal is detected it will continue
sources. The telemetry transmitter antenna is a scanning until one is found . If the signal detected
quarter wave ground plane antenna to give omni— is not from a sonde , the processor will inform the
directional signal radiation . receiver to continue scanning for a sonde signal .

Power for the mini—sonde is provided by three The data processor consists of three micro—
lithium/sulfur dioxide cells. These cells each processor chips. The first microprocessor is con—
weigh 12 grams and wi l l  power the sonde for a p p r o x i —  cerned with telemetry receiver control and data
mately two hours of operat ion . This  is sufficient reception . This first processor reads the sonde
t ime for an ascent to 90,000 feet using a 300 gram signal during each 0.1 second coimnutation , and
balloon or to 20 , 000 feet us ing  a 30 gram b a l l o o n,  passes the frequency on to the second processor.
The cells are ava i l ab le  e i t h e r  from PR Mal lo ry  & The second processor calculates the temperature ,
Company or from Honeywel l ’ s Power Sources Cen te r .  pressure and h u m i d i t y  us ing a dedicated arithmetic
The development of h~ gh energy l i g h t — w e i g h t  ce l l s  microprocessor .  This second processor automatically
that can operate at 0 C has been a real boon to the analyzes the data , look ing for inflection points in
mini—refractionsonde program. the temperature and humidity profiles. The output

consists of a report of all of the significant
The case for the sonde is made of molded levels as well as the mandatory levels required by

styrofoam for light—weight and insulation . The the WHO format. A complete dump of all the sonde
upper hood shown in Figure 1 can be removed for data is available on—line as the signals are being
insertion of the carbon hygristor . When the hood is received .
placed on top of the son de it forms a duct  tha t
increases the a ir  f low past the hygr i s to r  to 1 .8  The data is ou tpu ted  on a U0 character wide
times the vert ical  ascent ve loc i ty .  This improves ruggedized p r i n t e r .  The output  is e i t h e r  in
the carbon hygr i s to r  time—constant. The hood is refractivity format or WHO format .
meta llized to eliminate solar effects  on th€ carbon
hygristor . The mini-sonde does not require baselining .

The sonde comes w i t h  lock-in values for the
3.2 Ground Station thermistor , hygristor and barometer stored in a

PROM . Prior to launch , the PROM is inserted in the
A draw ing of the intended ground station is ground station processor. This automatically inputs

shown in Figure 2. The ground station consists of an a l l  of the ca l ibra t ion data for the sonde into the
antenna , preampl ifier , telemetry receiver , micro— calculation algorithms . If the PROM is lost or
processor and printer. The present shipboard UQO damaged , a set of nominal values are stored in the
megahertz dipole ground plane antennas will be used processor memory so the sonde can be used with
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slightly degraded accuracy . A 12 button keyboard that inserts into the balloon tie strap, attaching
inputs launch altitude and launch location. the sonde to the balloon without making any knots .

The ground s ta t ion wi l l  be made for permanent
mount or portable operation. The unit will be
mountable in a standard 19—inch rack or in a water- \proof carrying case. For ease of maintainability, — - t--

the same uni ts  are used for permanent and mobile . — ~~~~~~ - - N - - -

operation so they can be interchanged in case of - ~~~- 
,__

~‘l_ _~ ~breakdown. -~~~~“ 

-

-5-4 &- a 
-

The telemetry receiver can be operated in a I
manual mode with the front panel controls . A
speaker is provided for moni to r ing  the sonde - - 

-
telemetry signal . This may prove use fu l  in ~~~~~~~~~ 

-

accessing possible interference sources. A digital / - -
fre q uency display is provided . ~~~ ~
3.3 Balloon F i l l i ng  and Handl ing Equipment -Figure  U. Launch Assembly

To ease the task of bal loon f i l l i n g  and insure
i n f l a t i o n  accuracy ,  an a u t o m a t i c  bal loon i n f l a t i o n
device was const ructed . The au tomat i c  f i l l i n g
mechanism is shown in Figure 3. The balloon is U .  OPERATION WITH THE M IN I— R EFRACT IO NS ON DE SYSTEM
at t ached to a cup and hooked to a lever a rm.  As the
balloon f i l l s , it raises the lever arm and rotates A t yp i c a l  operational sequence for a mini—
the cam t u r n i n g  off  the h e l i u m  s u p p l y .  If a greater refractionsonde launch is listed in Table 1. Except
f r e e — l i f t  is desired , the ba l loon  is moved to a for the balloon f i l l i n g  and sonde launch , the opera—
shorter  lever arm. This requires a greater l i f t i n g  t ion  is to ta l ly  a u t o m a t i c .  There is no baselin ing
force to t u r n  off  the he l ium . ’ E i t h e r  300 or 100 gram of the sonde , only the launch a l t i t u d e  must be
bal loons  can be i n f l a t e d  by us ing t he i r  respect ive  en te red .  As the sonde is activated the receiver
holes . ~~~~— -_.~~~~ w i l l  au toma t i ca l l y  acquire and track the telemetry

N.~ frequency . As the sonde is launched , the processor
w i l l  detect the rise in altitude and begin the data

\ processing. As the sonde ascends the re f rac t ive
/ profile will be calculated and reported as each

significant level is reached . When the balloon

I bursts and the sonde begins to descend , the

J processor w i l l  t e rmina te  the message .

TABLE 1 . OPERATIONAL SEQUENCE

0 TURN “ON” GROU ~~ STATION POWER

o UNWRAP SONDE & BALLOO N

0 INSERT ROM IN PROCESSOR
0 ENTER LAUNCH ALTITUDE

/ 
‘ - 

~~~~~ 
~~~ ~~~~~ 9 -~-~~‘4~t 0 FI LL  & TIE BALLOON

- ‘S- .. - 
- — 

o PLACE COVER ON BALLOON

- - 0 OPEN HYGRISTOR CAN & INSERT IN SONDE
- - - o CHECK FOR “DATA RECEIVED ” LIGHT

- ~~~~~~~ 
/ 

— I 0 ATTACH SONDE TO BALLOON

Figure 3. Balloon Fill]ng Mechanism 0 C A R R Y  BALLOON & SONDE ON DECK

o RELEASE BALLOON & SONDE

over ~ :r : : .
ha
~~~~:: ~~~~~~~~~~~~~~~~~~~~~~~~ o REFRACTIVITY MESSAGE BEGINS I?*~EDIATELY

mately 30 inch diameter it will pass through a 0 COMPLETE MESSAGE IN 15 to 30 MINUTES
standard hatchway door. The nylon shroud minimizes
damage due to brushing against the door or overhead
pipes. A covering shroud will be provided with each Some of the advantages of the mini-refraction—
case of sondes. sonde system compared to the present system are

tabulated in Table 2. These advantages are
After the balloon has been filled , the neck is primarily in the ease of operation and the reduction

t i ed  us ing  the cable tie s t r i p  shown in Figure U . of the number of personnel required for launch. The
The sonde is supported by a harness line. The line amount of helium required for a typical operation is
is wrapped around a light -weight disposable train also significantly reduced.
regulator. On the end of the line is a connector
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T-~BLE 2. MRS ADVANTAGES ______I : ~~~ ‘VT ~ l~~~ ~

- O N D J F N A M J J A S O N O J ~~~~N A M J J ~~
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~
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TEC H EVAL J : - 

~ 
. . : : : : : .  I

Figure 5. Mini—Refractionsonde System Program Plan
There is a cost savings in making a sounding

only to the altitude required for the operation . A A ground station is being developed to auto—
lower level sound ing uses both a less expensive matically receive and process the telemetry signals
balloon and less hel ium. For soundings to 20,000 from the sonde. A special RF telemetry receiver has
feet a 30 gram balloon can be used. A 100 gram been developed to receive the meteorological signals

~1 balloon will carry the mini— sonde to 35,000 feet . A in the presence of radar interference . A micro—
~4 300 gram balloon will provide a sounding to 90,000 processor based ground station is being developed to

feet. provide on—l ine real—time data reduction and dis—
play. A ruggedized paper pr i n t e r  w i l l  outpu t the

Since most refractive anomalies occur below data . The br -adboard model of this ground station
10 ,000 feet , it is ant~ cipa ted that the 30 gram has been cons~ ructed and tested.
balloon will be the ,jrimary ascent veh icle. If
higher altitude soundings are desired , a larger The launch suppor t equipment consists of a
balto~ n can then be selected. metho d for filling and handling small balloons in a

conf ine d env i ronmen t. The f ill ing mechan i rm is a
5. WIND SENSING CAPABIL ITY semi—automatic system to fill the balloon with

helium to a predetermined nozzle lift. A model of
The Mini—Refractionsonde System does not the launch and fill mechanisms have been constructed

presently measure winds aloft . There is a strong and Lab tested .
in teres t in  i n c o r p o r a t i n g  wind sens ing in to t~ 

-

sonde. The sonde could be made into a wind sonde After the construction of 20 sondes , there
without the use of a tracking antenna by using the will be a series of land tests in mid—1979 to
Omega NAVA ID station signals . The use of Omega for demonstrate the operation of the mini— refraction—
wind sensing was demonstrated by Honeywell for NADC sonde system. These tests will be conducted in an
using the AMT-22 dropsonde . This wind sensing area with a high refractive anomaly probability.
system consists of an Omega receiver in the sonde After successful completion of land tests of the
that receives and retransmits the Omega signals to sonde , furthe r tests onboard an aircraft carrier
the ground processor. The addition of wind sensing will be conducted to demonstrate the system ’s
to the sonde would increase the weight and cost of operabilit; under field operating conditions.
the sonde by less than 10 percent. There is no

4 forma l plan to incorporate wind sensing in the Mini— After successful demonstration of system
Refrac tionsonde System; however , wind sensing Omega ope ra t ion  un der lan d and sh ipboard con di t i o n s , the
receivers are being added to some of the sondes for Mini—Refractionsonde System will go through the
demonstration purposes. It is hoped that wind final preproduction design phase in which any opera—
sensing capabilities can be added to the mini— tional difficulties will be corrected. An addi—
refrac tionsonde within this year ’s program . tional quantity of 100 sondes and two ground

stations will be constructed for use during
6. MRS PROGRAM PLAN AND STATUS TECHEVAL. TECHEVAL will take place during early

1980 .
A copy of the Mini—Refractionsond e System

program plan is shown in Figure 5. The program is 7. ACKNOWLEDGEMENTS
proceeding in two stages. The first stage to be
completed in mid— 1979, will cover the advanced We would like to acknowledge the support of
developmen t of the mini—sonde , ground station and our sponsor , Mr . Ted Czuba of Naval Air Systems
launch support equi pment. The mini—sonde has previ- Command (AIR-37O) and the contracting agent , Mr. Ed
ously gone through two development cycles and this Schmidt of Naval Air Developeent Center. Thanks are
is the third iteration . During the first proj€-ct, also due to Lt . Commander Dan Gleavy for his support
the feasibility of a 100 gram sonde was demon- o’ our tests aboard the USS Ranger.
strated. During the second step, lab  tests  an d
flight tests at Wallops Island demonstrated the
capabilit ies of the sonde. This advanced develop-
ment phase is directed at making a produciblo sonde. 
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W i l l i a m  A. U C I 1 T -

Naval  A v i o n i c s  C CITtL- r

I tid I af l apa l  1 1 S , I iid I .iiui

ABSTRACT

in— f li ght dis t l.~ - ot mt~asurU.d rcfractive con—
d I t ions has l r - ~~-n t  ~d i pralb te rn  t o  ef  f e c t  i vc  re—
I r~~ t o m e ter  Ut i 1 i z~~t i o u  . r~-v i ouc d e v c l a lp m e n t a l
m o de ls  ut  i 1 i zed X — Y p l o t  t er a  .ind at r i  ~ c h ar t  r~- —
~ ~ r d , - r s  to  d i sp l .t v  r~ - t r L a t i v i i \  .IT. t f u n c t i o n  a’~ . .

altitude or time . Ihese displ ays proved d i f f i c u l t  ‘. , - 4
’

t 0 i Ii t e rp I - 0 t I n t l~~- o~o- I - I t j  Ofld 1 ,‘I1V I ronme n t . Re ~ - -

c ent  ct  t o r t  has c e n t e re d  on t he  d e v e l o p men t  o f  Ot T

im i ~ ro ved f l I i /  I I~ l l O - ~~~- ssa r c o n t r o l l e d  d i s ~’I , i v  t o  p r a l —  ~~~~ i
V i 1L- t he re ~ r - I - t alme t U’ r ~‘ 1 ~- ~ .~ t a ’ r w i t h .t mea IT i U~ I U I - 

-
111 11 i gh i  ~ - sm en t  ot  du e t  i n g  l I V L - r s  e n c o I I n t ~-r ~-i  

-

d u r i n a :  a I I i l ’ - o I t  . ‘l~- I - a I I r , n leI1t t - - l l n i q t I t . . 1- - t i l l -v

r - I I i  i r i -sent  ,4 m d  p r i n c  i p le s  of o 1l~~- r i t  i on of t he ~\NI
rn i i  i i ~v K I i i  t r (AM R)

The AMR is  b r i  i t .  ~I i vi j i  i , -~I l v  N i v i l  Air Svs—
lems Ci~mxn.md to  r i v i  d1 - E— - 2( (\i r t , rn t -  E ar ly  W i r n —  ~~i / I T i  I .  I i  r h o r i t , - M i - n w  i v i -  i,- t  I I t om e t e r
i n g  Ai  i - r i f t )  s i -n s r and commu n i c i t  ions  e q u i p m e n t  ~~~~~~~~~ ~( ~~~
op e r a t o r s  w i t h  a p r o p a g . Ut  t o n  ~ ss a:’iont  i m m c d i . i t t  1 .
it t er  ~~l i m b a i u t  . A -i ii id purp o se  is  I -  p r o v i d e  r i —  , l i s p l ~ r~- i - , du o  b r  r i m  h e a t i n g  i t  i - - , to i l c u —
I r . ict lv i ty data to t he  - i r n i , - r based E n v i r o n m e n t o l  i .iti’  .111 1 stor e ii t i t  i i  i - -  I duet i n g  i i i , - r ~ .iiid t o

~iS~i- i j ’os K i l t -  ti, Pr i -d i t i ll ~v t , -m . perform t i i t  i n  t i - s t  i i  t ion s. An t o - - o b l e  p r —
p ram.i h I ,- r i - id ii I V na-mo r V 5 ,i lso l i t  i i  i d  wh i ~-h

Prt’ v i i is  mode l s  01 the AMR iiflaIt-l -w-~~f l t  i i i t  i i i  w i l l  ‘i-n o t l i t ,  r g r i ~ - t I i  i n  the i i  I i i  t i v ,  s - i s v —

t e c h n i  c i l  md pi -t it i lti l t - s t  np 01  E — 2 8  ii r e r a f t  ment  p r o g r a m m i n p  t i  i i  l o de  d i v 1 ] ii of l i i  I i i n , i l

d u r i n g  ~a 7h ,  As i result of t h i s  t i v i  i i i p  i l, - i - i —  a n o m a i i i - s  such as s i i l ’ i i - l r a c t i v t ’  I . i v , - t - - - .
s i on v i a  made to d eve 1op an i m p rov e d  (opt ’  r at  i Ofl; l  I I v
t - t l , - c t i v c)  d i s p l i v  and t o  r i - t i - s t  the  Al-IK i n  E—2C
ii r r i  It prior to produi -t ion d -  is Ion . - -

2 .  REFRACTOMETER D E S C R I P T I ON  
- - 

- —

The three u n i t s  of  the AMR ir e  shown in  i i
li re  I . The a i r  sensor u n i t  t ins 1st 1 op  i i  f a i r  -

i n c .  m i t - r o w - i v i - u i v i t v  an d t h e r m is t o r  p robe  is  p l c —
unt’d d i  s . i s s  cml’ led. This sr’llso r u n i  t I s  m o u n t e d

.Itop t i , - . 1 1  r i - r a f t  forwa rd of th e prop l i n e .  The
A r R  iii z~- aI pro ,--;sor unit i s  sli ck  m ou n t e d  in  t h e
a vi ‘ri i ce  e qt i i  p m e nt  t i t . l iii- new L i ght  E m i t  t ing  1) 1—
ode (l E o )  d i s p l a y  u n i t  is moun ted  in  t h e  i lp i  l o t s
c l i i i ’  I i .  The e q u ip m t - nt  i s  pow,- r i - I  by .~~~ vo l t s  d~-

1. 2’i amps ,ind v I ghs .‘R pound .- .

I ) i i r l n g  f l i g h t , -ai -ns r da ta is d i gi t i z e d  - m d  I
r i d  on e t a n d a r d  300 f o o t  P h i l l i p s  , - . I s s i - t  t i

l l - , - - . by t h e  r i  i - a s - i t  u n i t  p i c t u r e d  in  Fi gure  2 .
- r d a t . ,  - t i s t  9 t H  of itim>sp lit’r j c p n , - s s i i n i -  ( f r o m

I - r i t t  s I t i c  ~iV -i t i - ni  I , r am r e f  r a n t  l v i  t V . r am a i r
- -- - . r i  I u re  and  t o t - i l p r e s su re  ( f r o m  i i  r i  r a f t  p i t  it

‘vs t er n )  . [lit - si- q u a n t i t i es  ir e  r i - i -i , r ded i -v e r y  two
- ,~~~, - , , i I q , Tv, I ye h our s  of d a t a  c u t  hi ’ r , - t -i, r di- d on u —

s i ’ ~~ l ’  - aeset  t , - . An 1802 CMit -  m i c r i t rocessor is
- i t  I b I ’ , . t  -w i t h i n t he  p r - - s i r  u n i t  to  c i r r , - - t  F i p i i r - i R e t  r i  I n le t ,  r P r ’  i - a s t i r  U n i t
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The display unit ii; I lic t ian 1 iii Fi gure 3. i. MF.ASUREMENT TECHNIQUE
A f t i - r e I imbout  to  st at  i a l l  i i t ~ t li i i - , t h e  ope r a t o r
(cop i lot )  can se l e c t  any ot the  measured atm oa— Measurement r equ i rements  f o r  the AMR are
pheric ducting l ivers for display . Only layers shown in Table 1. The ranges of the sensors are
greater than 200 feet thi ck are displ .iycd at pre— consistent with those expected in the lower 30,000
aent . Anal y sis of all previous c issette data has feet of the atmosphere . Raw data with ram air and
resulted in a maximum of seven dueting layers dis— therma l lag effects are recorded on magnetic tape
played. The di st i l -u is limited to nine layers . and later corrected by computer. Air temperature
T y p i c a l l y  be tween  0 and 2 layers - i r e  It t ic t e d . The and pitot pressure measurements provide the correc—
highest ducti nig layer to dali was ttieasured at tions . Typically these corrections add from one to
18.000 feet . 10 N -units to measured refractivity values.
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Fi gun ’ 3. Ref  r a ct  li-n t or I ) i sp l - i v  U n i t  T a bl i -  1 . Ri-fractom i-ter Mi- isurement Reqisi rernents

l i i  a d d i t i o n  to  lu t i  ‘i~~ I i vi -rs , the  di s p l i v  A .  1, l ock i i i  . igram o l  t h e  r i - t r a c t  l v i  tv  m easure—
u n i t  a l so  m i  c u t s i u r r t - t t t  i i  r c r i l  t a l t  i t  n h -  • r i —  me nt  t e c h n i que is shown in Fi p u r i - 5. A i r  f l o w i n g
posed a i r  r i t t  . u l t i t i l i - . l i i i  t ’  i n  i - s t  a t ~ i tu s  t h r o u g h  t h e  in v a r  sampling cavit y v a r i e s  i t s  r i - s i ’ —
( I F P M  d i  t i t )  md h o r i z ’n t  -i I ri- ~i t o  l i i i -  ,-~~ç , - t i - I  f l , io t fr i -p o nt -v  by one p ar t  per mi l l i o n  per N—unit
p r o p i p it  ion anom,ulv . H i ’r i  ~~i,it i i h~~- -c~- t e l  L V I I  t h e  i t  re f r i  t l v i  t v  change . A harmonic i f  -i swept  “o l —
a t m a p i t i - r i - i s i s s u i v r - d .  I f  t i,’ a i r - r u t  t d,-- - -ri ls tape ( ‘itt n i l  led (( sr i  i l a t o r  ( V C O )  is  phase  lo ck i -d t o

be low t h e  h _ u s , -  o f  i d i s p l i t s - I  d i i  in p  I - iV r , t h a t  t he  c i v  i t  v . The .uvi - ra gt’ f re q u en i -v of t he  VCI) t h e r e —
l iv r- r n ’  longer  c .ii i si -S 1 s i c i t i t i  - mt  i t t ,m i l v  an d no f r i  v- in ns di re c t l v  w i t h  the  ri- f r i cti vi t y oi Liii-

r i ng e r i i -  - i l - i t i ’ i i  - i n  i -  i I s i ( i v i - l .  I t  t h e  - i i r —  a i r .  U h f -  g a t e -  t i m e  iif Liii- VCO c o u n t i -r  v i a  di l i b e r —
c r i t  t I s a  e n - t v  i tao a d u c t  , n -~ v i - i l i i I “ 01)0 ” j -; i i i -  I v  rn - ide r a t h e r  long  ( 0 . 2 7  - i cc )  to  - l u s t -  s,ime
d i s p l a ye d  to  a l e r t  t h e  opt-  l i t  - r  Li , over—th i-—lion i zon smoothing i i i  t h e  m e a s u r ed ilat a. R a i n i - i l  I can c i us e
p rop agat ion  in t h a t  l u - r i  r .  A i l i v sj  ii ri - n - s i - i t t ~— l o s s  of c a v i t y  l o c k .  Th i s  i s  d s- t  s i t e d  by moni t o n —

ion of the r ings-  - i l cii  l i t  ion i s  shown in  Fl p i i t ~ s - -. . i n g  ‘ou t ~- r  i v s - n f  li’w w h i c h  s i t s  a t e s t  p o i n t  t i

The -‘i..MR us -s ts- i vii r , - i i l i t -i I or S ( r i - f  ra t f y i  ty  w a r n t h e  o p e r i t i r and p o s t — f l  i gh t  il i ta  ana l y s t .
changes  to the l iver) md ii ( h eI g h t  ch i n g s -  t i  t i le  Lock  is  ou t  orn .it I c al  iy  r e s t o r e d  when t i , - a .uv ~ t y
l i v e r ) .  The - i  Icu l it ion ~ 5 ii i s L iii- N — g r a d t . t u t  is d r i e s .
l i n e a r .  I f  the  p, r ot  or  S i - l i - t s I p r i li a d  alt i —

tude for display , the  r i t i g i -  c~i l - i ,  l i t ion mss,imt’s
—~~ N — u n i t f  1000 f e e t  gr . u d i r - n t f r i t o  Liii - l iv i -r 1 - p  - I t  - - i ’ , -

n o d u c t i ng  l a y s - i ~v ar t - d i v p l . -iyed ( n  the LI I ayi-t is - ( ;t~
s e l e c t e d)  the  r iulpa - c i  L eu l a t i o t i  ri-pri -si -t i t a Liii- r i —
dio h o r i z o n
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TEST MW EVALUATION/PRODUCTION P LAN S

Currently two developmental models of the AMR

have been bu ilt. The planned evaluation and pro—

duet toti schedule is  shown in  Tj b l e  2 .  The s c h e d u l e

is s u b j e c t  to ch un ge p e n d i n g  re ce i pt of approval
f o r  s e rv i ce  i i s i .
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PASSIVE REFRACTIVE INDE X BY SATELLITE M0NI~~~RINC (PRISM)

Kenneth 0. Anderson

Herbert V. Hithey

EM Propa9ation Division

Naval Ocean Systems Center

San Diego , CA 92152

measurements of the opt ical in te r fe rence  patt ern  

~~~~~~~~~~~~~~~~~~~~ E I V E R ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I~~~~

ABSTRACT RE FRAC T IV E SATELLITE
LAYER BEAC

4 A dual chann el , h i g h  per f ormance receiver has
been developed to validate a technique that infers
the tropospheric refractive index structure from

created by a satellite—born e radio frequency trans—
niitter as the satellite moves through low elevation
anqies. Presented here are the preliminary results
i~~f the observations; the salient points include the
following. First , the analytical models predicting

nu l l n~~ ber amb i~~~i ty  associated wi th  sur face  based ~ 
TIM E ~~~~

the null locations from known refractive index
structure agree remarkably well with observations < __________

of the optical interference pattern. Second , the C

< M IJNITS —ducting condit ions can readi ly  be resolved by
moni tor ing  two sui table radio frequency s igna ls  R E C E I V E D  SIGNAL PROC ESSOR REFRACTIVE INDEX
simultaneousl y. PATTERN PROFILE

1. TN TRODU c”rION
‘-1- t o n ’ - I . iLr -  i s - Sat  1- d ia gr am  i l l u s t r a t i n g  P P I s , ~

NCPC is developing a passive techn iq ue to t ’~ i I -

t ermine the r e f r ac t ive  s t ructure  of t t t i -  lower
atn~~sph ere by moni tor inq  radio frequency s i g n a l s  3. METhOD
from a satellite ( F o i ’ i n - 1).  The t echni qee , known
as Passive Refractive Index by i t e l l i t o  M o n i t o n i n q  Tb’- Ue- i-hniqiie u t i l i z e s  observed d i f f e r e n c e s
IPRISM) , provides several advantages - t en  c u r r e n t  between  t h n - j j r e -~ and sea—reflected path—lengths
methods of determining the refractivity structure, t o  i -  ur it , : - r  infer the true elevation angles at
First , the technique is completely passive i n - ,-  ‘he - m oun t - l ot i o n . The r e f r ac t i ve  s t r u c t u r e  is
only the satellite radiates. :nu-on I , the receiver irf , - nred try or ur~ini a wide variety of refractive
needs no high calibration -inn ” the relative -rofils’ s and n ’rlI iii inq the null locations for each
amplitude of the signals is the only requirement. assumed t r o fi l .- ascii on knowledge of the true
Third, since the dominant refractivity effects - 1— v a t ion angles. The modeled null locations are
occur in the first two degrees above the horizon , fit to the observed , and the profile yielding the
there  is no need to track the satellite. Finally, “best—fit” will be representative of the t rue
no -- s m p l e x  l og i s t i c s  support is  required as refractive structure.
compared with radiosonde or refractometer
operations. Figure illustrates the qeometry of the direct

and reflected path. It is assumed that beth paths
- 2. OBJEc’rIvE are par allel and equally affected by the presence

of an elevated refractive layer. Once the path
The objective of the PRISM project  is to length  d i f f e r e n c e  is established and the

develop arid validate a technique to provide the corresponding ground ranges noted , a wide variety
refractive index structure of the lower atmosphere of refractive index profiles are assumed . For each
by monitoring radio frequency signals from a assumed profile , the true elevation angle i at the
satellite as the satellite moves through low ground station (associated with a particular ~) can
elevation angles . The spec i f i c  objective -f t h i s  be ca lcu la t ed  by a numerical solution of the
pape r is to describe the techn ique , summarize the f o l l o w i n g  formulas .
work that has been comp leted t o  date and ou t l i ne
fu tu re  p l a n s .  — ,T ’iT~~~ ij 7j~~ — a/3 (1)
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i~ = 2 ’ ( iT  + ~ (a ~ + a l  ,~ I u+ ) ~ ( 2 )  The only serious complication in this technique
i is the assignment of the path—length difference to

where - ~ earth central angle each null in the observed pattern. For example ,
h —  height of qround station antenna since a surface based duct will trap low elevation
a — effective earth radius factor based angle rays, the f i rst null observed may not

on lowest s’~qment of assumed refractivity profile , correspond to a difference of one wavelength.
and However, this complication can be eliminated by

a _ path lenqth di fference 1 , - d
1 

using frequency or height diversity methods.

Equations (1) and (2) ore valid if it can be 4. EQUIPMENT
assumed that  the t i n t - c t  and ref lec ted  rays are
parallel. This is -rtainl y u good assumption on a To implement the technique , a dual channel ,

satellite-to—ground path. Also note , there will be computer controlled receiver was designed to
no effect on II , - path length difference from any process two independent signals (one in the 1 to 2
elevated refractiv i- I -u y t- rs , since both the direct GHZ band , the other in the 2 to 3 GHZ band) with a
and reflected rays traverse liarallel paths and any typical sensitivity of —143 dBm. The antenna is a
e f f e c t  on on- is cancel led by an equal effect on 2.4 metre circular parabolic dish providing
the o ther .  beaowidths of 8 .7 and 5. 8 degrees for 1.2 GHz and

2. 8 GHz respectively. Figure 3 is a block diagram

ELEVATED REFRACTIVE LAYER of the PRISM receiver and i l lus t ra tes  the major
components.

4 DIRECT RAY

R E F L E C T E D  
1 - 2 GHz AND

RAY 2 - 3 G H z

h “ ~~~~~~~~~~~~~~~~~ 2.4 m ANTENNA

d2 I 
___________________4’ 5 KHz _____________

a~
-

~ DUAL CHANNEL FFT PROCESSO R

CONVERTER

l i t u r ’  2 ,  - 5 - o n S - t  n - -  un - i f o r  r i - l i  i n ;  at I. ~- - O t t h
d i f f , - r ’ -~~ce to e l i -v - ut iou a t u - t i , -  under  the
assumpt ion  of parallel direct and rn-

4 flected rays. NOVA
LOCAL 3/12 COMPUTER

OSCILLATORS OPERATOR CONSOLE
A f t e r the e l eva t ion  angle  is ca l c u lat , - I , t h e  DISK STORAGE

ground range to I-he sa te l l i t e  i t  de termined by
numerical solution of the following formula.

F i g u r e  3. Mock di agram of the PRISM receiver.

dz 
___________P ~

‘ 
- it (1 + z/a) s ((1 • a/a)n) - — c r (3)

where The primary transmitter used during the
measurement periods is satellite P76—S (Wideband)

P is the sub-or b i t a l  range to the s a t e l l i t e , develope d by th e Stanford Research Institute for
n is the refract i ve index at height z, the Defense Nuclear Agency to characterize
C is  the ray  c h a r a c t’-n i s t i c , n cos i i ) , transionospheric communications channels. The
h is the height of the ground ~tation antenna , satellite transmits ten coherent cw signals, one in
n o is the refractive index at height h , VHF , seven in UHF and two in SHF bands. The two
a is the height of the satellite and , highest frequencies are the only frequencies
a is the true radius of the earth, monitored by the PRISM receiver and are located at

1 2 3 ~ MHz and 2891 MHz. The lower frequencies are
The computed ranges are compared to the observed not monitored since , for low elevation angles, the
ranges and the assumed p r o f i l e  which y ields the numbe r of nulls  received at the ground station are
“best fi t ” w i l l  be n,-1-r ea,-r it ativ e of ‘hi - actual too few to be used in inferring the refractive

4 
profile, index structure.
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SATELLITE : WIDEBAND (P76’5)
DATE: 8/14/78 20:51 ZULU
HEIGHT: 1048 KILOMETERS
FREQUENCY: 1239.0 MHz

40— F I I I I I I 1 I I
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Figure 4. Comparison of the model- - i tir -t observed interference pattern at 123° MHz for 14 August la7P .

Table 1 l i s t s  the powe r l ,n ~~i t e t  p a rameters  for d i f f e r e n c e  between the modeled null  pa t te rn  and the
the Wideband/ground station equipment. The free observed pattern. The largest absolute range
space signal levels are approximately 17 dR above difference of -24.5 km corresponds to a time
the receiver noise threshold. Since the peak difference of 4.2 seconds between the location of
amplitude of the interference pattern is ‘- da above the satellite predicted from orbital parameters and
the free space level there is approximately 2 1 dB its location modeled by the PRISM technique . Since
dynamic range available for detectin g the nulls. the accuracy of the ground station timing is ±1

second and the orbital prediction programs is f 4
5. RESULTS kin, this leaves a residual of approximately 14 las

(worst case) in the absolute PRISM technique. This
The orbit of the Wideband satellite and the means that the technique, by itself , cannot

location of the ground station normally allow reliably determine the path length difference at
‘ measurement of tOe null patterns a the satellite high elevation angles which are not affected by the

ascends and descends ov”r the horizon during i i’- refractivity structure.
orbit. Measurements if the interference Iatt u -’rn
are made for orbits where th ’- transmitter-to— Figure 4 is a plot of the interference pattern
receiver path is entirely over water (useable observed on 14 Aug 1978 at 2051 GM’r. The figure
orbits irci - i , r  t w i c e  d a i l y a t  noon and m idniqht l. shows the 1239 MHz signal plotted as relative
Cu,p

~
rr t i ni t meteorological measurements ste made in amplitude in dB versus sub—orbital range to the

between the ascent and descent of the sat ell it ’- by satellite. Superimposed in the received signal
a bal loon-borne radiosonde.  curve is the pattern modeled from the measured

refractive index profile. The numbers 1 tn 6
Table 2 provides a summary of the measurement locate the first 6 optical interference nulls.

periods made during 3 0 78 . The table lists the Also shown is the true elevation angle reference.
dates nf the measurement period , the height  of the Inspection of Figure 4 shows remarkable agreement
satellite , and indicates whether the satellite was between the observed and modeled in terference
ascending on descending at the horizon. Tl’ue column patterns and validates the algorithms currently
labeled O f f s e t  describes the absolute range used.

— -—----- --“
~~~~~
-——.— -

~~~~~-
--

~~

-—-- 

-‘~ 
.— - .- -

~~=-~~~ ~~~~~~~~~~~~~~~~~~~~ 
-- 

~~~~~~~~~~~~~~~ -



- —.~ -~ - 
- - -~~~~~

Frequency 1239 MHz 2891 MHz 6. FuTuRE pL~t4s

EP.P (dB nt) +22  -‘-19 I t  is recognized that a major problem with the
PRISM technique is the positive identification and

Free Space Path -166 -173 numbering of the received nulls. Therefore, the
Loss (dB) nex t step in developing PRI SM is to refine the null

location and numbering algorithms. These
Antenna Gain +20 +32 refinements may consist of a cross—correlation of

segments of the received signal patterns with
Polarization Loss -3 -3 analytical models of the pattern to reject
(dB) extraneous fading or other post—reception signal

processing techniques. After these refinements
Rece ived Si gnal have been made , a program wi l l  be developed to
Level (dBm ) -127 -125 infer the best—fit refractivity profile from the

observed null locations using a least—squares fit
Receive r Noise —144 —143 routine. Following the development of this
Level (dBm ) program , there will  be a set of measurements

performed to verify the program by comparing
best—fit profiles with measured profiles. Finally,

S/N Radio 1dB) +17 +18 a report documenting the PRISM technique and
programs wi l l  be prepared wi th recoimnendations for

Table 1. Power budget calculation for Wideband future work and possible shipboard implementations.
Sate ll i te and PRISM receiv ing s t a t i on.

The work reported in this paper was performed
under sponsorship of the Naval Sea Systems
Command . The authors would like to thank C. E.

Ascent Jedrey for his  continued support.
Date Height  or offset

(km) Des cent (km)
7 0 i i / 7 8  1001 A — 5 S
7/20/ 78 In:: D + 2 . 5
7/28/78 i n t l  A — 9 . 0
7/28/78 1-u 32 0 +12.5
8/02/78 1039 0
8/03/78 1 1 0  A —9 .0
8/0 3/78 1038 II — 1 0 . 5
8/ 14/78 1036 -‘1 — 3 • 0
8/14/78 l i48 0 +12.0
8/16/78 1037 A -5.0
8/16/78 1OSO l~ —5.5

Table 2. Suimnary of PRISM measurement periods
f or 1978 showing o f f s e t  between modeled
and observed null patterns.
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EXPERIMENTAL STUDY OF ELEVATED DUCTS

John L. Skiliman and Doug las P . Woods

Department of Defense

Fort George G . Mesde , Ma ry land

ABSTRACT sharp refractivity index gradient which can cause
VHF/UHF radio waves to bend sharply and follow the

The results of a study of elevated ducts in humidity boundary far over the horizon.
the Hawaiian Islands are discussed . Signal
strengths and the refractive index have been There are a number of different kinds of
measured as a function of altitude and range , and ducts , The evaporation duct is the type which
compared with calculations. commonly occurs in the first few meters above a

body of water . There is another type of surface
The duct altitudes were typica ll y between duct with typ ical heights of 100 meters , and there

1 000 meters and 2000 meters. Measurements were are low elevated ducts with typ ical heights up to
performed at frequencies of 150 MHz, 450 MHz , and 1000 meters , and high elevated ducts with typical
2200 MHz , at ranges from 100 km to 800 km and at heights up to 2000 meters.
altitudes up to 3000 meters.

This study is directed at characterizing the
A number if  aircraft and ground sites were hig h type elevated ducts which are typ ical o f l ower

-,‘l ,~I to measure the signal strengths and latitudes in the central and western Pacific and
meteorological parameters. Two transmitters Atlantic &\-cans , and of the Caribbean Sea,
(ISO MHz and :l

-
~() M Hz)  were on the ground while

three additional transmitters (150 MHz, 450 ?~IHz , 2. MEAS U REMENTS
and :200 MHz) were placed in a helicopter which
typ ically flew at the altitude of the duct. 2.1 Overview
Calibrated receivers located over—the—horiz on on
the ground , In ~i lse t ii - t’ p t i- r, and in an airplane Radio meteorological measurements were
were used for simultaneous measurements . The performed In the Hawaiian Islands from lb May l~~77
receiving helicopter t v p i c i l l y  p e r f o r me d  t h r o u g h  23 June 1977 . S Igna l  s t r eng ths  wet-
measurements as ~i function of altitude at  r at 1~zi- s measured as 5 function of altitude and range.
ii i 400 km t~’ ~oo km. The airplane was used t o  Height profiles of the atmosp heric pressure ,
measure the  si gnal  s i n t - n c t h s  ~i i  -I f u n c t i o n of t e m p er a t u r e , and h u m i d i t y  (and hence r e f r a c t  i v i t  V 3
range and to characterize the path between the wi-re measured along the propagation path.
t r a n s m i t te r s  and t he  r e c e i v i n g  he l i c o p t e r .  On n in e
occasion , In iwev,-n , the plane flew the i’thet Figure 1 presents a schematic representation
direction from the ns- n,- ivi n( : )ielico pti ’r to a range of the experimental arrangement . Beacon
800 km from the transmitters . t ransmitters opera’ing at 149.1 MHz and 449.0 MHz

were located on the ground near South Point on the
The refractive index height profile along the island if Hawaii. The antennas were on a t- -)ephone

measurement patti has been reconstructed. pole 18 m eters (60’) above the 98 meter (320’)
Calculations based on this prof ih- are presented elevation if the site. Three more transmitters
and compared with the measured data , were mounted in a UH— l helicopter which orbited 

n the isl a nd near South Point. These
I .  INTRODUCTION transmitters operated at frequencies of 149.3 MHz,

449.2 MHz , and 2201.7 MHz, sli ghtly offset from
VHF and UHF radio s igna l s  n o r m a l l y t r a v e l  in the  ground transmitter frequencies.

a st rai ght line and , because of the earth’ s
curvature , efficient propagation is usually A UH— 3 helicopter equipped with beacon
l i m i t e d  to ranges  no g r e a t e r  than the distance to receivers was used to make measurements off the
the hor izon .  Normal  a tmospher i c  r e f r a cti on ex tend s coas t of Kaua l , and a U— 2 l airplane equipped with
th e radio horizon somewha t beyond the visual beacon receivers was used to make measurements
horizon . Tropospheric ducting, however , whe n a lon g the 500 lan pa t h be tween the is lands of Kaua i
present provides a mechanism for strong VHF/UHF and Hawaii. These two aircraft along with the

‘ si gnals to be transmitted 1ar beyond the radio transmitting helicopter were also equipped with
-: horizon. A tropospheric duct Is a layered meteorolog ical instrumentation to measure

condition of the atmosphere where there is a sharp atmosp her ic  t empera tu re , humidity, and pressure.
drop in humidit y between a lower layer of m o i s t  air The UH— 3 helicopter had receivers for all the ground
and a higher layer n i t  dry air. This sharp drop is and airborne transmitters , The U— 2l airplane had
oft en associated with a t emperature inversion. The receivers for both the air and ground 149 MHz
9harp decrease in humidity with height produces a transmitters. For the final three fli ghts , an
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addi t iona l i~ -c~- iv er was i n s t a l l e d  in the V—2l to 2.4 Summarv of Ducting Conditions Duri~~
measure either the air or ground 440 MHz si gnal. Measurements Period
tS ground site located -it l.ihue Airport on the
island of Kauai measured th~ signals from the The ducting conditions that occurred during
helicopter transmitters. the measurements period are summarized in Figure 4.

This f igure Is based on the Lthue Airport
2.2 ~~~~~~~~~~~~~~~~~~~~ radiosonde. Each vertical line represents the

height and thickness of the duct as indicated by
The p r o p a g a t i o n  zones f o r  the  p a t h  be tween  the  r ad i o s o n d e .  The s t r e n g t h  of the  duct  is

the tr ansmitter sit e ~lt South Point and the Kauai indi cated by the width if the l ine. The data
receiver site are summarized in }~iCune 2. The collection flight s are indicated by the flight
transmitter is assumed to be at an altitude of number and corresponding arrows . A refractivity
1500 m (4920’) and the flat earth representation is slope greater than —1 00 N/k’s was taken as the
used . The maximum line—of—sight path to a threshold for ducting. The —100 N/lan value ,
receiving a i r c r a f t  at a t y p i c a l  d u c t  height of rather than the theoretical threshold of —157 N/km .
1500 m is  320 km. Free space signals can he was used because this procedure has been found in
expected to wit h in 40 km of this limit. The practice to provide a nominal compensation for the
diffraction zone provides a transition between the slugg ish humidity response of the radiosonde.
f r e e  space zone and the troposp heri c scatter zone
whi ch follows. Beyond a range of 360 kin (at an The figure indicates that during the setup
altitude of 1500 m) the normal propagation and shakedown period of the first few days there
mechanism is tropospheric scatter. In this zone were strong ducting conditions. During the middle
V 40 to 60 dB , where r indicates the propagation of the test , the ducting conditions were nearly
loss in excess of free space, nonexistent allowing a number of reference flights

2. 3 Typical  Measu~~~~~ ts F1 i iit

Typically the U-21 airplane would make a
series of ascents and descents on an outward fli ght
from the island of Kauai to the island of Hawaii
(see Fi gur e 3). These sound ings  f rom 60 to  3000
meters (200’ to 10,000’) were used to determine the I \
altitude of the sharp humidity drop. Then the U—2 1 j  \ \
would fly the return trip just below the sharp I .

~~ ~~~~~ ~~~

humidity drop and measure the radio signal 
~

,•,,_ 
/

strengths and meteorolog ical conditions as a 
-

f u n c t i o n  of range. The transmitting helicopter “ /
/

would take off ju st before the U— 2l arrived at the \
Hawai i  end of its fli ght, make a sounding, and then /

/

orbit in the duct juat below the sharp humidity
drop. Simultaneously with the level return flight 

~ , ~ , 
-

of the U—2l airp lane , the UH—3 receiver helicopter ‘~~ ‘.‘

would make vertical soundings off the coast of “ — .., ..~~.s ,~~~,.,,

4 Kauaf .

-s.. S P.n.~~ii~~ I—’ ~~ 1 a’  St S W •
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Fl at-tar Ot Diagram

~ 

__ _ _

IIq ,ru 5. T r il i nsa r r ,frd ctl,i ty odn l and flit-e a rth diagram.

to be flown . Fortunatel y, the good ducting The program is based on a planar waveguide
condi tions retu rn - - I  l uring the last week of the analysis and obtains solutions to the modal
te’tt and this is W~~i 0 most of the good data was equa t ion. I t trea ts a hor izon tall y stra t i f i ed
taken .  The n t i t  ~ t - - ~~,? discussed in t h i s  r ep o r t  three—segment r e f r a c t i v it y  model in the f la t ear th
was taken on Fl~~~tit~, 16 and 18. representation where H is the modified refractivity

Kerr (1951). The M profile used is shown on the
3, THEORY left side of Figure 5. The first inflection point

is at an altitude designated Z 1, and the second
3.1 Introduction inflection is designated Z~ .

The d ucted si gnal levels to he expected on 1 .3 Three Ductin~ Cases
Flights 16 and 18 were calculated as a function of
altitude and range. The computer program used for Over—the—horizon propagation induced by
these calculations is discussed in Section 3.2, elevated ducts can be conceptuall y separa ted in to
Freq uenc ies of 149 MHz and 449  MHz were treated three cases and the physical interpretation of
for the ground and air ( ncne transmitters. The these three cases is represented by the three
refractivity profile models used for each flight types of rays in Figure 5; trapped , chordal , and
were based on the ref ractivity measurements* mn u l tihop rays . Fo r t he pu r pose o f visua l i za t ion ,
performed during that particular fli ght, consider a ray propagating at alti tude Z1 wi t h an

elevation angle / . Note that 21 is the source
In Section 4 the measured signal strength altitude which would trap a ray with the largest

p r o f i l e s  are analyzed and interpreted by comparison launch angle~ . Thus, it  is logical to spec i fy
with theory. Three ducting cases and their ang les at this altitude.
charac teristic height—gain curves form the basis of
much of this analyais. These three classes of For ang les less than a cr it ical  eleva t ion
duct ing, their characteristic attenuation , and an gle , a ray  la un ched a t Z 1 will be totally
their typical hei ght—gain curves are discussed in contained or “trapped ” in the duct. For angles
Sections 3.3 , 3.4 , and 3.5 . whose magnitude is somewhat larger than this

c r i t i ca l  angle , the rays wi l l  no t be t rapped , but
3.2 Computer Program will be partially reflected off the refractive

layer wi thin the duct , with the reflected portion
The basic computer program used for these propaga ting in a chordal fashion under the

calcu la tions was developed by Papp er t and r e f rac t ive layer , while the ta-anemitted portion
Coodhar t (1977). This program was modified to continues above the duct.
increase it s input and output capabilities . In
par t icular , routines were written to plot the As the angle L ecomes larger , a poin t is
ou tpu t  in a number of d i f f e r e n t  formats  which  are reached at which  the rays will a l t e rna te ly  be
in tuitively useful in interpreting the refl ected by the ground and partially reflected by
calcul ations , the layer. In this case the ray propagate s in a

multiple hop fashion under the duct , wi th

*Actual ly  the r e f r a c t i v i t y  was determined 1-The large launch angle required to escapeJ from t he a i r c r a f t measuremen ts of t empera ture , the duct might be interpreted as meaning Z1 is t he
pressure , and humidi ty , optimum height to couple energy into the duct ,

‘I
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transmitted portions of the ray continuing above - MHZ
the duct at each part ial reflection point. 

FREQUIT4C -

Duct CUlT BOTT O M ,T C1P ~ Ø ‘ 76 S~ (5 IT ~ ~ ‘s . ~~~~ : - .‘~~
Model ~ SL0~E ( tl  UNITS - L~ ~ 97 — l6~’3. 4 Mode Attenuation Characterist ics To 6E1ilT r1~~ERS l3~3 1~~ n

~60
Figure 6 shows the mode attenuation rates

versus the real part of the eigenangle as - 55

calculated by the Pappert/Coodhart computer program
for an M profile typical of Flight 18. The plot is
separated into three segments corresponding to the
three mode types. The three segments can be i -

unders tood if we consider the expec ted loss per
uni t—lengt h characteristics of each mode type . n ~

From simple geometry and ray tracing 2 -

considera t ions one f inds tha t f or Fli ght 18, rays ~ ~ ~
wi t h an angle less than 7.7 mr (milliradian) at Zl ~ 

‘

(1313 in) are t rapped in the duc t , and thus would be ~ - n
expected to have low losses. Th is angle ~ 

-

corresponds to the eigenangle transition between < 
~ -

the trapped arid chordal cases, with the low—loss
t rapped modes havi ng ei genang les less thar, or equal 1 c J •~~

to 7. 7 mr. 
- - 

~ 
_ _ # -

-:
~-~ .- - — CP,ordsl 50dm

For the chordal rays which have angles larger ~ -_ 5 
- ~ — Trapped “odec

than 7 .7  mr , the amount of par t ial re flec t ion i,-. - , -

depe nds on the amount and the abruptness of the ~
decrease in refractivity at the ducting layer , and ~‘ 

~~~~~ ~~~~~~~~~~~~~~ 
on the angle of incidence at 21 If the ang le of 

~ ~ ~ E
incidence is near the critical angle the partia l
reflec tion approaches 100%. However , as the an g le
i”creases  above the c r i t i ca l  ang le , two th ings  Fugar e 7 . Mode at t en aa t iOt ’ IS a func t io n  of en gena nq le (449 5Hz

happ en : the ref lec tion loss increases , and the
path length between the reflection points also

i nc reases . When the loss per unit—length Is
calculated these two effects generally offset each
other , although in itially the increase in
reflection loss dominates , result ing in a sharp

FRE01jENCy- 199 11HZ increase in per unit—length attenuation at the

00cr BOT T OI -LT OP-1005 1~~i~ cRITl:6 L F R t O  2-s e~: 
transition between the t rapped and chordal cases,

O~ct  Model S~OPEO1 UNITS/cl-i l 96 -160 l3~ Th is is exac t ly wha t is seen in Figure  6. At
TO H E I G H I I M E T E R S I  1313 49/ 3~ø2 lam er ang les , the path distance factor is

- slightl y stronger and the per unit—length
at tenuation actually decreases slowly. Fi gures 6

• 1,1 and 7 do not show chordal modes with eigenangles
I large enough for this effect to become apparent ,

- I because rays with these large angles hit the

/ ground .

] The transition between the chordal and
O~~I t n c o r Mo dmn m u l t ih o p  cases is d e f ined by the ray that just

~ 35 1 
‘- grazes the earth’s surface. For the Flight 18

z re fractivity profile , this ray has an ang le o f
J 15.9 mr at 21 (1313 m) . At this point additional

1 increases in the angle at 7~ shorten the d i s t a n c e

~ .25 J between reflection points and increase t he par t ial
— J reflection ang le. These two loss effects add

.20 [ inst ead of cancel , resul t in g in a d ramatic
J increa se in the mode a ttenua tion shown in F igu re 6

- 15 1 C h o r d a l  Modes at the transition between the chordal and mu ltiho p
• modes. This transition occurs at 16 m r , exac tly

where the ray interpretation would have it.
‘ / -Trapped MOdes

I5 In F igure  7 t he mode a tt enua t ion is plotted
for  the first 50 modes and a frequency of 449 MHz.

0. 0 
• 

— 
~~ ~ ~ 

The f i r s t seven modes are the low—loss trapped
tIGfN ANGLE IHR I modes , and t he remaining modee are the par t ial

refle ction modes. Note that the attenuation curve
is rela tively flat after the first few of the
partial reflected modes . The curve does not

rIg. ,-, 6. Mode at teo ,u l I o o  as a fun c tion of eiqeo.nq ie Il ls  541) .
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appear to go back up as it did at 149 MHz. The Fr qamncy . ISO Six; Rang. - 8~~ km

reason for this is that at 449 MHz there are many
more modes than at 149 MHz, and 50 modes is not
quite enough modes to include the high—loss
multihop modes, However, note the transi t ion
angle between the trapped and chordal modes is
still at an eigenangle of 7.7 mr as expec ted. 0

— 
Iriosmitta r near Duc t

The attenuation values of the three mode types ‘20

can be simply summarized . The low—loss trapped
modes have a t tenuat ions  of only a few dB/ l O O Ian , _ -40 

,
~~~~. Irannaittar n a r  Ground

medium—loss multi ple partial “eflection chordal ! -

modes have attenuations on the order of 10 d8/l00 .~ 
60

kin , and high—loss multiple partial reflection ,
ground reflection modes have substantially greater ~ 

.80

attenuations. Note that these values are “mules
of thumb” and the exact values depend on the ~ 

100

p a r t i c u l a r  case being considered . ‘

3.5 Height Gain Curves
~ 

-l ao

One of the principal means used to relate 
1theory to measurements is by comparing the

calculated and measured height—gain curves . Thus 
1

it is important to know the nature of the height— ‘ 00

gain curves fo r  t he  three  cases of t r apped , :
~ Q I ~ I Ichordal , and multihop modes. Figure 8 giv es 12 2C ~D 40 50

typical height—gain curves for these three cases.
Note that in the case of the trapped mode , the ~~~~~ 50~O~

signal is fairly well confined in the duct ,
d r o p p ing o f f  d r a m a t i c a l ly  below t he duct  an d ‘ I 

~ 
t 

~: d~c~ 
~ 

~r
0
~

m
t~~
’
~~ 

nSdeS .: ~~ ~~~~~moderately above the duct. These features become
more pronounced at higher frequencies. At lower The typic -i l height—ga in curve for a partial
f r equencies or f or h igher order trapped modes reflection chordal mode has a sharp drop in the
(which approach the partial reflection case), the curve as the altitude is reduced below some
f - t u r e s  are less pronounced. In fact , the highest minimum value. The heigh t of this min imum
order trapped modes give signals above the duct decreases for the higher order chordal modes until
which are almost as strong as those in the duct. it reaches the ground at the transition between

the chordal and mtiltihop modes. The curve is
rela tivel y constant above this altitude, The slow
signal increase with height Is interpreted as being

3000 due to rays which have penetrated the partial
1 I reflecting layer at locations c loser to the

l r ap~-m~ Ch ordal 
‘ t ransmitter where the signal was stronger.

1 ‘

~ 
The height—gain curve for the multihop case is

-- f l a t  f rom the ground up, increasing slowl y wi thI I altitude. The increase is due to the same reasons

/ 
5~ l t ~ ho l- given for the partial reflection case , but somewhat

2000 accentua ted since the attenuation of these modes
I i s  g r e a t e r , and hence the increase of the signal a t

1/ locations closer to the transmitter Is greater.

1500 3.6 Dom inant Modes

The contributions of the differen t modes to
the received signal level were calculated for two

1 000 transmitter altitudes , one near the duc t and one
near the ground . See Figure 9. The range was
800 kin and the f requency was 149 MHz . Note that
when the transmitter is near the duct , the low—loss

500 
.._ _/)  well— trapped modes contain most of the signal

/ power. When the t ransmi tt er is near the ground ,
— - — 

the power is concontrated In a few modes at the

/ transition between the partial reflection and

~.16o -i~o -e~ -an ~ ~~~~~~ 

m u l t i h o p  cases. Irs this case the higher order
modes are e l imina ted by their  h igh a tt enua t ion

Mod, 
~~~~ ~i, do) ra t e, while the lower order modes , including the

well— trapped modes are not excited by the ground
transm it ter.

I s g u r , -  R .  typI,al ned. i , e ign t -ga i n  p r o f i l e s .
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Refrdctioity Data
Fl i ght 18. ~ ~ 22 Jane l977 ~ 1900 • 2l00 LOT
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4

Fnq ~r, 0 ~~~~~~~~~~~~~ data 5~a,5hur, for r l s q ht If.

Thus one would expect the sharply peaked entire path. Based on these measurements the
height—gain curve , which is characteristic of following tn — linear refractivity model was
well—trapped modes , when the transmitter is near selected for the Fli ght 18 calculations.
the duct. The relatively flat height—gain curve
charac te r i s t i c  of hi gher order  chorda l  and Z~ 1313 m
multihop modes would be expected aohen the Z ~ 1498 m
transmitter is near the ground. These effects Slope from ground to Z~ ~ 96 N units/km
were observed in the data and will be discussed in Slope from Z~ ts~ Z2 ~ —160 M units/km
the following section. Slo pe above Z2 = 132 M units/km

J 
4 _ EXJ’EKIMENTAL RESULTS AND DISCUSSION 4.3 F1i~ ht 18 Signaj~~~~~~~~th Data

4.1 Intr oduction A typical set of 149.3 MHz height—gain curves
is given in Fi gure  11. These curves were measured

51 Samples of the measured data from Flights 16 with the UH— 3 helicopter at ranges between 450 km
and 18 are presented in this section , and their and 500 kin . The beacor transmitter , ind icated by
comparison with theoretical calculations is the “B’ , was just above the top of the duct at an
discussed . Height—gain curves for the ground a l t i t u d e of 1554 me te r s  (5100 f e e t ) .
transm itter and the airborne transmitter at 149 MHz,
449 MHz , and 2200 MHz are presented for  a 500 km The signal s t r eng th  peaks near the f r e e  space
range. An additional 149 MHz hei gh t—ga in  curve  and level in the upper  por t ion  of the duct , drops o f f
a “range—gain” cu rve are g iven f o r  ran ges to 800 kin , sh a r p l y  below the  duc t  and remains wi th in
All cases presented in this section are for the approximately 10 dB of the peak level far above
r -  d yer  f a r  over the  radio ho r i zon , beyond t h e  the  d u c t .
d i f i rac tion region , where the norma l troposcatter
propaga tion mode can not account for the measured The si gnal level envelo-~es show good
signal levels, rep eatability from sounding to sounding while the

interference nulls under the envelopes grow , decay.
4.2 Fl ight 18 RefractivIty Data and shift in a l t i t u d e .  The pa th  l e n g t h  is on t he

order of 0 . 2 5  x iO~ wavelengths and a 2 N un i t
The r e f r a c t i v i t y  along the e n t i r e  p r o p a g a t i o n  change in the  average r e fr a c t i v i ty , in t e g r a t e d

pa th was measured by the ti—li airplane, In over the path for a particular mode , w i l l  resul t in
a d d i t i o n  the UH— 3 helicopter performed more a 180° phase shif t. Thus , consider ing that 2 N
corcent rated measurements a t  the  Kauai end of the units is a small change in a tmospher i c
path. The results of these measurements aoe refractivity, and that the tran smitting he l i cop te r
presented in Figure  10. I t  can be seen tha t at an does not remain in exac t ly  the same location , i t is
al t i t -- l e of 1000 to 1500 meter s (3300 to 5000 feet) not surprising tha t the nulls under the si gnal
there  is a consistent ducting pattern along the envelope change from sounding to sounding.
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Fli ght 78,.. .Thrpe Sgundinns.. .450400 km
Helicopt~ r Data . 749 .3 P6iz . Beacon • ai Alt itude

IS . Free Space Signal level

.70

100 km
8 ~~~

••

~~~

4~~~ r~~H I

• —10 dB’ 1

S ignal (dF)

Figure 11 . Ileasured heiqht- ri.I~n profiles for the 149 MHz transm itter near the duct (Flight 78).
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4 Fi gure 72 .  Coacarisonc of calculated and measured heig ht -gain profiles for a 149 P847 tran;mltt8r
near th. duct (Fligh t 18).
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Fligh t 18... .Duscent 4. . . .449.2 MHz
Range 483-510 kM... Beacon Alt itude • 1554 m

10

‘-z. I

8 -~~~~~

- - — i tuper inental Data
449.? Mhz

6 C.,.., ,Iheory; Vector Sum

— — — ~‘ n~1~J— — Theory; Power Sum

- — .  -2~- — 8 ’  500 km

~ 
Duct - ~~~~

s.

2 >

0 - - 4--~-.— I I

- , 40 -120 -100 -Ri) -60
Signal (dRm )

Figure Ii . Comparison of ca lcu lated and measured height- sta in prof i te~ For a 449 MHz transm itter
in the duct (Flight 78),

Flight 18... Descent 4... Range 483-510 km
074-3 Helicopte r Data.,, Beacon 1554 m Altitude

7201 . 7 Nih, Signal Strength (dBm)

-140 -140 ’. . 1 f l  -I t O -100 -50

4TL I !~~IIi
- 449 . ? P8l~ _ _ _ _

— -
~~~~~~~~~~ .. 2701 . 7 Miii

0 4
- 40 -130 -1213 tIll -700 -90 -80

449 .2 liii Si gnal Strength (48.)—

Figur e 14. C ougarison of the measured hei ght- ga i n proFiles for 449 Miii and 2 Gui
transm ittørs in the duc t (Flight 18).
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Fig ure 15. Measured he ight -ga in  profi les for the 149 P*i, transmit ter on the ground (f l ight  18).
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The signal strength was calculated for profile is compared with the 449 MHz profile given
comparison with the third measured profile (~4) in the previous figure. The close agreement

given in Figure 11. It can be seen in Figure 12 between these two profiles is encouraging since it
that the measured and calculated profiles both suggests that measurements and calculations at
peak in the duct as would be expected from the 449 MHz can be used to infer the general nature of
discussion in Section 3.5. The envelopes of the duct propagation at much higher frequencies, where
calculated and measured signals are in fairly good mode calculations require many modes and are
agreement. However, the measured signal level is therefore more difficult.
somewhat weaker in the duct and stronger outside
the duc t , particularly at the higher altitudes. Height—gain curves for the ground beacon
This suggests that there may be some leakage out transmitter are given in Figure 15. These curves
of the duct in addition to what would be expected are for the same soundings used to measure the
theoretically for the horizontally homogeneous curves previously presented for the a i rborne  beacon.
three—segmen t refractivity model used here. In The three curves for the ground beacon are
terms of a modal analysis this would be expressed reasonably consistent having the characteristic
as a conversion of energy f rom low—loss, well— sharp drop in signal below the duct , a pea k in tne
trapped modes to high—loss chordal modes caused by duc t and a modest reduction of the signal level
some perturbation. Horizontal refractivity above the duct. However, in this case the peak
inhomogenuities provide a likely source of the signal level is quite weak being 40 dB to 50 dB
perturbation . below free space.

There is no better agreement between the The duct coupling loss (or excitation factor)
measured signal nulls and the calculated signal from the ground can be inferred by comparing the
profile than was found comparing the null structure signal levels received from a transmitter in the
of differen t measured soundings. Thus it appears duc t with those from a transmitter on the ground ,
that the relative phase of different modes may as shos..m in Fi gure 16. In this case the coupling
become random for long pa ths i~i the atmosphere. loss can be seen to be on the order of 40 dO to

50 dli.
The apparent loss of d e f i n ite phase

rela t ionships between the various modes is The theoretical height—gain profile was
drama t icall y illustrated by the 449 MHz data for calculated for the ground transmitter and is
the same sounding, as shown in (04) Figure 13. In compared with the measured profile in Figure 17.
this case the calculauon shows the modes The predicted height—gain curve is quite broad as
canceling above the duct , resulting in a 20 dli to would be expected for partial reflection modes ,
30 dli reduction in the calculated signa l strength while the observed height-gain curve shows a sharp
(thin dashed line). However, if the modes are peak at the duct height. This sharp peak indicates
assumed to have a random phase relationship and that the signal is primarily due to the well—trapped
mode powers are added (broken line) ins tead o f the modes and no t the par t ial re f l ec t ion modes.
usual vector addition of mode voltages used in the
other calcula t ions , the calcula ted s ignal strength The lack of partial reflection modes can be
profile is found to be in good agreement with the explained by the fact that for the ground
measured profile (thick line), transmitter the theoretical assumption does not

correspond to reality. The calculations assume a
The 2200 MHz signal strength profile transmitter 116 meters above a spherical surface .

measurements are particularly interesting because while in reality the transmitter was at 116 meters
they tend to mimic the 449 MHz measurements. This with a 131 meter hill between it and the assumed
can be seen in Figure 14 where the 2200 MHz height spherical surface (the ocean). This bill should

block all the chordal modes and lower order

$ multihop modes. The attenuation of the remaining

•s , m . m e  o~~_ ,’, high order modes is so great that they couij not be
de tec t ed beyond 100 km. This explains the weak
signal below the duct but does not explain the

,, observat ion of a height—gain curve characteristic
of well— trapped modes. According to the theory

I used here , these modes should not be significantly
excited by a ground transmitter.

- ~ 
__ in•• ’~~~i m m.. 

It appears tha t the explanation must be that
• ..—•—— . i in the case of a ground transmitter , the well-

- —- — — - 
( 

- — -~~ - -. t ra pped modes are exc ited by mode convers ion f rom
I I higher order modes which are subsequently

I attenuated leaving only the low—loss trapped modes.

- - - -- — — - — \ - -  — - I. -f .-) 4~ !. Fl l g~~ 16 Measuremen ts and Diac ussions

F l i ght 16 is unique in that the receiving
_ — — airplane flew out to a range of 800 km from the

.1 beacon transmitters allowing ducted 149 MHz signal.

~ 
to be measured a t long ranges . The duc t ing
conditions during Flight 16 were quite ordinary am
indica ted by the refractivity data given in Figure

iig e. ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ...Ø, .‘. .m, s,., , . .• ,a.  18. Whi l e  duct  log refractivity profiles were
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clearly present, they were not as consistent as 4.4.3 Signal Strength in the Duct
the Flight 18 profiles.

The measured signal strength inside the duct
4.4.1 Signal Strength Above the Duct is much less than calculated for th~ particular

sounding presented in Figure 19. However, it will
The measured and calculated height—gain curves become apparent in the following paragraphs that

for the 149 MHz airborne transmitter at a range of this large di f ference  gives a misleadingly
800 km are compared in Figure 19. The measured pessimistic view of the comparison of theory with
signal has a broad null above the duc t which is not measurements.
present in the calculated signal. Aside from this
null , the envelope of the calculated and measured The difference between the measured and
signals are in excellent agreement above and below calculated signals in the duct is thought to be
the null. The null appears to indicate that the the result of the calculated modal phase
calculated mode phases above the duct are not relationships being slightly different than the
accurate, while the agreement of the signal levels actual phase relationships. The reduction in the
outside the null indicate that the mode strengths measured signal strength is too grea t to represent
are being correctly calculated , the trapped mode power that was converted to

chordal modes. Only a small fraction of the
4.4.2 Signal Strength Below the Duct abundant trapped power is required to account for

all of the weak signal power observed below the
Below the duct the measured signal is much duct (.1% of the ducted signal).

stronger than the calculated signal. In Section
3.5 it was shown that the height—gain curve for While a large number of modes contribute
chordal modes allows for significant signal levels significantly to the signal level above and below
below the duct while the height—gain curve for the duct , only the two lowest order modes
well— trapped modes drops dramatically below the contribute sign if i can t l y  to the signal in the duc t
duct. However, chordal modes which are directly at these long ranges. The signal levels of the
excited by the transmitter are attenuated below third , fourth, and fifth modes are down 25 dli,
detec tabili ty before  they reach the rece iver . Thus 40 dB , and 50 dli, respec tively. This is because
the stronger measured signal strengths are of the increased leakage losses of the higher order
interpreted as resulting from the excitation of modes. At 800 las even a low—loss mode with an

~lgh—loss chordal modes by the interaction of attenuation of 0.03 dB/km will be attenuated 24 dB.
well— trapped modes with irregularities in the
a tmospheric refractivity along the propagation
path.

FlIght 16.33.. .21 June 1977
U-2 l Aircraft Data.,. Level Flight at 1680 .- Air Beacon 149.3 Nih:. Beacon • 1890 m

-61

. T heory ,s.— ticperi.ant
4.- 149.3 Nil:
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Figure 20. C~~ erIsoai of calculatad and msasured d pi.) strength as a function of rmmg.
for a 149 Nih: tranumi tter just above the duct.
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The two calculated modes have slightly refractivity height profiles were measured along
different phase velocities resulting in a 360° the entire propagation path. Theoretical signal
relative phase shift and a maximum in the signal strength calculations based on this refractivity
strength every 160 km. This can be seen in data were compared with the measurements.
Figure 20 where the measured and calculated signal
strength8 are compared as a function of range. A direct examination of the measurements
The measured maxima are offset 30 km in range from revealed 149 MHz signals near the free space level
the calculated maxima, and are spaced by 130 km at ranges to 800 km when the transmitter was
instead of 160 km. It is this offset that results located at the duct altitude and the receiver was
in the difference between the measured and in or above the duct. The measured 449 MHz ducted
calculated signal levels observed at the duct signal profiles were found to closely correspond to
altitude in the previous height—gain profile. The the measured 2200 MHz signal profiles. This may be
difference in the locations of the calculated and a useful result for those interested in developing
measured maxima indicate that the relative phase simplified duct propagation models.
of the actual modes is somewhat different than the
calculated phase. This difference could be due to Comparisons of the measured signal strengths
any one of three factors: experimental uncertainty with theoretically calculated values resulted in a
in the measured range, experimental uncertainty in number of revealing insights into the phenomena of
the refractivity model parameters , or a basic elevated ducting. A number of cases were observed
inadequacy of the r e f r ac tivi ty model it self . which suggest the presence of mode conversion

between low—loss trapped modes and the higher loss
The uncertainty in the measured range is on leaky modes. This is thought to arise from

the order of 30 km. The location of the airborne vertic,il irregularities and horizontal
transmitter was taken to be exactly over the ground inhomogeneities in the atmospheric refractivity.
transmitter. The instantaneous range from the Calculated interference effects of the two lowest
airborne transmitter varies from 10 km greater , to order modes were found to be in agreement with the
40 km less than this nominal range. There may also measurements, while the actual phase relationship.
be comparable errors in the location of the of hi gh order modes appea r to become somewha t
receiving aircraft which for this fli ght was random at long ranges in the real atmosphere.
essen tiall y determined by dead reckoning techni ques
with fixed locations at Kauai and Nihoa. Kerr, Donald E., (1951) Propagation of Short Radio

Waves , p. 12 , Dover Publ ica t ions Inc., New York
The cho ice of parameters for the three segment

refractivity model may not have been optimum to
represent the irregular refractivity conditions Pappert , R.A., and C.L. Goodhart , (1977) Case
present during Flight 16. The 30 kin difference in studies of beyond—the—horizon propagation in
the distance between measured and calculated maxima tropospheric ducting environments , Radio Sci .,
represents only a 2 H unit change in the average 12, 75—87.
refrac tivity of one of the modes relative to the
other.

The third possible factor affecting the
locations of the signal maxima is that the three
segment refractivity model is simply inadequate to
properl y account for the vertical irregularities
and horizontal inhomogeneities encountered in the
real atmospher e.

‘1 Thus the 130 km distance between the measured
maximum signal locations is felt to be In excellent
agreement with the theoretical value of 160 km as
is the agreement of their absolute locations to
w i t h i n  30 km.

5. SUMMARY AND CONCLUSIONS

Elevated ducts at altitudes above 1 km can
result in the propagation of VHF and UHF signals to
ranges greater than 800 kin. When the transmitter
and receiver are located fri or above the duct , the
signal strengths approach norma l operating (free
space) levels. When ei ther the transmitter or
receiver is loca ted below the elevated duct the
signals are greatly attenuated. Radiosonde
measurements can be used to identify the presence
of elevated ducts and develop ducting
cl imato logical data.

VHF and UHF signal strengths were measured as
a func t ion of height and range for elevated ducting
condi tions , and beacon transmitters were located on
the ground , and at the elevated duct altitude. The
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DISCUSSION CONTRIBUTION

A PROPOSAL ~lV INV~~TIGATE THE INCIDENC E OF ANCNIALOUS

PROPAGATION IN ThE NORTH—J~~T~~N ATLANTI C

John Clark e

Royal Signals and Radar ~~tab 1ishment

Great hialvern , U .K.

Several papers in this  conference hav e alread,y The exp eriment wi l l  comprise an SSR site
drawn attention to lack of knowledge regarding (secondary surveillance radar ) on the Hebrides ,
horizontal uniformity in the atmo sphere . A see Fig 2 , observing trans—Atlantic aircraft
statemen t has been made that the atmosphere t r a f f i c  over a two year period. For the SSR
appears to be unifo rm for 8% of all time ; also equipment selected , a pa th  loss of up to 1~~5 dBi
that substantial super—refraction (or ducting ) can be accommodated and this  allows aircraft to
occurs for 2O~ of t he t ime in some parts of the be tracked beyond the normal horizon in the
world. Therefore the question of the extent of p resence of super—refract ion.  Fig 3 shows path
horizontal uniformity in super—refracting loss versus range curve for various uniform
atmospheres is of major importance. It may be super.-refracting atnospheres: thus by correlating
noted propagation prediction programs, such as the occurrence of long range SSR performance with
IR~~S, assume the same vertical profile of local vertical refractivity soundings, a check
refractive index at all locations, can be made on the validity of assi.sned horizontal

uniform ity. The experiment will also provide
It is proposed that an experimental  investigation directly statistics of the incidence of anomalous
be made in the marit i ’ne environment of the nor th— propagation over this type of path in the
western At lant ic  off the coast of Scotland , to mari t ime environment .
i ndi rect ly exp lore horizontal uniform i ty of
super— refracting atmospheres . A pat h of Thus , in summary , a p roposal has been made to
operational importance wil l  be used as shown in inves tigate the incidence and un i fo rmi ty  of
Fig 1 , for which one terminal is at medium super—retracting atmospheres in the north—western

altitude (is an aircraft equipment) and the other Atlantic. The results will be of part~ cu~ ar
is near to the surface of the sea (ie a shjpborne interest because the propagation path passes over

equipment or a coastal defence s i te) .  The the Gulf Stream .
operational equipment at ei ther terminal  might be
a coemun i~ation set , j amse r, radar , passive
detection ystea , or ident i f icat ion system . C H~Q.I50, London i97q
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REFRACTIVE INDEX PROFILE EVOLUTION : A NUMERICAL MODEL STUDY

Stephen D. Burk

Naval Environmental Prediction Research Facility

Mon terey , Ca l i fornia 93940

ABSTRACT presents the time-dependent behavior of
mean rather than turbulence quantities .

Forecasts of the modified refractive Particular attention is paid to the modified
index field are presented in three case refractive index , M .
studies that use a one-dimensional boundary
layer model . In the first experiment , We recognize the danger of making over-
stratus clouds exert a strong influence on enthusiastic claims for a one-dimensional
the development of an elevated duct . In model. Grid points for computing horizontal
the second experiment, observational data gradients are absent; the time-dependent
from CEWCOM-76 are used to initialize the behavior of advection and subsidence cannot
model; the predicted boundary layer behav- be calculated . These terms , however , can
ior in this experiment is quite realistic be externally specified . That is , if infor-
when compared with detailed observations . mation concerning subsidence and advection
In the third exper iment, a surface duct is available from analyzed charts or from a
u~ sappears near the time of fog formation ; larger—scale model , then this information
however , this duct dissipation is found to can be added to the prognostic equations of
have no direct cause and effect relation- the one—dimensional model .
ship with the fog formation .

2. MODEL EXPERIMENTS
1. INTRODUCTION

Rather typical situations are discussed
High resolution numerical models of in the two MPBL model experiments presented

the marine planetary boundary layer (MPBL) here . The f i r s t  experiment (Case A) repre-
have the potential for forecasting the sents a situation in which an initially
deta iled evolution of the refractive index cloud—free boundary layer develops into a
field . This paper discusses the capacity stratus-capped boundary layer during the
of such a model to forecast the time-depen— period of the model forecast. The second
dent behavior of the modified refractive experiment (Case B) is based upon data from
index field in two typical MPBL situations the Cooperative Experiment in West Coast
and in one overland case . The model is a Oceanography and Meteorology (CEWCOM-76).
second-moment turbulence closure model The behavior of the MPBL on 3 October 1976 ,
which hins a complexity of “Level 3” (Mellor as discussed by Noonkester (l978a ; l978b),
and Yatnada , 1974) . provides the focus of the Case B experiment.

Case C addresses resul ts from an over land
The model is one-dimensional; the grid simulation.

points may be thought of as an “instrumented
tower.” Given initial information on the 2.1 Case A
Wind , temperature , pressure , and moisture
f ields , one solves the model equations in This experiment is based upon the work
an iterative fashion to forecast new values of Sommeria (1976), who used the three-

• for these quantities . Hence , one is fore- dimensional Deardorff model to simulate an
casting wind , tempera ture , pressure , and undisturbed MPBL situation . The boundary
humidity at each level of the tower. The layer is well mixed , i n i t i a l l y, to a he igh t
evolution of the modified refractive index of 500 in . Between 500 and 1425 m there is

• field is then diagnostically calculated a conditionally unstable layer that is
from these forecast fields , capped aloft by the dry , stable , f ree

atmosphere. The air-sea temperature dif-
The turbulence closure model also ference is 1°C and the surface specific

forecasts the evolution of important sta— humidity is taken at the saturation value
tistical quantities that describe the for the given sea surface temperature .
turbulence field , such as variances of Initially , the boundary layer is cloud-free ;
temperature and moisture. By this approach , the relative humidity within the condition-
the intensity of refractive index fluctua- ally unstable layer is near 95% . A subsi—
tions caused by turbulence

2 (as measured by dence of 2 cia s”-~ is specified at the gridthe structure parameter , C~ ) can be fore— top (2.5 km) and this subsidence decreases
cast (Burk , 1978). This paper , however , linearly to zero at the surface . Shown in
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Fig . 1 are the initial profiles of poten— 2.5 i i i i i
tial temperature and specific ~‘umidity .

2000 2.0 — -

~~~1.5
1500 

= ‘~~ 

14

~~iooo - \
.;; I A\

\
500 - -

~ 
-

• ~~~~~~~~~ ( 0.55 10 15 20 300 305 310
q Ig ~r9 OI°K ~

Fig.  1. In i t ia l  prof i les  of spec i f ic
humidity and potential temperature used
in Case A . b. ______________________________

~ 2 3 4  5 6During the f i r s t  three hours of inte-
gration , the overlying stable region lowers Time (h)about 130 in due to the subsidence . The
moisture within the mixed layer increases Fig. 2. (a) Model—predicted evolution of
due to the upward moisture f l u x  from the the potential temperature (°K) field in
surface . This lowering of the inversion Case A; (b) Specific humidity field (gin
and moisture increase appear in Fig. 2, kg l).
which shows the evolution of the poten tial
temperature and specific humidity f ie lds . Clouds begin to form two hours into

the integration and a well-defined stratus
layer is present during the final three

~~ hours of the forecast. Radia tive cooling
at stratus top creates an unstable lapse

~~~
— rate within the cloud layer. This thermal

2.5 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ to increase and thereby increases the rate
ins tabi l i ty  causes the turbulent  in tens i ty

at which the stable overlying air is2.0
~~~~~~~~ of turbulence by radiative transfer is a

entrained into the MPBL . Thus , enhancement

mechanism by which a stratus-capped boundary
layer can grow in depth . As an indication
of this stratus e f f e ct, note in Fig. 2 that

—_~~~
__

~~~~~~~~~~ _- beyond three hours into the forecast , the1.5 
~~~~~~~~~~~~~~~~~~~ 

mixed-layer depth increases slightly despite
the continued presence of subsidence . The

~~~~~~~~~~~~~~~~~~~~~~~ liquid water content of these clouds is
shown in Fig . 3. A more complete discussion• 

~~ I fl - - concerning the dynamics of stratus—capped
= I~ U boundary layers is presented by Oliver et

al . (1978)

300
~~~~~~~~~~ We now turn to the evolution of the M

field during the integration period . The0.5 — — sharp moisture gradient near the surface
(Fig. 1) creates a 20-in deep evaporation
duct. Above this su face duct, the modified
refractive index has a monotonic increase ,
initially . The initial temperature inver-

a. I I I sion and moisture decrease present near 1.4

1 2 3 4 5 6 kin in Fig. 1 are not intense enough to pro-
duce a trapping layer , although these gra-

Ti me Ib) dients do create a region in which the M
field is rather flat. Once the stratus

4 
Fig. 2(a) layer develops , however , the combination of

radiative cooling at cloud top and
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Time (h1 Time (h)

Fig. 3. Liquid water content (gin kg 1 ) Fig. 4. Evolution of the modified refrac—
showing s t ra tus  development in Case A , tive index f i e ld  as forecast  by the model
contour in terval  0 . 1  gin kg 1. in Case A.

subsidence heating aloft acts to intensify The model was initialized with condi—
the capping inversion and moisture lapse tions representative of 1200 LT. The
across the invers ion .  The stratus develop- inversion initially present near 325 m
ment creates a trapping layer in a short rises to about 575 m at 1800 LT , in reason-
t ime. Simi la r ly , this trapping layer able agreement with the CEWCOM data . How-
could be eradicated rather qu ickly if the ever , there is no indication , as there  was
stratus layer were to dissipate , in the CEWCOM data , of suppression of the

bou ndary layer  depth between 1500 and 1800
With the exception of the evapora tion LT. Perhaps this disagreement results from

duct, which is too thin to be resolved by lack of detailed in forma tion concerni ng the
the depicted contours , the features of the time-dependent behavior of the subsidence.
M f i e ld  are show n in F i g .  4 .  The growth of the boundary layer is appar-

ent in Fig . 5, which shows the potential
• 2 .2 Case B temperature and specific humidity fields .

The model-predicted boundary layer levels
Case B examines a MPBL situation simi- off beyond 1800 LT (not shown) at about

lar to tha t  described fo r Case A , except 600 m .
that real data from CEWCOM—76 are used .
Noonkester (1978a) presents detailed acous- Case B develops only a very thin
tic sounder and FM—CW radar data for 3 stratus layer that has an insignificant• October 1976 taken near San Diego as part liquid water content. The inversion does
of CEwCOM-76 . Shipboard and radiosonde strengthen somewhat during the period of
data are available for this date . Fig. 5 the forecast. This strengthening , as illus—
in Noonkester , 197 8a , indicates that the trated in Fig. 5, results from the subsidence
depth of the MPBL is about 325 in at 1200 LT. aloft and the turbulent mixing at low levels.

• The boundary layer grows to a depth of If the stratus layer had developed more
about 600 m at 1500 LT and then is sup- fully, then a significant elevated duct very
pressed to a depth of about 500 in at 1800 likely would also have developed . Instead ,

-
• 

LT. Noonkester points out that the descent the M field has only a weak trapping layer
of an elevated inversion indicates the near the inversion . As in Case A , there is
presence of subsidence . Radiosorides showed a surface duct in this experiment. Fig. 6
this elevated inversion descending from 2 shows the behavior of the M field in Case B.
km to 830 in between 0500 and 1700 LT ~~ 

The evaporation duct , as in Case A , is not
this date. This information was usei to resolved by the contours .
specify the magnitude of subsidence for
this model run .
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Fig 6. Evolution of the modif ied refrac--
tive index field as forecast by the model

- 
in Case B.

Burk (1977). An Ekman-type wind profile1.0 — — and stable boundary layer are present
initially as shown in Fig. 7. The surface

- - temperature is specified to undergo the
diurnal wave shown in Fig. 8. The surface

- —~~~ __ • specific humidity undergoes a similar wave
E 8.0—_

~~ as a simulation of evapotranspirat ion
.~~~ _ ~~

— __ - effects.

2-5

~ 0.5 
20 

7

1- 11. •~

b. 11.5 Z .0 . /
1 2 3 4 5 6

Time (h )  05
Fig .  5. (a) Model—calculated evolution of• potential temperature ( °K)  f ield in Case
B; (b) Specific humidity field (gin kg l) . 

— ______________ ______________

- 4 0 4 8 1 2 16 28 3032 34
2. 3 Case C WIND SPEED ( m s ’) VIRTUAL POTENTIAL

• TEMPERATURE (“C)
Case C is a simulation of the diurnal

PBL behavior over land . Some aspects of Fig. 7. Initial wind and virtual potential
this numerical experiment are presented in temperature profiles used in Case C.
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- I conducive to dissipation of the surface0 p 
duct. To explain this last statement more

; fully , the sequence of events should be
101 

outlined , 

the day , the near surface
-- 0~~~ specific humidity decreases due to entrain-

- ment of dry air from aloft. As evening

~ approaches , a substantial moisture lapse
‘~~~~~~ exists near the wet surface. This moisture

• 2411 • lapse , in conjunction with the development
of the nocturnal temperature inversion at

fleE 
~ the surface, creates a surface duct. As

Fig 8. Specified diurnal variation of the evening progresses , the air adjacent

surface temperature and surface specific ~~
0 the e nio . The is little

humidity used in Case C. because the turbulence is weak . Fog forma-
tion occurs when the near surface air has
cooled and moistened to the dew point.
Concurrently , the moistening of this iayer
adjacent to the surface  acts to decrease

No clouds develop in this case. A the moisture lapse and , t he r e fo re, to
nocturnal inversion about 500 in deep devel- reduce the likelihood of a surface duct .
ops , while during the day the large convec-
tive activity associated with the surface 3. CONCLUDING RE MA RK S
heating causes the PBL depth to increase to
about 1.7 km (Figs . 3 and 4 in Burk , 1977). This paper addresses several typical
This lifting of the inversion during the MPBL cases and o”e overland experiment.
day manifests itself in the M field . The The behavior of the M field at altitudes
“wrinkle” in the contours in Fig. 9 locates near the inversion has been particularly
the position of the rising inversion. It emphasized . If desired , however , sur face
is evident , however , that no trapping is duct behavior could easily be emphasi:ed
present in this case even though the con- by expanding the grid display r,ear the
tours do tend to fold back near the inver- surface .
s ion .

Second-moment turbulence closure
models are complex numerically . One solves

__________________ 
not only time-dependent equations for the

_____________— 

—~ mean quan tities , bu t also solves equa tions
for the ensemble-averaged turbulence van-

2.1 ables . However , when restrictcd to one
— dimension , numerical computations with such

closure models run quite quickly and effi-
441

A multi—dimensional model can deal
411 more realistically with the three-dimen-

sional nature of the atmosphere than can a
‘4° one-dimensional model . In the operational

marine environment , however , one rarely has
TIME (H3 ~ 

the detailed three-dimensional data neces-
sary to specify initial and boundary condi-

Fig. 9. Evolution of the modified refrac- tions for a multi—dimensional M FB L model.
tive index field as forecast by the model Typically , only isolated soundings are
over a two—day period in Case C. available in conjunction with bulk air-sea

da ta . This type of limited information is
This experiment recently was repea ted compatible with the initialization and

with a slight modification. In the modi- boundary condition requirements of a one-
fied version , the specified surface specif— dimensional model .
ic humidity is increased . This humidity
increase leads to development of a noctur— Although the model results presonted
nal ground fog . Such nocturnal “radiation ” here are encouraging , furthes detailed
fogs are relatively common over wet agri- comparisons with atmospheric data are
cul tural f ields . Interestingly, a surface needed . For such mode l testing , research
duct develops early in the evening in this experiments such as CEWCOM of fer a very
numerical experiment and dissipates when useful data base. A model mus t be ve r i f i ed
the fog forms later in the evening . Battan by an abundance of detailed atmospheric
(1973 , p. 26) notes that disappearance of observations before the model can be confi-
surface ducts is quite common when fog dently applied to a data sparse environment.
forms . In this experiment , however , no
direct cause and effect relationship
exists between the fog and the surface duct
dissipation . Rather , the conditions con-
ducive to fog development are also
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CLIMATOLOGY OF EVAPORATION DUCT PROBABILITIES

Pau l R . Lowe

Naval Env i ron menta l  Pre di ct ion Researc h Fac i lity

Monterey, California 93940

ABSTRACT The presentation is organized in a
deve lopmental fashion. Section 2 discusses

This report outlines a procedure for the nature of evaporation ducts, the deter-
generating a probabilistic climatology of m ination of duct intensity , and the effect
the effect of the presence of ~n evapora- of duct intensity on range. Section 3
tion duct on radar range . Examples of the defines the analysis procedure and events
probability of range enhancement (success) studied , and describes the data analyzed.
are presented as a demonstration of the Section 4 describes the analysis results
utility of such a climatology for short in terms of estimates of unconditional and
term forecasting. condit ional probabilities , and describes

models derived from the analysis. Sections
1. INTRODUCTION 5 and 6 summarize the presentation and

offer recommendations for further study ,
Climato l og ies of atmospheric events respectively.

have generally been required as inputs into
the process of long term strategic planning. 2. THE EVAPORATION DUCT
C limatologies for such purposes are usually
limited to monthly or seasonal histograms , In maritime regions , there is almost
some measures of centra l tendency, and some continual evaporation of water from the
measures of dispersion. Measures of cen- ocean surface. This evaporation generates
tral tendency might include the algebraic a rather steep moisture gradient in the
mean (average), the median (50% va l ue), or l ower few tens of meters of the atmosphere.
the mode (the most typ ical value). Mea - This moisture gradient leads to ducting of
sures of dispersion might include the microwave propagation which , in turn ,
va ri ance , the in terquarti l e range , or the leads to extended radar ranges. The inten-
interdecile range. Such clim ato logies have sity of the duct is dependent on the mois-
little use for short term (day—to-day, ture gradient.
hour-to-hour) decision making.

Jeske (1971) derived a relationship
It is possible to compile c l imatolo - for assessing duct intensity as a function

gles which do provide input into the short of readily observable environmental param —
term decision making process. Such clim e— eters. Hitney (1975) subsequentl y modified
tologies are probabilistic (stochastic) in and improved this relationship. The rela —
nature and address the behavior of the tionship is
atmospheric event under consideration as a
function of time . In this type of comp i la - d = f(Ta, T5, Td, U)
tion the probability of persistence or
change of the evert under consideration is where 6 is duct intensity ; T5 is air tern-
determ ined. Such probabilities are cond i- perature ; T5 is sea surface temperature;
tional In nature , I.e., given the state of Td Is dew point temperature ; and U is wind
an event at the present time , the future speed. This relationship is based on bulk
state may be predicted in a probabilis tic parameters and stability considerations.
fashion. In contrast to the classical Details of the computational procedure are
approach , the stochastic approach has fore- found In Hitney (1975).
casting utility as well as utility for long
term planning. Hltney (1978) has shown that the exis-

tence o f an eva pora ti o n du ct can In f luence
The purpose of this presentati on is the range of a radar system In one of two

to demonstrate the type of operationally ways. The range is either enhanced or not
significant Information provided by a sto- enhanced (even inhibited) depending on the
chnstlc analysis of historical data . The intensity of the duct and the type of radar
demonstration takes the form of a pr obab i- system. Each radar system has its own
list i c analy sis of the influence of the critical duct intensity. If actual inten-
strength of evaporation ducts on the range sity exceeds this critical value, the range
of radar systems . of the system Is enhanced. If actua l

i ntens ity Is less th an or equal to the
system critical Intensity , radar ra ng e w i ll
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not be enhanced and may even be inhibited. P(E~ ) = n~ E 5) 
, (3)

Herea fter , e nh ance men t w i ll be referred to X

as “success ’; and nonenhancement will be where the symbols have a meaning similar
referred to as a “failure .” to those used In the foregoing examples .

Freq uencies of recurrence were derived in
3. ANALYSIS AND DAT A a similar fashion and used to estimate

probabilities. The probability for a
The analysis procedure followe d in recurrent event is given by

this study is similar to that used by n ”E EGrantham and Lund (1977) in a study of the P(EOEL) = I 2 (4 )
pers i stence and rec ur rence of c l ou d cove r X

ca tegories. The term persistence (Er) is where L is the number of hours from the
defined as having the event (success , s; current time .
or failure , F; as defined in Section 2)
occur at x consecutive observations. x The data analyzed in this study con-
may take on any value from 1 through 12. sisted of surface observations taken at
Thus S~ indicates the occurrence of success ocean weather station ECHO ~35N , 48W) forconditions at 3 consecutive (contiguous ) five years 1951-55 . The sampling density
observations , 3 hours apart , i.e., SSS . was three hourly observations. The analy-
F4, in the same fashion , indicated the sis was applied to each month of the year .
occurrence of failure conditions at 4 con-
secutive observations. The term re’ urrence 4. ANALYSIS RESULTS
is defined as the event where a success (or
failure) condition exists now and also L 4.1 Persistence
hours from now . SOSL symbolically indi-
cates the existence of a success condition The basic results of the analysis con—
now and also L hours from now. FOFL m di — sist of estimates of the unconditional
cates a similar event for failure condi— probabilities for persistent events. The
tions . probability of having a success condition

at any observation chosen randomly is _ .66.
The actual analysis determined fre- Prob abilities of success for longer

• 
- quenci es of success or fai lL ’re for each set sequence observations decay in an exponen-

of x consecutive observations where x took tial manner. The longest sequence analyzed
on the values 1 throug h 12. That is , each was one of 12 observations for which the

• i ndividual observation was classified as a probability was found to be — .18.
success or a failure and frequencies were
estab lished. Next , each pair of (consecu- A negative exponential model (function)
tive - conti guous) observations were was derived for these probability values.
examined and frequencies of 2 successes or This model fits the analysis (observed)
2 failures were established. This proce- values very closely and is given by
dure was continued until all possible sets
of 12 contiguous observations were examined P(S~ ) 

= P(S1) exp (—a(x—1 )~’) (5)
and frequencies were established for S12
and F 12. At the same time , frequenc ies where P(S~ ) is the probability of having
were established for the recurrent events the success condition for a sequence of x
EO E L where E could take on the value S or F observations. x may take on any integer
and L varied from 3 to 33 hours , value from 1 to 12. P(S1) is the probabil-

ity that any randoml y selected single
The frequencies thus determined were observation shows the success cond ition.

used to estimate the probabilities for the The value for this probability is 0.6578.
occurrence of particular events. For The parameters ‘a ’ and ‘b’ vary for dif-
exam p le , the probability of the occurrence ferent months. For January for the success
of 3 consecutive observations of success condition , a and ‘b’ take on the values
conditions is estimated by 0.1368 and 0.9210 respectively. The param-

A n ’S eter ‘a ’ is largely a function of the cli-
P ( S 3) = 

N (1) matic frequency of the event in question ,
3 while the parameter ‘b’ is a function of

w here n (S 3) is the number of events of 3 the decay rate for the probability of
co n secutive observations that showe d all longer sequences .
successes; and N3 is the total number of
consecutive tri plets. Similarly the prob e- The goodness of fit of the model to
b ili ty of the occurrence of 4 consecutIve the observed unconditional probabilities
observations of failure conditions Is esti- was examined by determining the upper and
mated by l ower bounds of the 95% confidence limits

A F for each observed probability . This inter—
P( F 4) = L (2) va l Is the region within which probabil l-

A ties determined from different samples of
It should be noted here that ~

‘(F 4) + P( S 4 )  th e sa me popula ti on can be expec ted to li e
~ 1 . This situation holds because the 95% of the time . If a model value lies
events F4 and S4 are no t ex h a u s ti ve . Oth er be twe en these li mit s , that value is accept-
situations such as FSFS are possible. In able as a representat ive estimate of the
general the estimate of the probability of underlying population. FIg. 1 illustrates
an even t of Interest Is given by the analyzed unconditional probability

l i t )
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for values of x 2 ,... ,l l. The probabili-
ti es c hange very lit t le  as x ta kes on
large r values. Fo r x • 2 , the probability

SUCCESS - PERSISTENCE Is ..87 and for x = Il , the probab i lity is
- UNCONDITIONAL - JANUARY - .89. The highest probability is .905 and

Is found at x 9. These values show sig-
nificant contrast with the unconditional
pro bab i lity tha t a g i ve n observa ti on shows

P15 1) = PIS 1I EXP ~I.a(x .lIb} a success  con diti on .

.6518; a .1368 T h e s e  c o n d i t i o n a l  p r o b a b i l i t i e s  c a n  be

• 

~~~~~~~ 
~~~ 

= .9210 
ex p ressed In ter m s o f the mo del es tabl i shed
for the unconditional probabilities. The
result is given by

° Observed Fie Vue~cy
r~~ MedeI P(S 11S 5) ex p (a[(x_l) b 

- xb ]} . (8)

This result was obtained by substituting
the appropriate unconditional model exp ’~es-

41

— of Eq. (7). The parameters ‘a ’ and •b’~ 4Q

~ 

sions for the factors on the right side of

have the values indicated above. As before ,
the model very closely approximates the

35~ 
- - values derived from the unconditional prob-

abilities . All values lie well within the
- 95% confidence interval. Fig. 2 illustrates

30
— I_ D o -

1 
- 

SUCC ESS - PERSISTENC E24 
- CONDITIONAL - JANUARY
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1 ~ 3 4 5 6 1 0 9 t O  II II
$5 —

- OF CONTI G UOUS O B S E R V A T I O N S

P1 511S 11 EXP{a lix . 11b . xbj }
Fi g 1. Unconditional probabilit y .i ( , :~~) $0

(Success-.January). The p oi-nt8 =~i rkc.~ 
a = .1368 o~~Obs ,(,,dwi th O ’8 represent analysis outputs . Tht ~ b .9210 

~~
- N,d,l

X ’8 indicate mode l vj lu ee . The short
horizontal lines indicate the t4 ff er ari J
lower bounds of the 9.5% confidence inter-
val .

structure and also the values produc ed by
70

the model.

Conditional probabilities can be 65
deriv ed by application of the calculus of -
probabili ty to the unconditional probabili-
ties just described. Conditional proba bi l- -
ities take the form

P(A B)P(A IB) = , (6)
55

i.e., the probability that event A will
occu r , given that event B has occurred.
This probability is determin ed by dividing 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —I--
the joint unconditional probability of A • i 2 3 4 5 6 1 I 0 10 II 12
and B by the unconditional probability of B. x • OF CCNTI0000S lOSER VATIONSFor exam pl e , the probability of a success
occurring at the next observation given
th a t x succ esses  h ave been exper i ence d up Fi g .  2. Co n d i t i o n a l prob a b i l i t y  P(S j iS~

)
to now is given by (Success-January). The points marked with

P (Sx+l ) 0 ’ø represen t analysis outputs. The n ’s
( 7 )  indicate mode l values. The 8hort hori-P( SlI S x )  = 

~~sx zonta l li nes indicate the upper and lower
Pro ba bilities of this type were cal culated bounds of the 9.5% confidence interval.
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the derived probabilities as a function of
seque nce s i ze , th e mode l va lues , and the
con fidence limits. IOO ~

In addition to the conditional prob — CONDITIONAL - JANUA RY
90 

SUCCESS- PERSISTENCE
abilities just discussed , probabilities of
the fo rm P(Sx IS l) were a lso  der i ved ( from
the unco nditional data). P(S xI S l ) signi-
fies the probability that a sequence of x
successes will occur given that a success so~ 

~~~~ P1S51S1 EXP {.axb}
condition exists at the present. These
probabilities are determined by

P(S XI S 1) = 
P~ Sx +l) (9) 70 a = .1368( S l )

As with the unconditional values , these b .9210
N,probabilities decay as a negative exponen-

tia l , but they have rather higher values - -

(e.g., P(S2)S~ ) .77 while P(S2) = .575). 
~The rate of decay is about 50% steeper than 
~~ I -
Cthat for uncond i tionals. Thus , again , — 5Q~- -

information relevant to the pres ent or -

recent past more clear ly defines the prob- ‘-. -
ability of the event in the near future .

Again , the basic model was appli ed to Obse rved 
- - 

-

approximate the deriv ed probabilities . - 

i~~ NedsI -

This was accomplished by sub stituting model 3O~— -

expressions for the factors on the right
hand side of Eq. (9). The result of this
substitution is -

20
P(SxI S l ) exp {_ ax b } . (10) 

-

where a and b have the same values as pre-
viously shown. All model values fal l w i t h i n
the confidence interva l s , thus mak ing an

O0~ I i~

acceptable fit to the derived data. The
largest difference is found at x = 3. Th i s 0 11 12
difference is approximately two perc entage OF CONTIGUOUS OUS ENVA T IONSpoints on the low side. The dis cussion of
P(S x I S i ) is c raphica ll y i l l u s tr a te d by Ftg.
3. F i : .  .~~. Conditional p robab ili ty P(S~~IS i)(ruccess-January). The points marked with

A g e n e r a l  e x p r e s s i o n  f o r  un conditional o ‘ r~- 7 rcrci t analysis outputs. The x ’s
probab i l itie s is g iven by i’~~~~~~i t e  —~~J c l  v a Z u e a .  The short hori—

s ~~ 
n - n t a l  l i n ee  i n d i c a t e  the u~-~~er and lower

P ( S x I s y ) = ~~~~~~ ( 1 1 )  b o u n ds  ‘f the  95% confidence interval.

This indicates the pr obability that a Estimates of the conditional probabilities
sequence of x consecutive successes will P (5iJ S o) were produced by the b asic analy—
occur , g iven that a sequence of y successes sis. The probability P(S 31S 0) is _ .87 and
has already occurred. Such probabilities that for P (5 3a 1 5 0 ) Is ~.69. In genera l
can be modeled by substituting appropri ate there is , a gain , an exponential-like decay
unconditional model expressi ons (Eq. (5)) with increasing time and the decay becomes
for the factors on the righ t side of Eq. assymtotic to the value of P(S1), the basic

• (11). This substitution gives climato logica l frequency . The decay curve,

P(S~ IS y ) = ~~S3~ ex p {— açx +~
v _ l b~ h oweve r , Is no t as regular as th a t s hown

(12) for the events discussed in Para . 4.1.S l I exp (-a~ y-i)b~ 
— 

There is the hint of some cyclic periodi -
which reduces to city where L 21 and 30 hr. This irregu-

lar ity might be indicative of some kind of
P( S x1 S y ) = exp {5[(~ _ 1 ) b - (x +y l ) b } (13) dIurnal effect or it might be a result of

data sampling chance effects. Gran th am
where a and b have values pr eviousl y shown , and Lund (1977) did observe periodicities
and x and y may take any posi tive integer in the probability of the recurrence of
values, cloud cover w ith land observations. One

woul d not expect to find signi ficant diur-
4.2 Recurrence nal va riations In the maritime atmosphere.

In modelling the recurrence probabilities ,
A recurrent event is defined as the no effort was made to fit the possible

event in which a condition exists both now per iod icity .
and and also I. hours from now with no con-

4 sideratlon of the intervening time .
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The model form used was agai r an expo- conduct an analysis stratified by time of
nent lal form. This was different in that day . Gran tham and Lund (1977) conducted
It consisted of two terms In order that the such an analysis and were able to fit the
funct ion values ass ymt o t ic a l l y  approach the per iod ic i ty  for c loud cover qu i te  w e l l .
basic c l imat ic  va lue. The func t iona l  form Befo re this can be done for evaporation
for the model is ducts , the reality of the per lodicity must

b be confirmed.
P(SLIS 0) P(5) + P(F) exp I—aL ) , (14)

5 . SUMMARY AND CONCLUSIONS
where a an d b have the va lues .2176 and
.6964 respectIvely. P(S)  , the climatic It has been demonstrated that it is
probability , Is .6578 and P(F) l-P(S) . possible to develop a probabilistic clima-
All model values fell within the 95% con fi- tology that has a forecasting utility.
dence interval for the derived pr obabili- Even though the basic data consists of
ties . While the fit here is not quite as observations that are separated by 3 hr ,
good as in those models previously d is- it seems possible to interpolate probabil-
cussed, this model does give acce ptable ity between observation times. This is so
probability values. The largest difference because of the very high degree of persis-
occurs at L = 24 hr and is approximately tence for both the “s uc c e s s ” and “failure ”
1 1/2 percentage points. This discussion conditions.
of recurrence probabilities is illust rated
in Fig. 4. The information derived from this

study proved to be amenable to curve
In order to attempt modelling the pos- fitting. Such models have a number of

sible per iodicity , it would be necessary to advantages. They are quite economical in
that they obviate the need for the storage
of large arrays of numbers (e.g., a clima-
tology of this nature , for all ocean

l oop, weather stati ons in the North Atlantic , can
be stored in a single solid —st ate module5UCCE 5S RECURRENCE of a hand calculator). The ‘ a ’ and ‘b’

JANUARY parame ters make it rather easy to compare
95— the probability structure at different

stations , or at the same station for dif-
ferent months of the year.

— The approach used here is not limited
to studies of evaporation duct behavior.
This approach may be applied to any envi-

-, ronmental parameter or phenomenon which can
- be characterized as a binary (go or no-go)

vari ab l e with regard to some particular

00 -- weather—dependent operat ion.
- 

“ — Final ly, the analysis method described
- above has been applied to each month of the

~~ 15 - year for both success and failure condi-
— 

‘- 
- - tions. The models for the failure condi-

- 
s— 

~‘ ~, 
- -  - tion take the same form as for the success

a condition. However , the a and b parameters
101- — - ‘— - take different values.

— — 
6.  RECOMMENDATIONS

65 T h e re are a numbe r o f tas ks to be done
mie I C  I — D IC I  + air rye I ibi in order to complete the stochastic d ims-
r I e Iu J oJ — r i d n i p  LA!  

~~
1L J tology . First , the models derived must be

60 - 
— — tested and verified on an Independent data

PISI — .6518, PIF) — 1 ‘ P15) samp le .  Next , the ana l ys i s  must be app l ied
a 2116 b = 6964 to all ocean weather stations (OWS). Then ,

a comparative analysis of all OWS , each one
against the others , will be required. To
make the cl imato l ogies more useful as a
forecasting aid , it will be necessary to

St — —~---—---h--—- -- condition the success and failure condi-
0 3 I I I I IS II 21 24 21 30 ~ tions on such basic data as temperature .

L N001S L*TII Final ly it w i l l  be necessary  to def ine
probabil ity distribution that accounts for

F i g .  4 .  Recur rence  p robabilit y P ( Sj I S 0 ) all comb i nations of success or failure in
(Suc cess—January). The points marked with a given sequence x hours long.
0 ’s reprssen~ ana lysis outp uts. The x ’s
indica te ri i€ ’L  va l u e s . The short hori-
zontal lines iidicate the upper and lower
b ounds o f  the 95% confidence interval.

119

- 

- _



- - -- - --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—- _ _ _ _ _ _ _ _

REFERENCES

Hitney , H .V . ,  1975:  Propagat ion model ing
In the evaporation duct.  NELC TR-1947 ,
Naval Elec tronics Laboratory Center
(now Nava l Ocean Systems Cen te r ) ,  San
D i ego , CA 92152.

Hitney , H . V . ,  1978 :  Available to
qualified requestors.

Jeske, H., 1971: The state of radar range
prediction over sea. Tropospheric
Radio Wave Propagation , Part II , NATO-
A G A R D .

L und , l. A ., and Donald 0. Grantha m , 1 9 7 7 :
Persistence , runs and recurrence of
sky cover. AF GL-TR-77-03 08 , Air Force

• Geophysics Laboratory , Hanscom , AFB,
MA 0 1 7 3 1 .

‘-l

,
-
~~

4
120

4 .  
- _____ _______-

- 
_ _ _ _ _ _ _ _ _



r - _ _ _  _ _ _

ASSESSMENT OF MICROWAVE PROPAGATION N THE
LOWER TROPOSPHERE FROM LARGE SCALE MODEL OUTPUT

Wayne Sweet

Naval Environmental Prediction Research Facility

Monterey , Cali fornia  9394 0

1. INTRODUCTION where

Anomalous microwave propagation is Nw (T) = Be(T)/T2

not currently assessed or forecasted
routinely because the necessary radiosonde Ta = air temperature

• - data are not available for most ocean
regions . Such assessment and forecasting Td = dew point
will become a reality, however , when valid 5
methods are developed to acquire the neces— B = 3.8 x 10 and
sary input data from large scale numerical
models. One such procedure , developed by e = water vapor pressure .
Gjessing and Moene (1967), has been found
to yield good results in determining These points are illustrated in Fig. 1.
whether the region from the surface to the
850 mb level is characterized by anomalous
or normal propagation . 

~\ eso.b -saN -15

The Gjessing and Moene procedure uses
an 850 mb parameter to forecast anomalous ALTpropagation over oceanic regions . The
parameter is an indication of dry air aloft
(at the 850 mb level) over a moist marine 

_____________

layer . This combination of dry air over
moist air typically leads to strong ver-
tical gradients in water vapor , hence
anomalous propagation . ~~ ~~~~~

The procedure was developed using -~ 

- 
\__— \

received signal intensity data to classify _ . —
days as being characterized by either PIll —
normal or anomalous propagation . These ~N kJT.I—N ,JT,l
classified days were then compared to the
assessed classification based on the
850 mb parameter. Both an L-band radar Fig. 1. Gjessing and Moene (1967) related
and a 1 GHz radio band were used to examine SN to received signal intensity . The
the correlation between received signal definition of SN uses the wet term of the -

intensity and the 850 mb parameter. N equation which relates SN to the dry-
ness of the air at 850 nt. A signal

2. REVIEW OF G,JESSING AND MOENE (1967) receiver was placed beyond the normal
PROCEDURE radar horizon and was used to classify

days as normal or anomalous propagation .
Gjessing and Moene related a parameter The value of SN was then correlated to

determined from 850 mb data, referred to the classification of propagation .
here as SN , to microwave propagation in the
lower troposphere . They measured signal The value of SN is linearly related to
intensity at the ground level by posi— vapor pressure depression
t ioning remote signal recorders beyond the
normal radar horizon . The signal intensity Se = e(T) - e (Td)
recordings were used to classify days as
exhibiting either normal or anomalous Therefore SN is simply a measure of the

• propagation . These event days were then dryness of the air at 850 mb. Dry air at
related to the SN parameter , defined as 850 ut over oceanic regions implies a

strong marine inversion and an accompany ing
SN Nw (Ta) - Nw(Td), anomalous propagation .

4 121
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The results of the L-band radar data Observed
analysis are presented in the form of a AP N Total
contingency table in Fig. 2. The columns
are observed days, classified as either AP a11 a12 134
anomalous propagation (AP) or normal . The
rows are the assessed (calculated) classi— Calculated
fications which use SN > 15 to indicate ?.P
and SN c 15 as indicatiiig normal propaga— N a21 a22 309
tion . Fig . 2 shows that of the 134 days
assessed as AP , 118 were observed to be Total 143 301 443
so. The diagonals are the correctly
assessed days: the off-diagonals are the Then if the a13 ’s are the expected
incorrect assessments . The total ratio values based on the observed and assessed
correctly assessed is simply the sum of distributions ,
the diagonals divided by the total (443).

C = a 11 + a 22
— 134 143 309 301
— (n..) 

~~~~ 
+ (~~.~~~-j (~-4-~-) 443

OBSERVED = 2 5 3 , 2

ANOMALOUS
____________ 

PROPAGATION NORMAL TOTAL Thus

ANOMALOUS u n  in ~~ 
= _______ = .79

PROPAGATION 110 I D
_________ ________ ________ ________ Notice that since the observed dis-

tribution is used in the computation of C ,
• NORMAL 24 285 309 climatology enters into the chance skill

score . Therefore , it is not surprising
that computation of the climatological

‘ n i  A I ’~ skill score relative to chance shows vir-
TOTAL j’~~ ~ U J  ¶ht~.) tua ll y zero skill. In a real sense then ,

_________ ________ ________ ________ at least for a dichotomous variable , skill
Heidke Skill ~core relative to chance also implies relative

to climatology.

— — . The range of the skill score is —l to
+1; zero implying no skill , -l meaning

DERI~ENTA G E CA RR(~T - 
~~~ 

perfect negative skill . To get a feel ing
fo r  how good a skill score of .79 is, corn—

Fig. 2. Results of Gjessing and Moene pare the score to scores of normal weather
L-band radar dato showing high skill forecasts of precipitation which fa l l  in
score . The columns arc the observed days the 0.5 to 0.6 range (Pierce , 1976).
classified as normal or anomalous propa-
gation . The rows are the classification 3. STUDY OBJECTIVE
of those days based on the N value . The
diagonal elements are the correct number The apparent skill of the Giessing
of days assessed from t h~ N parameter; and Moene procedure encourages examination
the percentage correct is a relatively to determine
high value of 91%.

a. the skill of the procedure in
The Heidke skill score (Panoisky and another ocean region ;

Brier , 1958) was used to compare the proce-
dure to a standard . The expresso-~n for the b. independently, the crit ical value
skill score involves a quantity C , which of SN ; and
is the sum of the expected values of the
diagonal elements. This sum has tradi- c. if the procedure has better skill
tionally been determined by taking the in some limited region in the vertical .
marginal distribut ions t’~ compute the
probability of an event being on the It was decided to evaluate the proce-
diagonal . For examp le , the expected value , dure in a region noted for frequent AP and
based on chance , for the L-band radar data from which good radiosonde data were avail— -

is simply the probability of an event being able . Such a region was found in the
assessed as AP and observed as AP , plus the Eastern Pacific off the west coast of the

• probability of the event being assessed and United States ; here , radar picket ships had
observed as normal , times the total number been on station for about six years and had
of events. To demonstrate , the table launched radiosondes twice daily . More
derived from rig. 2 would appear as : than 1,500 soundings were analyzed to cover

a region bounded by 34°N , 40°N, l27°W , and
135°W .

4. ANALYSIS

4 Ideally , received signal data shou’d

-  
_ _

-
:-—

~~::_
----

~~
---— -=— 

~~~~~~~

—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ -
-- -

~~~~~~~~
__ 

_ _ _ _ _ _ _ _ _ _  ~~1



be correlated to the SN at 850 mb; however , skill when assessing a reg ion which is
this requires extensive field measurements independent of surface pressure .
and years of ef for t . It was decided to
evaluate the refractive structure using
radiosonde data, and using the same data
to calculate the 850 ~th value of SN. The —

method of analysis was first to chose
arbitrarily a SNc value, then calculate SN
at 850 mb. If SN > SNC , the a priori
assessment was AP ; otherwise , it was
assessed as normal . In the region of , 1000
assessment, the refracting structure was -
determined and classified as normal , super- ~
refractive and/or ducting . Then a contin-
gency table was generated and a skill score
was calculated. The process was then
iterated on SNc by increasing SNc by 2 N
units , and repeated unt i l  a peak in the 950
value of S was noted; the value of SNc was

• then defined as the optimum SNc. Fig. 3 300
illustrates the analysis procedure . 

_f_

/ ____ __ J
/ 

SUIII C .

~~Omb 
/ AN Fig. 4 . The reg ions of assessment were

-

~ 

— — — bounded by uppe r and lower l imits , giving
- • a total of seven reg ions.  The regions of

assessment were chosen to establish the
/ • - reg ion of greatest skill. The partial

— — 
uppet 1i!!~It — regions (850 mb to 900 mb , 900 mb to 950

- nib and 900 mb to the surface) evaluate
— - Region of the assumption that elevated re f rac t ive

structure resided in some preferred
A s se ss ment reg ion .

5. RESULTS
j  lower Limit— — — — — — — 

For each assessment region an optimum
SNc was found , its contingency table was
generated and a skill score (relative to
chance) was calculated . An example of the

) resulting tables is shown in Fig. 5 for the
region 850 urb to the surface . This region
shows good skill (S= .67) and also shows

- - - considerable advantage over simple clime—Relative Humidity tology (84% versus 67%) . Note that the
Fig. 3. Procedure for generating 2x2 con- optimum SNc is only 3 N units greater than

tingency tables to evaluate the critical the Gjessing and Moene value of 15 N.
value of SN using radiosonde data. For
each sounding, the value of SN (at the The summary of the skil ls  and optimum
850 mb level) is calculated and the SNc for ducting or superrefraction are given
refractive structure in the region of in Fig. 6. The region of greatest apparent
assessment is determined . The skill skill is 850 nib to 950 mb , with the 850 mb—
score is then calculated based on an to-surface region a close second . Notice
arbitrary starting value of ANc . The that these two are well above the others in
procedure is then iterated on SNc + 2 skill , but below that of Gjessing and Moene .
and the iteration cortinues until a maxi- There seem to be two factors which would
mum in the skill  score is obtained , account for these differences . The radio-

sonde is notoriously misleading for near-
The seven regions of assessment are surface data , so elimination of this

separated into two groups : pressure sur- region ’s data improves the skill; the very
face limits, and constant thicknesses (Fig. low skill of the 300 rn-to-surface region
4). The regions have a maximum upper limit supports this point. Secondly , the proce-
of the 850 mb level , since this is the dure itself is designed to evaluate AP
level of SN determination . Limiting the associated with marine inversion phenomena
region at a lower level than 850 nub and hence any skill at regions close to the
examines the effect of the refractive surface would be coincidental.
st ructure nearest the level of the predic-
tor ; l imiting the bottom of the region at The other three pressure-surface-
some leve l above the surface examines its limited regions show similar skills. This
surface—based AP assessment skill . The implies that no real preference exists for
constant thickness regions are included to any of the three regions , hence no al t i tude
determine if the procedure has improved resolution is indicated ,
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to indicate a strong gradient some distance
OBSERVED below.

ANOMALOUS NORMAL TOTAL Examination of the results for ducting
_________ 

PROPAGATION 
________ on ly (F ig .  7) shows that the 850 mb—to—sur-

face region has the hi ghest skill ; note
ANOMALOUS 841 89 930 that the 900 mb—to-surface region has

— 
PROPAGATION al most identical numbers , both in skill and

in SNc . This implies that the top of the
marine inversion in this area is normally

N O R M A L  148 441 595 found at or below the 900 nub level , since
________ _______ ________ this is the most l ikely region for ducting

conditions . The generally hi gher optimum
TOTAL 989 536 1525 values of SNc (see Fi g.  8) ref lect  the fact

that  for ducts’ alone , drier air  aloft  at
850 nib is needed to s k i l l f u l l y  predict such

18 REGION: 850 TO SURFACE AP .
S 61 DUCTING / S U P E R R E F R A C T I O N  Ou ctiup AN~ 

SAu l

CORRECT • 84% CLIMATOLOGY - 61% I
Fig . 5. Examp le of a contingency table — -

generated in this  study . This  contin-
gency table is for the region from the -
850 nub level to the surface , and includes -

both duct ing and super re f rac t ion  as types 30 -22 
-

of anomalous propagation . The sk i l l  900~ —i-- -- - -r~~~H1000
score , cr i t ical  ~•N and assessment region 4 I

are nearl y the identical to those of L
Gjess ing  and Moene ’s s tudy . 35~~~~~ . 36 36~~ - - — 5 3

— - 
36~’- 52 

- 
-

Ouctuq /Supe ritf r actio n AN~ 
— SAu l 40= - - — 35

950~ - ~~~~~~ ‘

36— -
~ — .38

850— — A A - - 
A —

- 18 • — 4 3  l8~~~ — 61 14— -~ ~. Ol 
- .~~~~

900 — — - - •  - -~ 1000 Surfa Ce

A 2 0 — - — ~~;3 - f Fig .  7.  Summary of resul ts  of the seven
assessment reg ions showing the cr itical

32- ’ - 48 ANc values and the corresponding ski l l
scores for  ducting . The hi ghest two

I 32—t..- .35 regions are the 850 mb—to—950 nub regions.
- The region of 300 m to the surface  shows

vi rtually no skill over climatology .
31— 42 I

6. SUMMARY

1O-.-4--.- 04 The Gj essing and Moene procedure shows
- 

- 

def in i t e  skil l  over chance and climatology 
- J - ~~~

_ _ J
~~ L~ and is comparable (slightly better) to

Surf aCe operational weather forecasts. The assess—
Fig . 6. Summary of the results of the ment skil l  of the SN procedure is better

seven assessment reg ions showing the for elevated anomalous propagation than for
crit ical SNc values and the corresponding surface conditions . It has no apparent
skill scores for ducting/superrefraction. skill fo- altitude resolution . The optimum
The h ighest skill score is for the 850 value of SNc is a function of the type of
mb-to-950 nub reg ion , since the region AP : ducting alone , or ducting and/or
near the surface where the radiosonde superrefraction .
does a poor job in determining refractive
structure has been deleted . The 300 m- 7. FUTURE TASKS
to-surface region shows virtually no
skill over climatology . Two primary tasks should be accom-

plished to implement this procedure and
The values of optimum ANc vary little generate operational analyses and forecasts

for the upper limit of the 850 nub level, of anomalous microwave propagation from
For the 900 nub upper limit , much larger ANc numerical model fields . First, in the
values result. This is reasonable since EASTPAC region and using the optimum SNc
this optimum ANc must be best at assessing found in this work , contingency tables and
AP some distance below its level; therefore, skill scores should be generated using an. 4 considerably drier air at 850 nub is needed independent data set and compared to the
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Ouctuq /Supmr strattISu ~~~ 
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Ductu.I ~~ — — — — — Skull

I5o~ r
900~ ~ I8~~ .61 1000

20 13

950~ 

~~ 
:j

~~~~~ 3;~ - - 

~ 
T335,

- L
Su u face

Fig.  8. Summary of results for the seven
reg ions of assessment compar ing ducting
to duct ing/ super ref rac t ion. The ANc
values for ducts alone are almost twice
as large as those values for ducting/
3uper re f rac t ion  for  those regions whose
upper l imit  is the 850 nub level.  Regions
ot assessment whose upper limits are 400
nub (or 1000 m) show less change in ANc
between the two types of anomalous pro-
pagation .

results  of th is  s tudy . Second , other
oceanic regions should be examined for
skil l  and optimum .~Nc.

The procedure could also be improved
by r e f inemen t  by season of the regional
ANc ’s wherever rel iabl e da ta exists. The
AN (850) parameter could be combined with
other synoptic  scale parameters such as
sur face  pressure . I n doing so , perhaps

4 some sk ill in general altitude resolution ,
as well as improvement in overall skill ,
could be at tained .
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D IAGNOSIS OF ELEVATED DUCTS BY MEAN S OF EQUIVALENT ALTITUDE

Roger A. Relvey

Pacific Missile Test Center

Point Mugu, California

1. INTRODUCTION an increase in pressure at the lower level.
This suggests a method by which altitude of an

An elevated duct is often found in the lower inversion (and accompanying elevated duct) may
atmosphere over much of the world’s ocean be estimated at some location where sounding
surface, associated with an extensive and data is unavailable, given or-ly data from two
persistent subsidence inversion separating a reference levels, one above and one below the
relatively cool and moist marine layer from an altitude region of interest.
overlying warmer and drier air mass. This
situation is particularly prevalent in temperate A typical temperature profile through an
latitud’~s, in connection with the tradewind inversion in the lower atmosphere (such as found
inversion. The topography and other character— in trade—wind areas) is shown in Figure 1 as a
istics of the elevated duct and inversion affect solid line. A relatively cool marine layer with
determination of environmental effects on approximately adiabatic lapse rate occurs at the
performance of Fleet surveillance, consnunlcations, base of the inversion. An abrupt change in
and weapons systems. Because direct measurements lapse rate occurs at the base of the inversion,
of atmospheric properties aloft are so scarce followed by a more gradual change to more nearly
over the open ocean, indirect techniques are adiabatic lapse rates again at higher altitudes.
often necessary for estimation of these charac— A rough but useful two—layer approximation of
teristics. In this report a description and the temperature structure of the lower atmosphere
preliminary evaluation of an objective method in such a situation is shown by the dashed line ,
for inferring probability and altitude of with constant potential temperature (adiabatic
occurrenc, of elevated ducts is presented . The lapse rates) assumed in both the lower and upper
method applies the hydrostatic relationship to layers, equal to actual potential temperatures
data from two reference levels to estimate the at th. lover and upper levels, respec tively.
altitude of an intervening inversion layer by The altitude of the model interface can be
calculating a parameter , ‘ Equivalent—A.ltitude”, determined so that actual and model pressures
determined from standard—level meteorological are in agreement, giving an “Equivalent—Altitude”
analyses. This height index and another parame— which, we will demonstrate later , can be empir—
ter indicating overall stability of the a~~os— ically related to the altitude of the inversion
pheric layer of interest are easily computed (and duct) in the real atmosphere.
from numerical analyses of meteorological fields
in the form of grid point data. Together they The difference in potential temperature
permi t estimation of duct occurrence and altitude between the upper and lower layers provides an

4 with a potentially substantial improvement in index of the maximum possible strength of the
accuracy over climatology, although limitations intervening inversion, and also the likelihood
to application of the method exist which are not of occurrenc’- and strength of the associated
yet completely explored, duct. In addition , this “Strength Index”

determines the sensitivity of changes in the
2. THE EQUIVALENT—ALTITUDE TECHNIQUE interface altitude to changes in pressure/

height at the reference levels, and vice versa.
The pressure at some level in the atmosphere It should be apparen t that both likelihood and

can be regarded as the sum of the pressure at strength of inversions and their associated
some higher altitude plus the weight of the ducts will tend to increase as the Strength
intervening atmosphere. Because density is Index increases , whereas as thi, index approaches
inversely proportional to temperature, an zero, near—adiabatic conditions and lack of
increase (decrease) in mean temperature of the inversions will prevail throughout the entire
intervening layer will tend to produce a corres— altitude range between the two reference levels ,
ponding decrease (increase) in pressure at the in which case elevated ducts will be very
lower level. When an inversion is present unlikely in that same region.
between the two levels, changes in the altitude
of the inversion will have a direct effect on Derivation of an expression for Equivalent—
the mean temperature of the layer , and thus on Altitude i. shown in Figure 1. Note that if
the difference in pressure between the two relative humidity at the reference levels is not
levels. For example, if the upper pressure i. available , then potential temperature can be
constan t , and if the upper and lower temperatures used instead of virtual potential temperature ,
are also constant , an increase in altitude of although with some decrease in accuracy in
the inversion will result in a decrease in the calculated values of Equivalent—Altitude.

4 sean temperature of the whole layer, and cause 
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EQUIVALENT — ALT ITUDE

FROM THE HYDROSTATIC EQUATION , W E HAVE:
Z2 Z1~~Ij 2 T’l(kP) U)

WHERE
ALTITUDE OF UPPER REFERENCE LEVEL

Z1~~ AL TlTUDI OF LOWE R REFERENCE LEVEL
i ~ fl.Qft$~ (FOR P IN M I, Z IN FT., T’ IN DIG. K)
T’ VIRTUAL TEMPERAT URE
p ~~PRE SSURE

FROM THE DEFINITION OF POTENTIAL TEMPERAT URE:
S S P K

~~~~ (2)
WHERE

VIRTUAL POTENTIAL TEMPERATURE
P. ~~R/c~ 1.21$

SUISTITUTING (2) IN (U , HOLDING (~
‘ CONSTANT . AND INTEGRATING:

Z2-Z1 = C8’(p ~ — U)
W H E R E  k

ls1~•IK
UOT;sl ThAT PRWNM$ FOR 5015 LA YIQU Lii IOINTICAI.
AT TNt NYnpaci. Fern i-Ni UPPIN LATIN UI SUITE: 

~ 
T2. UI~z2 -— 

TYPICAL
TE~~ ERATURI ~~~~~~~~~~FW OFIL (

AN D FOR Til E LOUIS LAYE R t INTERFACE 
.~~j .

’ 
EQUIVALENT

~ ~~ — — — Al TITUDE

21-z,, C6~ 1P1-P 1) (U

SUENI Z~ E ALTITUOI OF INT INFACI
M.1I YUD E OF TOP OF UPPER LAYER (UPPER NI F IR IN CI  LI YEL l 

_ , _ _ ~~~~~~~~~~
AlTI TUDE OF SO IT O S OF LO UIS LAYE R (LO W E R R E F E R E N C E  LE VE L I 21 

~~~, 1~~. ~~~
8,’ VIRTUAL POTENTIAl . 1IUPENATUNE IN UPPER .a,Ei TEMPISAT URE

VI RTUAL POTENTIAL. T EUPENATU RE IN LONER LAY ER

~~~ ~~~~~~ ~~ ~~~~~~~~ ~~ IN TERFACE 2 .P . T . (*N AT REFERENCE
P~ p , .  eN PowErn OF PSEMURE AT TOW ø~ UPPER t.ev u ~~_— LEVELS l AND 2

= e TN POUR OF PRESSURE AT SOTTOM OF LOUIS L A YE R

22. P?. 8 ,,~~
IV II.WWATIUG Pj SETWIlU (41 AID (5) WE 05TA1 5 AM EXPRESSION FOR TIlE lUTES- Z~. P1. 8~
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Figure 1. Derivatio n of Equivalent—Altitude
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3. APPLICATION OF TECItNIQUE coordinate or col~~~a in these tabulations. In
this case each col*~~ represents a separate 250—

Application of the EquivalenL—Altitude foot thick category, increasing from left to

technique depends on two factors : (1) availa— right: the leftmost col~~~ gives data for
bility of pressure, height, temperature, and ~~~~~~~~ 

with Equivalent—Altitudes of 0 to 250

relative humidity (optional) data at reference f~~t, the next 250 to 500 feet , and so on up to
levels above and below the altitude range of 6,000 to 6,250 feet. The far right column give s
interest; and (2) a knowledge of the relationship relative frequencies of ducts without respect to
between the calculated Equivalent—Altitude and Equivalent—Altitude , and thus indicates duc t

Strength—Index parameters, and actual inversion! coverage with altitud. according to climatology.
duc t behavior. The reference data required for Note that the individual frequencies in general
operational calculation of these parameters can not add to 100% in each coli~~~; this is
be obtained from numerical analyses of seteoro — because a duct is often thick enough to cover
logical fields at two standard levels, while the more than one 250—foot altitude interval, and
relationship between actual duct or inversion more than one duct may occur in any sounding.
likelihood and altitude and the Equivalent— Total duct relative frequency of occurrence (of
Altitud e parameters can be empirically ascertaine d at least one duct) without respect to altitude
by using radiosonde data. It can be anticipated is given at the lower left.
that this relationship will vary somewhat with
geographical location and season, because of
systematic differences in temperature and • Di~~14 3~~~. IS .~~ . •., ~~~ .. ~~_ • . - Sn. DeS— lIS te• .?41  Z). 3 P!. ~sa~ ‘~~~.I S.OIS . 7113• 

, refractive profiles with these fa,tors. Thus, ~ ~~ ‘• II . • ‘ ‘ P • i • .ci 15 4 ) iJ fl it fl p% il I4 I • S 3 1 3 4 3 • • I I • I .i ’the relationship must be evaluated for a number ~“ 5”’ .’. 4 , , I ?’ aa . . 4 ’ 3 . . P ,  3 1 5 1  •~~,,. ., s, .c •. .4 .• f l) 5~~~9 $ S  ~ S 5 7 4 ~~~~~~ 1 P  I 9 I~~~~~~• • 14
of widely separated locations. Ideally for this “ “ ‘I ~ ~ ‘ • 4 3 I I I I S 1)

I S .  3I ’t lI Ic -3 19 39 1 4 f l . j I l  I )  a P S I I I I• ;  • p ,

purpose one would calculate the Equivalent— - : ~~ .‘~ ~~ ~~ 
‘ ‘ I 4 I

I l l  t i e s . . .  S i l l
‘ I : ’ ig f l l .l’ P’ I.  I I  * i i  l . S i ,I . i ,Altitude parameters for a given site from the 

~~:-T~ 
.• ‘~~~~~~~~~~~~~~~~ I 5 5 5

, f l ?  I ) I • I
numerical analyses of the required fields, but - • s i  . ‘ ~~ PS .5 9 4 C • • ~ • ~J , S li ,. iS tI S 3 1 1 , 1 1 . 11

~~ • t  i t  I I • S h I 1 5 14 14 • 4 3 1 1 1 5 5 . ,computer processing of the numerical dat* (in — ~.., • I • - ~ ,, ,, , • 4 1 • I • • S I
IS •~~~. p . O :  1 1 3 4 %  7 1 - I I •  I i f l 3  4 3 5 5 5 S fthe form of large arrays of values at grid o .~.‘. . . . . . , , . • . , , , • • ,‘. 4  • I ~~~~~~I 1 1 1 1 3 1 5  S i l lS • f l~~~~~~ l I %  5 1 1points) is relatively cumbersome, and necessarily .- ‘.-. : • : : ‘ “ ‘ 1

limited with respect to the number of inui,idual ‘ • k ‘ ‘ ‘ ‘ ‘ ‘P I E  % 4 $ 7 I P l 3  p l c  4 5
I ?  3 . 4 1  P C I )  j 5 ~~~~~~~ p

cases included bacause of the massive amount of ‘ : : : • , . •- , I • •5 . 1 .  I • I I i i  l i p .  p i i~~~ I . 1 5 . 1
date involved. Thus, it is advantageous to ‘ I p I P I I I I

compute the Equivalent—Altitude parameters on ~~~~~~~~~~~~~~~ Il ’. 4 3 ’ S  ••S.• ll54l93I.Ip ’~ 4 , • 9 . 4 I i 3 .  .5 9. 19~~ -~ 9 4 %

the basis of reference level data from the same ~i ’ ” ~~~ - 4 5 4 . 9 ’  III • 9 5 5 4  4~ 3 5 . 1 PS PS 4 p1 II

X I Ssoundings used to determine duct presence and I- • - 
: 

- : 
: 

: )
Naaltitude. Results will be presented in this W 0 — - a

report using both sources of reference level ~~ I~~W
3. 1-

~~;~~~• ~~~~~~~data. ~~~~~~ ... 
—

• 3.
0 II i S•4. R.ADIOSONDE EQUIVALENT—ALTITUDES ~~~~~~~~~~~~~~ 

.~~. r  
••~~, ~~~~~~~~ z~. p .  ,,. is. ,,..c .. ‘~ ,P4 : 4 9 4 1  ‘ S  I I • 3 I P S  S l 5 • 5  I • SI .

5~ -• Si ~. ~: l I) IS II 1? 6 I S I I 6 11 I I 5 • S I S ES 
• i .9 3’ 31 P1 l a I S S . f l I  I I  I • I I~~~~~ 4t

Point Mugu Data. Radiosonde data from two -~~~~ ~~ ~. ~~ s. ‘ .. ‘. ~ 
1 ~‘ 1

______________ p1 1 3 1 1 )  I • • I I S  S •~~~~~~S 4 I

different sources have been examined in terms of ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 9  it. i I • Sl S  4 • . 4
I.. . I ? S . ’ f l f l. .Si 9I St SP l~~~I1  E S  • P •  1 . 3 4 5 4 . , . , .

fl •5 •I SI % i S f l t l I i  i I % • S S I I I I I  I) .Equivalent—Altitude/Duct relationships. The ‘ .: ~ , .~ • Si Ii 95 41  II 9 IS I i  P• • • I • S • 5... p s .  • I 4 ,& pp pt 4p .4 SS SI .~~~pI l I  Cl • I I S I S •  ~~ Pi
firs t set of data is from Point Mugu (NTD) for •. • 4 1 5 . 1 1 1 1  4 3. 1: 9. 14 3• 4) ti p• I S I S I S I I 4

the period January 1967 through December 1976 , ~!‘• 
P 9 4 1 1  4 14 ~4 4 5 34 .. II pt ?i • S I S • S I 1 4 5

• I C P 4 7 1 7 14 09 31 54 11 1 3 *I PI • S S S S • S S i t
• I I I L I E  t I , E C S ’7 44 43 4• i.fl I S • S I I I I4 comprising a total of 7025 soundings. An “ I I I P 3 5 4 II PS ‘S 13 35 53 aS PS I • 5 I S ~ I I

Equivalent—Altitude and Strength Index were o . .. , . , . • , •~~ ~ ,~ p. • I S • S S S a
l~~~• S Il l  P t )’ ’  7 I I PS 1S )1 54 24 21 I I S I S I I •Ni ill) I S I 4 I I I P 4 5 I II Cl CS 3)  II CS 5 5 5 S 5 4 3

5 .-.. 1 5 1 5 1 1 5 ?  i l lS  I I I  h I S  . I S I I 5 5 icomputed for each sounding using the surface as ~
.. .- - ,  , I • • p s i • 3 a • . 3 5 .  S 5 I S S I S • I

I 5 1 1 5 1• . . )  i I l 1 .S I S l . I I  • S  Ithe lowsr reference level, and either 85o or 700 ~
- . . . s . . . . , . . s• . . . . . .. .. ._J S ,., S 1 1 1 5 1 1 1 1  I I I I 3 S S~~~~~~5 I I~~~ • 5 5 5mb as the upper reference level. The presence 4- -. I I I S • I S I I I I 5 I 3 I I S • I • I I • •I... S I E S I I S S 5 I  I 1 5 5 1  I I I S S S~~~ 5 S •and altitude coverage of ducts between the .S_,i.. t ii44rS-4ili1li 1..-pcrsp..I’fl,c Ii 39 3? 5 4 ~ 4 3 ~ S I 4 •surface and the upper reference level was noted. 

~~~~~~ .. •. .~ ,. ,, ,, II SI ~IS ’  III~ a.. • 34 5 5 • S
(Because of a spurious bias in surface—based ‘

ducts due to temperature—induced radiosonde Table 1. Duct occurrence (2) by altitude
hi~ idity errors, ducts due to apparent trapping Point Mugu data , 1967—1976.
gradients appearing solely in the surface layer Upper: All data
of a sounding were not counted.) The soundings Low.r: Strength Index ~15C
were categorized according to Strength Index,
and relative frequencies (in percent) of duct It is apparent that the altitude of maximum
occurrence were computed at a number of altitude duct probability lies near 750— 1,000 feet
levels , for a number of Equivalent—Altitude according to climatology, with a wiw occur-
categories. The results are presented as rence of about 252 at that leve l, but with an
tabulations of these relative frequencies overall occurrenc e of about 672. A strong
for each Strength Index category , by altitude assoc iation b.tween Equival. mt—Alt itude and
and Equivalent—Altitude. Results for the total actual duc t alt itud. is readily apparent, and
set of Point Mugu soundings are shown in the altho ugh the frequescie. ar. not large, con—
upper half of Table 1, where 850 sb was used as sideration of Equivslent—Altitmd. clearly
th. upper reference level. Altitude is the results in a substantial i~~ rovamsat over
vertical coordinate or rows in all of these climatological fr equencies .
tabulations . In this case data are given at

4
250-foot intervals from the surface up to 6 ,000 A considerable i~~ rov~~~.nt in specificatio n
feet. Equ.ival.nt— Alt itude is the horizontal of duct altitude amd occurr ence results fr om

~~~~ -_~~~_- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~--~~~~~~--~~~~~~~~~~~~~ -- _ -  

_ 
- - - - 

_ 
- 

-



consideration of the Strength Index . Statistits data south of 36N latitude is included. The

ence of at least +15 deg C between 850 ~b and is a co~~ensurate improvement in the dependence

[ 

for all cases with potential te~~erature differ— overall duct occurrence is ~ most 43%, and there

the surface are shown in the lover half of of duct altitude on Equivalent—Altitude.
Table 1. For these soundings the frequency of
duct occurrence at specific altitudes becomes oucr occulmElci 1%) s~ aLmusi
greater than 502 when Equivalent—Altitude is PICKET lISP *UL.4114 5.405 IQUIVULENT ALTITU DES

considered , and overall duct expectancy rises to UPPII VIFISE NCE LEVIS. AT S U 5
s~~ SS C

about 862. .~n., a... IS’.
IS .14. I. ISIS II . 11.15
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SaIl . I S I I S I  I S I I I I 5 S  I I I  1 1 1 5 1• •
5411. 4 3 S I I I 3 I I I I I I I S I & I I 3 5 4 1  5 5these two parameters, ezpected duct occurrence ~~~~ , • • 3 I I • I I S S I S I I S I I 5 ~ •

could range from frequencies exceeding 801 or I I S I I I I I I I S I I I I I I S S S S S S
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Picket Ship Data. A second set of radiosonde 
I -EQ UIVA L ESTdata , provided by Wayne Sweet of the Naval ALTITUD E

Environmental Prediction Research Facility FEET )

(NEPRI) , was examined with respect to Equivalent—
Altitude effects on duct occurrence. The picket Table 2. Duct occurrence (2) by altitude.
ship data provided consists of a set of 6 ,090 Picket Ship data, 1956—1965.
soundings obtained during the period 1956—1965, upper : All data
between latitudes about 35N to 50N , end longitudes Lower: Strength Index ~l5C
125W to 135W , off the west coast of the United
States. As with the Point Mugu data, Equivalent— 5. GRID EQUIVALENT—ALTITtThES
Altitude and Strength Index were computed for
each sounding using the surface as the lower Although the use of reference leve l data
reference level, and 850 nib as the upper. In from actual soundings to compute Equivalent—
the upper half of Table 2 the overall frequency Altitudes and Strength Indexes is valuable for
of duct occurrence for these data is given at determining the basic nature of the effect of
less than 27%. and the frequencies noted at these parameters on duct occurrence and altitude,
individual altitudes for the varioue Equivalent— for operational applications the soundings are
Altitude categories are correspondingly small 5 presumed to be unavailable. The basic premise
but the correlation between actual duct altitude of this effort is that significant information
and Equivalent—A ltitude is still apparent. When On probable duct behavior can be established
we consider only soundings where the Strength using reference data from numerical analyses (or
Index was at least 15 C, shown in the lower half forecasts) of meteorological fields. Thus, a
of Table 2, this relationship becomes much more set of such fields for the year 1974 was obtained
distinct, and th, overall duct occurrence from Fleet Numerical Weather Central (FNWC), in
increases to alniost 562. A marked difference in the form of arrays of values for a 63 x 63 grid
duct occurrence with latitude is shown by the over the Northe rn Hemisphere. This considerable
next two Tables. In the upper half of Table 3 amount of data was processed on the Pacific
only data north of latitude 41 degrees has been Missile Test Center (PAOIISTESTCEN) CYBER 175
includ id. The overall duct occurrence drops to computer to obtain vilues of Equivalent-Altitude
about 192. and Equivalent—Altitude does not and Strength Index over th. entire array or at

4 
appear to provid, as good an indication of duct particular grid po ints as required.
altitude. In the lover half of Table 3 only
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55. 15 I 7 I IS Tables only soundings for a Strength Index ofa JIll . I I S  11 1 15 11 1 1 1 1I~ )~5S. I S I • lii i S S 51
illS. I 5 I i a ii ~~ I • II at least 15 deg C were included , with the
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with Strength Index , as given in the Tables,EQMIVALSIT } . 
- 

- 

- 

each station generally increased substantially
ALT (TUOE 2
(FEET) 

— ~~ 
~! ~~~~~~~ with an improvement of over 30% at Bermuda.

- Although sample sizes were not large, the
Table 3. Duct occurrence (2) by altitude. Picket association between duct altitude and Equivalent—

Ship data, l956—l96~. Altitude is generally evident for each of
Upper: North of 41 N these sites. The joint effect of Equivalent—
Lower: South of 36°N Altitude and Strength Index is shown in Figure 4,

4 prepared from a composite of data for all five
The year 1974 was chosen because of the stations. A great increase in duct occurrences

availability of soundings at PAQ1ISTESTCEN for occurs with increasing stability. But here,
January, April, July, and October of that year unlike the situation for Point Mugu (Figure 2)
for a number of radiosonde stations in the where duct occurrences were greatest for the
Northern Hemisphere. These etations had been lowest Equivalent—Altitudes, a distinct maximum
selected for the Refractive Effects Guidebook occurs for Equivalent—Altitudes near 6,000 feet.
(2W) work unit in an attempt to obtain refrac-
tive information representative of oceanic 6. SYNOPTIC DISTRIBUTION OF EQUIVALENT-
regions around the globe. There are 14 of ALTITUDE
these stations in the Northern Hemisphere in
all: Ship 4TH (“NAN”), Ship 4TH, Midway, If the numerical analyses prove to be
Adak, Pt. Barrow, Ponape, Yap , Clark ~~~, sufficiently accurate to permit reasonably
Thule 1 Ref lavik, Bermuda, Balboa, Barbados, reliable computations of Equivalent—Altitude,
and Tercaira. Their positions are shown in synoptic maps of the distribution of Equivalent—
Figure 3, together with the 63 x 63 FNWC grid. Altitude and Strength Index can be constructed
For Ships 4TH and 4TH only data for January which should provide valuable information on
and a part of April were available, behavior of the elevated duct in time and

space. Examples of such maps are given in
Upon compilation of tables of duct occur— Figure 45 for l2Z 3 April 1974, over a portionrence versus Equivalent—Altitude and Strength of the northeastern Pacific, Surface frontal

Index , it was noted that at molt tropical and positions and sea—level isobars are drawn in
polar sites duct occurrences were apparently the conventional analysi, in Figure 4a. Fi.lds
either too infrequent or relationship with of Equivalent—Altitude in Figure 4b, and
Equivalent—Altitude too weak to merit applica— Strength Index in Figure 4c seem reasonably
tiom of the technique. But the temperate— smooth and spatially coherent, without wild
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Table 4. Ship 4TH duct occurrence (%) by altitude. I - - -

Equivalent—Altitude from FNWC grid data. Upper Table 6. Ship 4TH duct occurrence (%) by altitude.
reference level at 700 nb. Strength Index Equivalent—Altitude from FNWC grid data. Upper
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Table S. Midway duct occurrence (%) by altitude. Table 7. Bermuda duct occurrence (B) by altitude.
Equivalent—Altitude from FNWC grid data. Upper Equivalent—Altitude from FNWC grid data. Upper
re ference level at 700 ab. Strength Ind ex ref erence level at 700 ab. Strength Index
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Table 8. Terceira duct occurrence (1) by altitude
Equivalent—Altitude from FNWC grid data. Upper Prom the data presented here, it is apparent
reference level at 100 mb . Strength Index that a significant relationship exists at

~ l5C temperate latitude stations between duct
occurrence and altitude, and Equivalent—
Altitude and Strength Index. This relationship
is eviden t when either the sounding data

155 itself , or data from numerical analyses are
II P~S1IS s’S I I  \ AIIIC 55%I used to compute these parameters. The degree

~ a. of relationship seems to va ry geographically
5- 

0—0 \ 3 SIC (41%)

~ II
~

. ~~ 
in the same manner as the overall frequency of
duct occurrence itself 1 with the best results(I

____________ indicated at Point Mugu end Bermuda of theTI
sites considered. While the frequencies of

_ _ _ _

*1
occurrence are generally rather small with
respect to diagnosis or forecasting the preasnceC

- 2 $
S of an elsva t.d duct at specific altitudes ,

these frequencie. will increase significantly
if determined instead for a given altitudeI 

~~~~~~ 1! ~1~II1!III 11 ~~~~~ within which frequency of duct occurrenceis desired .
EQUIVALE NT ALT ITUOE (FEET)

Figure 4. Composite 4YN + Midway + 4TH + Bermuda Because of scatter in the data 5 the frequency
+ Terceira duct occurrence by Equivalent— tabulations given in this report are not
Altitude and Strength Index, presently suitable for practical application.

Additional data must be obtained to increase
fluctuations between neighboring grid point. the reliability of the ductiitg statistics whe n
which would indicate intolerable sensitivity computed f or a number of simultaneou. categories
to small deviations in the input data fields at of Equivalent—Altitu de and Strength Index.
the two reference levels (surface and 700 mb Rather than finding duct occurrence for
in this case) . For operational use , these ind ividual altit udes 5 determination of frequency
fields would be converted and displayed a. of occurrence over variou s altitude ranges may
probability of duct occurrence and expected be a preferable mode of presentat ion for
altitude using empirical relationships actual use.
establis hed from a study of numerous individual
station s. Although clearly a relationship i~ evident,

further work is desirable to deter mine if
results can be improved by accounting for
effects of additional synoptic—scale parameters.

4 
In this regard , while obviously there is an
increasing likelihood of an inversion with
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increasing overall thermal stability of the
reg ion between the two reference levels , this
may not always imply a greater probability of

a elevated duct occurrence . The tacit assumption
I I ,. # I is tha tinths presence of sn inversion the

~ upper air mass is relatively dry . But in
certa in weather conditions th is may not be the

• SI case , as when the inversion is associated with

— advection of war m but also moist air aloft.
~ These situations may be detectable by consider—

~~ ation of winds at various alt itudes , for

~sSU example.

• Additional analyses of the spatial distribution
~ of Equivalent—Altitude and Strength Index will

be carried out in conjunction with conventional
S meteorological analyses to determine if these
S parameters behave in a systematic end reasonable

‘ 0 manner in relationship to accepted synoptic
‘I ‘I % models of air mass structure .

4 1.5
Statistics of distributions of estimated

duct occurrrece with location and altitude
based on the Equivalent—Altitude technique will

~~ be undertaken for a large number of grid point
locations , to determine if it can be used to
generate a duct climatol ogy for regions where

/
/ sounding data is sparse or unavailable.

/
Fjgure 4b. Map of Equivalent—Altitude (calculated

from PNWC numerical analyses at surface and
700 mb) in thousands of feet
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S(~(E SYNOPTIC CONSIDERATIONS RELATIVE TO ThE REFRACTIVE EFFECTS GUIDEBOOK (RIG)

Jay Rosenthal and Roger Helvey

Pacific Missile Test Center

Point Mugu, California

SUMMARY problem areas were discussed in the proceeding.
of a Navy refractivity conference published by

A Refractive Effects Guidebook (REG) was the Naval Weather Service Coweand (1973). In
developed for relating routine synoptic weather order to exploit the effects of atmospheric
information to probable radio—frequency (RF) refraction to tactical advantage, an Advisory
systems coverage conditions and was used opera— Committee on Refractive Index Measurement and
tionally in the Fleet during 1977 and 1978. The Forecasting composed of technical and operational
REG enployed simple procedures for estimating representatives from throughout the Navy was
present or future refractive conditions (and formed under the management of the Naval Air
hence systems coverage) from information supplied Systems Command (AIR—370). A major achievement
by synoptic charts , transmitted WEAX messages , of this program has been the development by
or direct measurements. While the technique has Naval Ocean Systems Center (NOSC) of the
been found to be procedurally feasible and Integrated Refractive Effects Prediction System
attractive , objective evaluations of REG perfor— (IREPS), and is described in detail by Hitney
mance indicated significant discrepancies in and Richter (1976). The IREPS is a shipboard
verification , particularly for surface—based interactive computer system which produces
ducts. These can be explained by incomplete quantitative assessments and graphical depictions
knowledge of the inter—relationship of synoptic of refractive effects on specific sensor systems
and mesoscale conditions with refractive struc— in near real—time.
ture , by overly detailed attempts at profile—
type specification , and by significant def 1— Since the atmospheric layers responsible for
ciencies in radiosonde data when used for refractive effects are in turn a reflection of
refractive purposes. As a result of these large scale air mace conditions, a requirement
evaluations and other Fleet recommendations , the exists within the Navy program for a prediction
physical and meteorological basis for a synoptic— capability which will allow conversion of routine
refractivity relationship has been studied and synoptic weather information to an assessment of
comparisons made with independent sources of refractive structure. At the request of
climatological statistics. Objective studies Commander , THIRD Fleet an attempt to develop a
have been conducted to develop a statistical synoptic refractive prediction capability was
basis for relating refractivity conditions to initiated by Rosenthal (1976) at the Pacific
preferred quadrants of synoptic features. Missile Test Center (PI4TC) with assistance from
Ducting has been found to be most likely over the Naval Environmental Prediction Research
the southeast quadrants of anticyclones and to Facility (NEPRP) resulting in the development of
be positively correlated with sea level pressure the REG.
and temperature differences between the surface
and 700 ml,. Other correlation parameters are 2. REG DESCRIPTION
being investigated. Based on a working model ,
revised RAG charts have been developed for the 2.1 Basic Concepts
North Pacific and North Atlantic areas.
Modifications to the REG technique have been The REG was developed through a combined
suggested which allow for a less detailed subjective/objective effort based on a study of
selection of refractive structure based on climatology, the dynamic structure of anticyc lones
profile am plifications and their relationship and a year’s worth (mid—season months) of world—
to representative weather features. The meteoro— wide radiosonde data and surface and upper—air
logical and operational basis f or developing the charts for 1974 obtained fro* the National
technique is discussed. Plans for meteorological Climatic Center (NCC). Using actual charts,
and operational evaluation of the technique are characteristic synoptic patterns were selected
also discussed , for each season for each ocean operating area to

serve as representative ERG maps. The adiabatic
1. INTRODUCTION charts for 16 coastal and island radiosonde

stations were then studied to derive 11 standard
The influence of atmospheric layers in profile types to b. designated in different

causing radar holes, ducting and other examples synoptic zones on the ERG maps. The basic
of anomalous propagation through the process of premi.. of the RAG approach is the .seumption
refraction has been recognized by Navel operating that refractive conditions responsible for
forces as a major cause of distorted or unexpected anomalou, propagation and such specific features
radar coverage in the Fleet. A number of specific as radar holes and ducts can be related to the

4 
operationa l, measurement and meteorological large scale weather pattern. portrayed on routine
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weather maps such as are available in the Fleet. ~~ ~~~ (st .p I) .

Using this rout ine weather information the ERG
presents guidelines for planning the employment
of radar , sensor and co nunication systems 2310450 JUN 75

vs. ,tmmaczw pasal. RAp~OR HI
according to existing and predicted refractive 

~~ ~~~~~~~~~~~conditions that frequently cause anomalous INFO s.JSJAGE/FL5TltJ(WRAC!N NOUTEleY CA
NIU5I RAICONSEBVPAc PRARL lASSOS HI

propagation. 55NPMP/cOSHflhIROFL?
B?
(BICLAS // 103145 2/

The RAG procedure was selected for simplicity; WEAR

to use it effectively it is not necessary to be A .  (JAN F LAGSH iP 2220190 JUN 75
1. leTEOPOLOC.ICAL SITUATION A? 330600 0 .

a weather or refraictive expert. Given available HIGH PRESSURE cs’rR IS 405 153W RIDGES SOUTHWEST TO NORTH
wa cOAsT .weather information, the user merely matches 2. 24 50t H RECART COO55ENCING 2 3 15000 AL0tIG T RACK FROM

these known or predicted conditions to one of sss DIEGO TO 331 524w AS INDICATED REF A .
A .  !Ar1IER~ P~~fLy CLOY W/N I GHT/EARtY (4550 HAZ E AND FOG .

the typical atmospheric cases described in the 
~ ~~~ U le,4?RZCI!D XCPT 2 4  NI IN HAZE AND FOG.

RAG. Examination of the selected case reveals C. WI6O NORTHWEST 15-20 RYS BCMG NORTHERLY 12-16 RTS BY
oso or PE R I G O.the typical coverage pattern appropriate to the 
~~. Npf ~ W NORTHWEST 6-U Fr , 5-7 SECONDS .

specified conditions. Each case provides a ~j . LEs Si ‘~~‘1URE~ CON? CLOY . W I N D  N ORTH 10-20  ET S
typical refractivity profile and several ra: o~ucuaz,ty VEERING TO NORTHEAST. SIG WAVE NORTH 5-I Fr
trace diagrams which schematically illustrate ~B?
the coverage that can be expected at different
altitudes between the surface and 20 ,000 feet.
The REG profiles and ray traces were produced on

.4the IREPS systems and are accompanied by brief -.
Sou get  ( s t e p  2 ~~~~ :~_ 

descriptive notes that interpret the diagrams
and indicate the nature of surface—to—surface , ( -

surface—to—air , and air—to—air coverage that can
be anticipated for each profile case. Hypo-

~~~~~~thetical transmitters were located at altitudes
of interest based on the refractivity profile. ....

2.2 Procedures - ::-~

The appropriate profile is selected by the
REG user according to one of three types of
available weather information: (1) message, (2)
facsimile chart, or (3) actual measurement.. Figure 1. Example, REG Technique 1

In the simplest procedure, a WEAX message
received aboard ship prescribes by letter the
profile to be used.

The second technique requires onboard ~~ ~~ ~~~ 1 ) -  Y o s  c h o o s e  ( S t e P s  4

synoptic weather charts for the ship ’s area of -
interest. (Satellite photographs may ultimately 

- 
‘ -

add to the store of available data.) The
meteorologist or aerograp her ’ s mate (AG) compares . - - . 

,~~
the charts to the indexed ETC charts and deter— - . ..~~~ ~~~~~~~~ ,

current synoptic situation for ocean area and
mines which one most closely resembles the 

~
) ) 

time of year. Once the chart is identified as
typifying existing or forecast conditions, he
locates the ship ’ s position with respect to - . / .
dominazit weather features (e.g., proximity to 

______________ ______

the center of a high, ahead of or behind a
front, etc.). Letters superimposed on the chart ‘- . ‘ “ -

tell which profiles are to be ueed in the -
various operational areas of interest. . -  :L~~

-
~ 

“a’ 
~~~~~~~~~~~~~~~~~

SO ,  git (it.1 5)  -The third technique is used by Fleet units
having the capability to measure refractivity
values in the lower atmosphere by means of - S . .
radiosondes or refractometers. Using an actual
refractivity profile derived from these soundings. -.the meteorologist/AC determines the RIG profile .. -
that most closely resembles the actual conditions . :
This matching determines profile letter , and the
information presented may then be applied for ... — -.
opera tio nal guidance.

Figures 1 through 3 schematically illustrate
4 how each of the three techniques are employed in Figure 2. Example , REG Technique 2

the EEC.
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( 04  S l o e  ( S t e p  1 ) :  y o u  31t ( S t e p  2 )  was performed by Glevy and Logue (1976). This
NOSC (formerly NELC) study employed a data base
similar to that used in the development of the

~~~~~~~~~~~~~ ERG and indica.ted disappointing ERG performance
in a number of importan t areas. Foremost of the
EEC shortcomings noted were its poor verification
in predicting surface—based duc ts , sub—refractive
and standard conditions. The verification rates
for predicting elevated ducts were much better.
(Relatively good verification for elevated ducts
was noted in a later informal test of EEC
predictions in the Hawaiian area during the
reconstruction of Fleet data from RIMPAC—77.):1 ~~~~ ~~~~ Because of the importance of surface—based

~~~~~~~~~~~~~ duc ts to the surface Fleet , ERG deficiencies in
this area (as well as in the area of sub—

- refractive and standard conditions) addressed
... - ~--- —- by Glevy and Logue have been given serious

consideration. It appears that these deft—

Figure 3. Example, ERG Technique 3 ciencies can be attributed partially to an
incomplete understanding of synoptic—refractive
relationships and also to an overly detailed

2.3 Assumptions attempt to specify predicted profile types. A
considerable part of EEC shortcomings in

Development of the REC required a number of predicting surface—based ducts can also be
assumptions. Among these are that refractivity att ributed , however , to deficiencies in radio—
conditions can be considered characteristic of sonde data when applied to open ocean conditions
air mass types and large scale weather conditions , for refractive purposes. Unfortunately, the
that coastal and island radiosonde data used in only tadiosonde data available for evaluation
development of the kEG did itt fact apply to the and comparison with the kEG are from islands,
open sea, that EEC solutions applied regardless ships, and coastal locations. The kEG itself
of geographical location (although some geograph— assumes that such radiosonde data are represen—
ical influence was implicitly incorporated in tative of open sea conditions. There is little
REG charts), that ray trace techniques were question but that radiosonde measurements
sufficient to describe coverage conditions , and currently provide the beet and cheapest method
tha t changes in profile type could he predicted of determining the general variation of basic
more from a knowledge of proximity to synoptic atmospheric parameters with height. However,
features than to changes in shape or characteris— due to a tendency for radiosonde humidity
tics of synoptic features. Because of these sensors such as those used in American sondes
constraints as well as the inhomogenieties of to be warmer than the ambient air, particularly
the atmosphere i tse l f , it is obviously not at the time of balloon releases over heated
possible to develop predictions and conclusions platfonns (mainland or islands but also ships),
tha t are abso lutel y valid in all situations . ~ 

the relative humidity reported for the first
was believed , however, that the kEG approach free—air and also subsequent data points may be
addre.sed the essential considerations and too “dry during daytime . When considered with
expected systems coverage , and that it provided surface—point data determined from standard
valuable new guidance in a critical area where psychrometer readings, this effect leads to a
little information existed , tendency for an erroneously high frequency of

surface—based ducts during the daytime heating
3. REC EVALUATION AND PERFORMANCE hours as discussed in detail by Helvey (1979).

The initial PEG was promulgated as THIRD The relevance of this problem is that while
Fleet TACM~~J 280—1—76 in September 1975 and radiosonde data is virtually the only source of
remained irs effect till June 1978 when it was refractive data over the world’s maritime areas
withdrawn from operational use pending modifica— and must be relied on either directly or in—
tion and further development of the technique. directly as input to the PEG or other refractive
It was put into operationa l use following an assessment systems , radio sonde dat a may never—
evaluation by Fleet Weather Central , Peerl theless be responsible for spurious surface—
Harbor which established the feasibility of PEG based ducts which make it difficult to properly
implementation and the finding that useful evaluate EEC performance or that of other
guidance for radar operators could be provided refractive prediction techniques for surf ace—
through EEC use based on a study involving six based duct conditions. The problem also has
ships in the Pacific Ocean. In a related informal, serious implications for world—wide refractive
sem i—obj ective evaluation of the ERG performe d climatologies in Naval planning and operations .
by Rargreve (1976) aboard USS ENTERPRISE, the Effor ts are continuing at PMTC to determine the
PEG produced promising results when seasonal magnitude of the problem and to determine the
transition, were considered and many helpful feasibility of applying corrections to existing
suggestion. were offered for improving the or future data.
technique. What still remained to be done was a
thoroughly objective evaluation of the technique In 1978, two other independent outside eval—
in terms of its verification in predicting uations of PEG performance were initiated. One
coverage conditions in certain categories is being conducted by Brookes (1978— 79) based

4 important to Fleet operations . Such an eval uat ion on input from questionnaire s distributed to
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Cruiser , Carrier , Des t royer , Frigate , Suppor t the PEG approach has the potential to be an
Ships, Squadrons and other Fleet units. Two asset. On the other h*nd, it is apparent from
hundred twenty usable questionnaires were re— the NOSC evaluations and Fleet experience that
turned which addressed the questions of synoptic th.re are major discrepancies in the synoptic—
typing, profile selection, verification of refractive relationship portrayed in the initial
profile type and indications of radarscope condi— PEG. The fundamental question is how quantita—
tions. When asked if the “PEG assessment of tive can this relation s hip be established and
conditions was esaentially correct ,” 48% responded can it be made reliable enough for Fleet use.
“Yes ”, 32% responded “No” with the remainder Thus the basic premise of quantitatively inferring
undetermined. The second informal evaluation sub—synoptic consideratioms is challenged.
was conducted by Clevy (1978) as a follow—up to Meteorologically, such a relationship must exist
his earlier study. In this study, REG predictions consistent with current capabilities of weather
were made for refractivity conditions in the prediction for other parameters and conditions
SOCAL operating area and verifications of these associated with air mass properties. The degree
predictions were based on radiosonde data from to which this can be reliably done however
PIITC’s San Nicolas Island (SNI), Based on depends on continued detailed research and data
a ss~~ ary of the results the study concluded evaluation such as that encouraged and supported
that the PEG offered no improvement over random by NOSC.
procedures. However, since a large number of
soundings taken frost SNI were launched from 4. TILE PHYSICAL BASIS FOR A SYNOPTIC REFRACTIVE
atop the island station at 570 feet mean sea RELATIONSHIP
level (MSL) , the data can not be directly used
in verifying surface—based ducts over the ocean . The justification for an investment of

effort in developing refractive prediction
techniques from synoptic considerations must be

An overall sunmiary of kEG performance would based not onjy on the experience or knowledge of
thus seem to be varied. In terms of its feasi— individual radio—meteorologists but also on
bility as a procedure , it performs well because well—established, fundamental principles reflected
of its simplicity. As a planning guide , as a either in long term statistics or in a descriptive
predictive tool in regions where elevated ducts model with a physical basis. Supporting meteoro—
are frequent , under Electro—Magnetic Control logical and physical evidence of this nature is
(D~iCON) conditions , and as an educational tool , discussed in the following sections.
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4.1 Climatology frequencies f r om the latter (Figures 5. and
Sb) are compared with surface pressure pattern s ,

If a synoptic—refractive relationship exists , the same correlation is noted as earlier with
it is reasonable to expect that this will be the regions of greatest ducting frequencies
reflected in climatolog ical or time—averaged (~60Z) coinciding with the most part with the
depictions of surface weather conditions. Maps eastern and equatorward sectors of the sub—
of mean surface pressure patterns (MSL pressure) tropical anticyclones.
are shown in Figures ~.a and 4b for the months of
January and July (mid-winter and summer months) 4.2 Meteorological Structure and Models
from standard references on climatology by

‘I Haurwitz and Austin (1944). These maps show If a synoptic—refractive relationship can
mean strong high pressure regions over sub— be observed through climatological statistics ,
tropical oceans in both hemispheres , esp ec i a l l y  it does not seem overly optimistic to expect
in the Atlantic and Pacific Oceans. Super- this relationship to be exhibited in individual
imposed on the pressure patterns are similar case studies based on physical, dynamical and
time—averaged maps developed by Purves (1974) air mass considerations. A great deal of past
for probability of encountering ducting layers. work in both synoptic meteorology and radio—
It is apparent that the regions depicting meteorology is supportive in building a case
ducting probabilities of 45—60% and greater for such a synoptic—refractive relationship.
coincide with the subtropical high pressure Noonkester and Hitney (1974) provided an
areas in both hemispheres. Moreover , there is a excellent overview and chronology of radio—
strong tendency for the highest ducting probabili- meteorological work from the late 40’. through
ties as determined by Purvee to be located early 70’s when much of the pioneering work was
within the eastern and equatorward sectors of done. A significant point in their diacussion
the anticyclones where subsidence is normally is the sensitivity of refractivity conditions
greatest and inversions typically strong and to the distribution of moisture assoc iated with
low, air masses and other sy noptic features , as well

as the vertical motion field which affects the
To lend more credence to the climatological profile of both moisture and temperature. A

agreement , comparisons were also made between three—dimensional view of meteorological
the over—ocean pressure patterns adapted from conditions is therefore essential to describing
Haurwitz with independent duct statist ics and predicting refractivity conditions even
derived from a world—wide study by Ortenburger though for the moSt critical applications
(1973) using extensive radiosonde measurements results may be best demonstrated or applied4 and computer analysis. When the annual ducting near the surface.
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4.2.1 Three—Dimensional Structure shown schematically in Figure 7. The low and
high centers tilt westward with height with the

Some of the earliest work in synoptic trough lines remaining within a region of
meteorology analyzed in detail the three— convergence and the ridge line remainIng within
dimensional structure of cyclones and anticyclones. a region of divergence. In general low level
Pettersen and Hernias (1940) described subtropical ~~~~~~~~~~~~~~~
anticyclonas separated by cole into cells on ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~,.::.,, ______

the order of 4 ,000 to 9 ,000 kilometers (1cm) in
dimension. They also showed that due to the
nature of the anticyclones circulation, air in ~~ —

the eastern parts of the cells will be more
stable than in the western parts. This agrees
with the climatological distributions shown in _____ _______

Figures 4 and 5 where duct frequency was
greatest over tha eastern parts of the subtropical
highs. From a discuasion of the hydrostatic
equation it was also shown that the subtropical
anticyclone tilts westward and equatorward with
height and that subsidence occurs within the

v t .T ~c .& (~~~% ss *  Cf..cell to compensate for frictional outflow near
the surface. Th s the air aloft in anticyclones
is typically dry and characteristic of a Superior
air mass. Poleward of the subtropical highs
are cyclones and fronts separating contrasting
air masses. Figure 6 schematically illustrates
the moisture field typically associated with
a mid—latitude disturbance following the ~~~
discussions of Hernias and Petterssen (1940). °‘ 0’~~~ ,C

A moist tongue is observed to flow poleward Figure 7 Vertical Motion and Divergence Patterns
along and ahead of the cold front , spreading Associated with Typical Waves in the Weaterl ies
along the w.irtn front to the east and around the (adapted from Codske, Bjerknes cc al)
low center to the west. As the moist air moves covergence is capped by a divergent flow of airpoleward , it also ascends so that humidity may aloft and low level divergence is capped by
increase with height near the warm front convergence of air aloft. To prevent air from
(resulting in sub—refract ive conditions), 

pi l ing  up or being depleted, rising currents of
Nearer the western half of the anticyclone in air precede troughs and subsiding currents
the warm air, a dry tongue may ascend so that follow troughs (or precede ridges). Whilehumidity decreases with height (resulting in rising currents tend to destroy refractivesuper—refractive conditions), stratifications , subsiding currents produce

inversions , super—refractive conditions end
ducts , particularly over the eastern sides of
the subtropical highs as was shown on a statisti-
cal basis in Figures 4 and 5. Well—defined— — __‘_— .

— inversions are co~~on in the eastern parts ofS.

toward the w e s t .  This leads to higher and
weake r elevated ducts in the western region of

subtropical highs , becoming weaker and higher

the high cells. As the marine air beneath the

west of the high cells, it is heated from below
inversion moves towards warmer water, south and

at the same time that radiational cooling
occurs from cloud tops at the inversion base./
marine layer which favors near standard tefrac—
tivity conditions in the lowest region.

~~~~~~~~~~

) 

This results in a well—mixed , increasingly deep

4.2 .2  Airiness Considerations

— 
..
,

~~ ~I 
“
I \C

Due to the vertical motion field associated
- with anticyclones, horizontal spreading of air

- occurs at low levels resulting in air masses
________________________________________________ with nearly uniform air characteristics over

appreciable distances in the horizontal. AirFigure 6 . Moisture Distribution Associated with
Typical Frontal end Cyclonic System (adapted from mass properties are highly influenced by the

nature of the surface over which they formed orNamias) move , being usually characterized as continental
(c), maritime (m) , polar (P) , or tropical (T)
in nature. Thus, marItime tropical air (designated

Godske , Bergeron, Bjerknes and Bunclgaard siT) is warm and moist, continental polar air
(1957) and Wexler and Bjerknes (1957) continued (designated cP) is cold and dry. Dry, subsiding
development of the three—dimensiona l structure air such as that found above the inversion
of anticyclones and cyclones. They described within anticyclones is often designated as
air flow and compensating covergence/divergence Superior (S) sir. Due to the widely varying4 patterns associated with highs and lows as moisture , temperature and stabil ity characteristics
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of different air masses , refractivity conditions A great deal of data have been compiled
gsn.rally differ markedly from air mass to air which show that air mass characteristics and
mass depending on its origin and the surface meteorological features do have an appreciable
over which it moves, horizontal extent. “or instance, Noonkester

and Hitney (1974) and Hitney (1975) describe
A nt~ ber of investigators have examined cross sections of radio—meteorological aircraft

individual synoptic air mass features for their measurements made off the coast of California
impact on radio propagation. Nearly all of between San Diego and Guadalupe Island in 1948
these earlier studies however , involve cases in which refractive features extended more than
over ccatinental regions rather than over 200 miles to sea from the mainland. Neiburger
maritime areas. In one such study based on (1961) did a pioneering study in which he
conditions over the U. S. Midwest , Arvola showed the subtropical inversion to extend in
(1957) observed that when horizontal advection the average from the coast of California to the
of well modified polar air occurs such as to }tawaiian area. While average conditions do not
the rear of an anticyclone capped by a subsidence reflect the interruptions and variations
inversion, conditions are very conducive to the associated with individual moving weather
production of strong, elevated super—refractive patterns, the persistency of this feature
layers. in general , he found tha t wa rm highs , during sumeer in the North Pacific is so great
or “dynamic” highs (highs that are cold at the that it may closely approximate the average
surtace ~id warm aloft) are best for elevated picture at any particular time.
ducts, The subtropical highs, being warm are
therefore ideal air masses for producing The persistence of the subtropical inversion
elevsted ducts , particularly since subsidence in time at a single location is also high.
inversions are comuon above the mixed layer. Rosenthal (1965 , 1972) described the continuity
Arvola also found that even following many of the inversion at San Nicolas Island (Figure 8)
squall lines and for some rapidly moving cold and described how large scale adiabatic ascent
fronts , subsidence of air may also produce of air can explain relatively subtle inversion
elevated ducts , although conditions near these height fluctuations which correspond to the
features are on the average probably well— mixed influence of transient synoptic troughs and
and near standard. In a review of anticyclones , ridges. The persistence of the inversion over
Wex ler (l~ 57) discusses how the more pronounced the Eastern Pacific during the warmer months is
cases of subsidence (and therefore super— also indicated by time—averaged statistics for
ret rsctive conditions) are thought to occur Point Mugu compiled by Lea (1968) and de Violini
with the transformation of polar anticyclones (1967) of marine stratus behavior which is
to warm or dynamic anticyclones. As they warm , closely related to the subtropical inversion.
they tend to move slower than would shal low
cold (polar) anticyclones. When capped t’v -~ -
subsidence inversions, the top of the inversion

layer genetally marks the top of the true cP

~ 

- Qair mass. Extensive compilations of statistics -

relating surface and low—level refractivity

the world have been prepared by geen , C~ ,oon,
conditions to air mass types ~or regions around .

Samson and Thayer (1966) and by r s~~~ . ( l 9 7 3~~~~

C i4.2.3 Spatial Extent and H o r i z~~ntai 
. ,

C 30 ~ e ,o ,0 e 30 30 5 30 30 ~ 30 30 5 10 10The notion of air mass unlf~~rrnitv Is a ~~. .~. ..~. ,~, ~~source of constant concern and needs to he put .

into perspective for its impact on r e f r a c t i v i t y  -
0 -considerations. On the one hand, there are a

variety of small scale perturbations or wave ‘ 
~ 

j ‘

~~ imotions , some of which are  highly significant C .

to radio propagation, which are superimposed on

They are detectable by aircraft and conventional a ~~ ~~~~~~~~~~~~~~~~~~~~~ ~J.’.’!1 ~‘.\ 
2the basic air flow at various t imes and locations.

atmospheric sampling methods such as by Edinger 0 3-0 30 30 10 30 10 ‘0 10 IC 10 ~~ ~~ 30
0(3 00 CCC ‘003 JON ‘00 ‘000and Wurtele (1971); by special remote sensing

systems such as the FM—CW radar developed and Figure 8. Daily Inversion Heights at San Nicolas
described by Richter (1969) and discussed by Islt d for 0000Z, 1 April 1964 through
Gossard, Richter and Atlas (1970); and on a 1 Apr -.l 1965.
much larger scale by satellite sensing as
described by Rosenthal and Posaon (1977) and
Noonkester and Hitney ( 1974). Carr (1960) and While meteorological features of concern to
Gl.vy (1Q76) also studied the horizontal radio propagation are thus observed to exhibit
uniformity of meteorological features eignifi— considerable spatial and temporal uniformity,
cant to radio propagation. The latter concluded it is important to note that their extent is
as did most of the other investigators that not completely horizontal. For instance ,
mesoscale features such as eddies , squalls and abrupt slopes are frequently observed near
other perturbations are most frequently observed frontal boundaries, land features and near
near coastlines and topographic influences, sharp gradients in sea surface temperatur e- as
Over the open sea , such features are apparently was noted earlier for eddies and squall..
comparatively rare , so that synoptic—refractive Subtle slopes are comeon within large air
relationships may be expected to work better massee and within oceanic subtropical high

4 - over the open ocean than near land, pressure cells.
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Not uncomuonly, both small scale ‘variability for refractivity assessments or predictions
and large scale u n i f o r m i t y  may occur s imultaneously over regions covering several hundred miles
so that the question of horizontal ‘~~ is across, the cellular variability may constitute
often a matter of degree . For inatance , In only minor, operationally unimportant embell—
the satellite picture shown in Figure 9 . the ishment to a region describable by a single
array of cloud cells suggests some fluctuation refractivity profile. For other purposes, the
in marine layer depth. This occurs , however , cellular detail may be operationally important.
in a regular manner over a vast reg ion marked Studies are being conducted at PMTC to quanti—
by inversion—capped marine layer conditions. tatively determine the extent of horizontal
The importance of this variabilit y or lack of - i -  ~. ty over the oceans using satellite
it, depends on the specific app licatio n . Thus , imagery.

1915 21MY78 33A—H 02241 24371 SAl

‘1 .

I i~~~~II,’ 
C (OES ~A ,  Picture of California and

Ifs) , ~, -I o n ‘o~ I’fl 57 21 May 1978 ,
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From studies conducted so far , it appears C - ________-
that over the ocean, particularly away from I LEGE

~~~O ‘0001land messes and frontal boundaries , the assump— - —

tion of refractive horizontal ~,mC~~~e e  it  y is “ C
C cL O.0C ICYTCIC,

generally acceptable for distances on the order C5(C COTICS, -*5 CLOO
of a few hundred miles in radius from a given --/atmospheric profile measurement. This means / )I

can probably be made fro m a single refractivity WAR~I
that propagation assessments under such conditions - — ., -

profile i~ agreement with Glevy ’s (1976) conclusion.
For distances involving several hundreds of
miles or more , or in instances with clear C

~~~~~~~~~~~~~~ 
- - -s,

synoptic or mesoscale influence , different
refractive structures must be used for different
air mass segments based on additional direct
measurements, climatology or synoptic solutions
such as are employed in the REG concept .

300 *130 300 200 00 0 00 200 ~0-

D~STA5CE -

Figure lOa. Idealized Diagram of a Fast—Moving
4.2.4 Meteorological and Refractiv e Models Cold Front (from U.S. Navy Weather Research

Facility and Bean).
Interest by radio meteorologists in developing . . - . - -

a descriptive model relating synoptic to refractive
conditions followed from recognition that 9, -

~~~~~~.., ,,

refractive conditions vary with air mass
properties. Since the latter are predictable 9-C C

using established meteorological principles , it - - - .-
follows that there is a basis for expecting . ~~~~~~

refractive conditions to also be predictable.
Bean and Dutton (1966) provided much of the ,
I’~sic foundation in radio meteorology andemphasized the refractive significance of ‘C

migratory cyclones and anticyclones in middle Nlatitudes. They noted how certain surface C

patterns and vertical refractivity profiles -

occur frequently with particular types of ‘
. -

synoptic systems in accordance with the three— — N 13C
331,dimensional structure of dynamic systems 

-
.

discussed earlier. Reducing the station—to—
station variability of refractivity by converting .

values from conventional N units to sea level - - -
~~~~~~ ~20C

conditions, Bean formed a basis for mapping
refractivity on a aynoptic scale, To emphasize Figure lOb. Idealized Cold Front in A Units (from
air mass contrast , a new re fractive index ‘A ’ U.S. Navy Weather Research Facility and Bean).
unit was defined which modifies the height
dependence of refractivity to indicate the
departure of refractive index from the mean The concept of potential refractivity
value at a given level. Synoptic mapping was employed by Bean was further developed by Jehn
then attempted by Bean for an actual case study (1960) who defined a new potential refractive
for a strong polar outbreak over the U. S. in index K in terms of potential vapor pressure
February 1952 accompanied by a surge of warm, which refers N values to a reference pressure
moist tropical air from the Gulf of Mexico. level of 1,000 millibars (mb). This parameter

Sharp contrast in refractivity conditions was is also very useful in illustrating refractivity
ob,.rved between different air masses with contrast across air mess boundaries.
strong horizontal gradients in the vicinity of
transition zones (fronts). Based on these case While the attempts of Bean, Jehn, and
studies, idealized vertical profile diagram s of others to describe synoptic—refractive relation—
cold and warm fronts were then constructed in A ships and derive meaningful models are illuminating
units to typify refractive—synoptic events, and an essential stepping—stone , they all
These are reproduced here from a U. S. Navy suffer from one drawback with respect to their
publication (1960) for the idealized cold front application to the PEG, — all the cases considered
as Figures lOa and lOb. In Figure lOb the high were for over—land situations. What is needed
A unit values correspond to the warm tongue is a model that includes over—oc ean conditions.
near the surface ahead of the cold front. The
strong horizontal gradient of A takes place in One of the most useful source, of descriptive
a narrow zone behind the cold front corresponding models of synoptic features , though not directly
to the typical sharp decrease of humidity and appliad to refractivity, was the work of ~1liott
t~~psrature usually noted there. Bean’s and Thompson (1965). Their models were der ived
models included a tongue of high A values along by a combination of objective and subjective
the idealized warm frontal surface skewed in~ocmation including statistical s~~~aries
towards the warm side to reflect the gentle based on an examination of over 300 ship or
ungliding of moist sir along the frontal surface coastal sound ings and near simultaneous Tiros
co on

14 

ly observed with warm fronts . sats ll it* coverage from regions surrounding the
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radiosonde station,. Figure 11 ii an ici ,al ized 
- - .

surface synoptic pattern developed by Elliott 
~~~~~~~~~~~~~~ 

.)  

-

and Thompson. Air masses are divided into
different sectors according to the relationship •\~~~/
of the air mass to its source region or other 

-

mess regions are categorized into combinations ~~~~~~~~~~~ 
_ I~

synoptic features. In general, the surface air

of cyclonic, anticyclonic , polar , subtropical , ‘~~~~~~~~~~~~~ ‘ ‘ — -— /• pre— and post—frontal factors. A total of 10 - ~- “, \) -

sectors was defined for the surface model. In 
— ~~~~~~ ‘

many respects , these sectors closely resemble
the REG charts which were constructed for each - 

‘ -9 .:~
season and ocean without prior knowledge of _~~~~~~~~~~~~

‘
~~~~~ ‘~~i~ 

- )
the Elliott—Thompson models. - I,

Figure 12. Qualitative Model of Changes in
Daily Median Signal Levels Aasociated with Synoptic
Features (from Serebreny and Blackmer).
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SECTOSS 
SUBTROPICAL

I AC’ CyCIOS, C. Re t* r,in g Polo,, Pr. FrontS Figure 13. Topography of Main Super—Refractive
2. AC~ C yc5n.~ , FrooC Polo, , Pot, Fronts Layers Associated with Synoptic Features Of f
3 At* rC,clon.c , R • t * t f l O Q  P010, Stot,ooo,~ Fronr ‘0 Sosth Argentis, Newfoundland (from Clarke).
4 Cyc lon,c F,.,h Polo,, Pose Front,
5 Cpclon,c, Pole,, North of LO,, Cents,
€ CYCIOS,C . Pro Front. , OccIcded 0, We,,, Froo t i
7 CyClo,,c W0C~O Sect,,
S C~cloolc , 0, LotIcyclOn c P0 Cold F,o,tol (NO’ b,, ,, S.ct,,) Of particular interest is that the lowest
C AMlc3c lsn c , St 0tI0no,y Pros , t o Plo.,h layer altitudes found were located within the
a AnSlcyclonlC, Sob Tropicel. Cry Sicror northwest sectors of the highs rather than over

Figure 11. Idealized Surface Synoptic Pattern the eastern sides as has been described or
and Air Mass Sectors (from Elliott and Thompson). deduced from other studies. Possible ex~lanations

for this include a more complicated or random
relationship than assumed, or a differentA somewhat related depiction is shown In

Figure 12 from a study by Serebreny and Blockner structure for continental polar air masses in

‘I ( 1 9 74 ).  This e f fo r t  involved correlating data and subtropical highs . A third explanation
the Western Atlantic than for warmer tropical

from the meteorolog ical Application Technology might be a possible bias due to location suchSatellites with radio signal data for a 13— that high centers at these latitudes mostmonth period in the Philippine-Taiwan—Okinawe frequently passed south of the radioaondearea. Based on the data collected and observa- station affording few chance. for sampling intione made , a descriptive model was developed the eastern and southern quadrants. Layerwhich shows higher than average signal levels
both between cells of the subtropical high (in 

heights in the vicinity of cold fronts and low
centers are relatively high (and presumablywarm moist air) as well as in moist pre—frontal weak) in good agreement with earlier considera—air. Mean signal level. are depicted somewhat tion.. A region of high layer heights betweenlower than the long term average in the vicinity

of cold fronts , and in the cold air behind the high center and an advancing warm front is
front.. unexplained.

In an earlier study by Clarke (1967) using Synoptic—refractive relationships have been
radiosonde data from Argentia, Newfoundland , investigated in other regions of the world and
attempts were made to relate the heights of correlations noted. For instance, G,jessin g
super—refractive layers to migratory polar (ci’) (1967) found that radio signal strength over
highs moving into the Western Atlantit area the North Sea was related to the temperature—
between latitude 55° and 60°N. A tentative dewpoint difference at 850 ab. Higher signal
model was developed (Figure 13) which shows the strength. were correlat.d with larger t~~perature
topography of the main super—refractive layer differenc es , presumably reflecting a likelihood
in thousands of feet with greatest confidence of a supe r—refractive layer between the relatively
assigned to heights within the high pressure moist surface and the 850 mb level when the

4 regions , latter is dry.
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Mixed results were noted however in a latitude, longitude, date and both local and
recent statistical/ pattern recognition study Greenwich time are also noted. These plots
performed by Cuming, Caton and Kalinyak (1977) afforded the opportunity to examine refractivity
and summarized by Sweet (1979). Tasked to profiles while comparing them with synoptic
determine objectively the existence of typical events depicted on facsimile charts.
patterns reflecting a synoptic—refractive
relationship, efforts were unproductive. Data On. of the first studies attempted was to
used were 6,922 upper—air soundings recorded by evaluate the performance of the KEG by using
radar picket ships from October 1956 through NAN and PAPA data for verification. Synoptic
June 1965 matched against the archived records charts were compared with the REC seasonal
of pressure height fields for three different chart according to the prescribed procedure.
wave component scales using the Rapid Analogue The synoptic location of NAN and PAPA (the
Selection System. The authors cited deficiencies location of these stations on a given map with
in the synoptic and refractive data bases used respect to synoptic features and air masses
as likely explanations. On the other hand, rather than geographic location) were then
climatological statistics compiled from the superimposed on a printed copy of the KEG
data revealed clear correlations that would chart so that KEG profile types could be
infer a likely synoptic—refractive relationship. determined. These REG solutions were then
For instance, in the southernmost zone studied , verified by comparison with sounding data
high 500 ab heights were associated with a actually obtained for the station. For the
trapping probability of 75%, and a 500 tab wind relatively few comparisons made, results were
direction of 270° to 315° (NE quadrant of fair in prediction of elevated ducts at ship
anticyclonea) with a trapping probability of NAN. Elevated ducts occurred when they were
85%. predicted but the predicted heights were

frequently too high by one profile classification.
The foregoing discussions provide abundant KEG predictions for PAPA were fairly good but

examples and support for confidence in a few ducts were encountered at this more north—
predictable synoptic—refractive relationship erly station. Since deficiencies in the initial
for general propagation assessments. ihis REG were already apparent , the available effort
includes a Sound basis for expecting ducting to was diverted towards more productive investiga—
be most prevalent in the eastern sides of tions.
anticyc lones with some exceptions. In terms of
KEG development , a question remains of how One of these involved direct comparison of
quantitative and with what confidence can such NAN and PAPA profiles with facsimile weather
relationships be made , charts to determine if trends in height did in

fact correlate with synoptic events. For the
4.3 Recent Studies at PMTC period studied , anticyclonic conditions were

found to correlate with low duct heights and
In an ef fort to provide a more quantitative warm temperatures aloft. Two ships were

basis for KEG modification and development , and involved in measurements at NAN (one on station
to document hypotheses with actual case studies , an~ one ~n transit between the mainland and
several separate studies have been conducted at 30 N 140 W). When both ships ’ data were
PNTC. These utilized two data bases of radiosonde available, it was observed that the more
data received from the Navy Detachment at the northeastern—located vessel was more responsive
NCC, Asheville, North Carolina , one for Ocean to synoptic changes. This is consistent with
Stations NAN and PAPA for 1967, and one for 16 what one might expect given the greater defini—
stations for the mid—season months for 1974 tion and amplitude of disturbances within the
used in the REC. Both are supplem ented with higher latitude belt of westerlies. The
,ynoptic charts. These studies are briefly general experience with the NAN and PAPA data

4 described as fol1ow~ : was that a fair correlation was noted between
duct occurrence and the southeast quadrant of

4.3.1 Use of 1967 NAN and PAPA Data Base anticyclones but large variability was also
noted,

Computer programs were developed to calculate 
~~~~~~~ 

—
~ 

— ____________________________

and graphically plot several meteorological and ‘nj •
refractivity parameters. Data cards containing 

~~~~~ 

~ - ‘ “the basic sounding data were keypunched and . ‘

~~~ // - 
-

procegsed on the CDC 3100 and Calcomp Plotter - ‘ - 
‘ ‘C

. 
• ‘

systems. Figure 14 is an example of the F’ ~ - ‘, n

graphical output showing separate vertical i 1 / k , • 
‘
,

profiles for NAN and PAPA. Parameters include 
- 

~~~
, - / ,

Modified Refractivity CM), Temperature (T) ‘i ~~~‘ ~~~~~~~ 
—

St cait~~ipe~ ‘o~ m-m -& os.~Potential Temperature (PT) and Mixing Ratio -~jp~ ~ ‘C 1 — -

(W). The plots on the left Indicate the “~~ ‘, / - /
distributions through most of the troposphere ~~~ 

~~
“, ) ‘

~~~~~~~~~~
-
~

-- ‘ ~~~~~~
from the surface to 25,000 feet. The plots on 

~~, 
/ ( I I ~the right show the expanded scale distributions - ‘- ., / / I r 

‘
through the lower atmosphere from the surface 

~~
° \,, - )“ - / I ~~.. I

to 6,000 feet. At the right—hand edge of each ~~‘ / - -, •,.,,, ,, ~~. / I ‘ “~-J
plot is a bar graph diagram reflecting the ~L. ~ ~

“- -~~~ — / ‘ 1 ~magnitude of the refractive index gradient uut~a snoW em m,~ -loO m ‘between successive layers. Where the horizontal ,,,, ,
bars reach or exceed the dotted lines to the Figure 14 , Example of Sounding Plot for Station.
left , ducting ia indicated. Ship names, NAN and PAPA.
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4.3.2 Use of 1974 Multi—Station Data Base ilentropic analysis. Appropriate regions of
synoptic influenc e were defined and obtained

The comprehensiveness of the 1974 data directly from the hemispheric surface analyses
bases used in developing the KEG offers greater obtained from Asheville, The case studies all
opportunities for finding meaningful synoptic— show a consistent pattern, with inversions
refractive relationship, and case studies . In (typically associated with ducts) being lowest
order to adequately manipulate the data, a when anticyclonic influence is greatest.
large amount of radioaonde data from the 16 Layers were found to rice and weaken with the
locations obtained were reviewed and punched on approach of frontal systems . Figure 15 shows a
cards into digital form. As in the case with time sequence of temperature and humidity
the NAN and PAPA data , computer programs were profiles and accompanying surface charts in
then developed to compute meteorological and which this response to synoptic featuras is
refractive parameters from the basic data , and illustrated for a case study for Bermuda for
to graphically plot vertical profiles using the the period 4—7 April 1974. On 4 April, even though
COC 3100 and Cal Comap plotter. Tabular printouts a weak, dissipating front approaches and passes
listing pressure, height , temperature, potential the station from the north, a low strong inversion
temperature , relative humidity, mixing ratio and and shallow marine layer are maintained with a
refractive index were also made for each sounding. Superior air mass above. This is due to the
The data bases are now on magnetic tape . general increase in anticyclonic conditions

over the area as reflected in higher surface
4.3.2.1 Case Studies pressures over the region. However, beginning

on the 5th, the approach from the west of a
Based on inspection of the computer—generated more vigorous frontal system and the convergent

vertical profiles, several sequences were flow in advance of it is reflected in a raising
selected for Bermuda in the Atlantic Ocean and and weakening of the inversion with corresponding
Midway in the Pacific to utudy and illustrate increase in marine layer depth. By OOZ on the
the response of temperature and humidity 7th with the imminent passage of the front, the
structure (and hence refractivity) to Synoptic inversion has been destroyed. Although there
influence, Temperature (solid lines) and is some humidity data missing, there is evidence
humidity (dashed lines) were obtained directly of a general increase in moisture aloft in
from the original plots on the DODWPC 9—3lA advance of the front. As high pressure begins
adiabatic diagrams. Small dashed and dotted to build once again at l2Z on the 7th shortly
lines generally indicate the height of the top after frontal passage, weak inversions and a
and base of the inversion respectively based on shrinking of the moist layer also reappear.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~ 
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Figure 15. Surface Synoptic Charts and Vertical Profiles of Temperatu re and Relative Humidity

4 

for Bermuda , 4 — 7  A p r i l  1974 (Pote ntial Temp.ratur es on Profiles in Degrees Kelvin) .
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4.3.2.2 Objective Studies Table 2
Bermuda Duct Frequency as Function ef

The review of climatological statistics and DISTANCE TO CENTER OF HIGH
patterns, physical considerations, models
developed by other investigators, and individual DISTANCE DUCT FREQUENCY
case studies has provided strong encouragement (IN DEGREES LATITUDE)that there is a synoptic—refractive relationship ___________________________ _____________________
usable in a predictive sense. With this 

~ TO 5renewed optimism, objective studies have been
initiated using the extensive 1974 data bases
for the mid—season month. with the goal of 5 TO 10 122
developing statistics which reflect the synoptic
preferences for duct probability. 10 TO 20 115

A variety of parameters have been defined
based on strong suspicions or experience as 20 TO 14Q 84
correlators with ducting conditions. These
include isoberic curvature (anticyclonic , Tentative Conclusion — Ducting at Bermuda
neutral or cyclonic), proximity to anticyclone is more likely with proximity to the center of
center , anticyclone quadrant , proximity to high pressure areas.
fronts , size of ancicyclone , pressure increase
to center of high, pressure gradients , distance *(It should be noted that category intervals
to cyclones and others. These parameters must are not equal in order to provide sufficient

- - be determined for each station individually sample numbers for statistical significance,)
from actual synoptic charts. In addition , a
variety of parameters directly available on
tape from the digitized 1974 data bases were Table 3
also considered such as station pressure , 850 Bermuda Duct Frequency as Function oltab temperature , surface wind direction, and the SEA LEVEL PRESSUREtemperature difference between 700 tab and the
surface. Since ducting is most f requent in the SEA LEVELsubtropical regions , emphasis was concentrated
c.. -omparative data from the five subtropical/ PRESSURE (MB) DUCT FREQUENCY
temperate latitude radiosonde stations available , ______________________
Bermuda, Terceira , Ship H , Midway Island and
Ship NAN . Data for NAN and Ship H were available 1000 — 1012 49
only for .lanuary and April. It should be
pointed out that a few ducts formed solely 1012 — 1020 89by surface point effects on radiosonde soundings 

_____________________

were excluded because of temperature—induced
humidity errors as described by Helvey (1979). 1020 — 1050 141

Tables 1 through 18 present some examples Tentative Conclusion — Ducting at Bermuda
of these statistical comparisons. Each table is much more likely with higher sea level
includes a tentative conclusion derived from pressures than with lower pressures.
the data as presented. It should be noted that
computation. of duct frequency were derived for
100—foot levels starting from the surface . Table ISince a typical duct Is usually more than 200
feet in thickness , ducts will often overlap two Bermuda Duct Freq uency as Function of

,t or more such levels. In addition , multiple HIGH PRESSURE AREA QUADRANT
ducte sometimes occur . Therefore, summation o f QUADRANT OF HIGH DUCT FREQUENCYduct frequencies for all altitudes may exceed
100% and some ducts may be counted several
times. NE (INSUFFICIENT DATA)
4.3.2.2 .1 Bermuda

Table l SE 66
Bermuda Duct Frequency as Function of

IS OBAR C U R V A T U R E  
SW lOLl

_______________  

DUCT FREQUENCY
NW 147

ANTI CYCLON
CURVATURE 124 Tentative Conclusion - Ducting at Bermuda

____________________ ______________________ 
is more likely in the western quadrants of a

— high pressure area. It is contrary , however to
NEUTRAL all other indications of duct occurrence which
CURV A TUR E (2) 1014 show duc t ing to be most likely in the eastern

quadrants of snticycj.ones. It may be that this
CYC LON IC relationshi p is more complicated (or more
CURVATURE (3) 72 inconclusive) in this part of the Atlantic due

to a Common we s tward extension from the taain
Tentative Conclusion — Ducting at Bermuda Is more part of the Atlantic subtropical high usua lly

4 likely with anticyclonic surface isobar curvature, referred to as the “Bermuda High” .

4
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Table 5 Table 1

Bermuda Duct Frequency as Function of Bermuda Duct Frequency as Function of
SEASON‘(00 MB TEMPERATURE

SEASO N - DUCT FREQUE NCY
700 MB TEMPERATURE (°C) DUCT FREQUENCY WINTER (Jan) 75

—10 TO 0 51 SPRING (A~ iI) 52
SUOSIER (July) 31

o TO 10 98 FALL (October) 33

0 TO 5 126 ANNUAL ($ Mes.) 50

Tentative Conclusion — Duct ing at Bermuda
Tentative Conclusion — Ducting at Bermuda is most frequent in winter and least frequent

is more likely with 700 tab temperatures just in s~~~er even though the subtropical high isover 00 C. strongest and most persistent in summer. This
distribution can be explained by the fact that
in the warmer months , Bermuda is usually located
within the western edge of the subtropical high
and is influenced by a wa rm, somewhat unstable
flow of tropical air.

Table $
4.3 .2.2.2 Ship HBermuda Dccl Frequency as Function of

S U R F A C E  WIND D I R E C T I O N Ship H at 38°N 70°W is approximat~ ly 3~ 0
miles to the northwest of Bermuda (32 N 65 W)

“QUADRANT ” SURFACE WIND ! ~! 1T  FREQUENCY 
and serves as an interesting source of comparative
data.DIRECTION

___________ ___________________ -- 

Table S
SE 000° - 060 50 (22 sOUNDINGS) Sh ip H Duct Frequency as Functi on of

SURFACE WIND DIRECTION
SW )E~1- ’ 12~ Cl (18 SOUNDINGS )

SW - NW 1200 180 
QUAD RANT SURFACE WIND DIRECTION DUCT FREQUENCY

N O S )  SE 000.0100 00

SW 010.1200 ($0)
NW 1800 - 240” 35 (7q soUNDI NGs)

__________ __________________ __________ SW-NW 120-100° (25)

NE - ~nP 50 ( CS s0uNDIN- ,s) NW 100-710° $2
—_______ _________ —

NE 7$5 3550 $2NE - SE — 3Cr 44 (27 c~~uNrI’~- ,c)
— —  - — NE .SE 300-300° 5$

—- —_______ _____________ - — 
CALM 0

A L L  L~7 _________ 

ALt . $3

Tentative Conclusion - Ducting at Ship H is
most likely in the northeast and southeast
quadrants of anticyclones and least likely inTentative Conclusion — A double maximum in the southwest and northwe st sectors. This isBermuda duct frequency is observed with primary contrary to observations made for Bermuda. On

maximum in the southwest to northwest quadrants the other hand it agrees with previous discussionswhich is in agreement with observations from which point to duct frequencies highest in theTable 4. A secondary maximum is observed In eastern quadrants of high pressure areas.the northeast quadrant.

4.3.2.2.3 Terceira, Azores*Antlcyclone quadrant can be inferred from
surface wind direction. Assuming that cyclonic Terceira (39°N 27°W) is on the eastern side
wind systems are smaller in area and can be of th. Atlantic and provides another intereeting
ignored for this purpose, quadrants can be point for comparison.
assigned to different wind directions as shown Table Sin Table 6 and following tables. Cross isobaric Terc. ira Duct Frequency as Function offlow of 300 is assumed. The number of soundings SEA LEVEL PRESSUREavailable for each category is indicated in
parentheses. SEA LEVEL PRESSURE (MB) I DUCT FREQUENCY

Since most of the comparisons made were for 3150. 1010 u
the four mid—season months , January , April , iO11~~i020 I II
July and October, considered together , computer 3131 313$ SIprocessing was also accomplished for pure
climatological statistics showing Bermuda duct Tentative Conclusion — Ducting at Terceira
frequ.nciss for each of the four months considered Is much more likely with higher sea level
separately, without regard to synoptic parameters, pressures and is therefore strongly correlated
These are shown in Table 7. with anticyclone intensity.

4
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Table 10 Tab lo 13
Terco ira Duct Frequenc y as Function of Ship Nan Duct Frequency as Function of

SURFACE WIND DIRECTION SURFACE WIND DIRECTION (Jan & Apr saly)

“QUADRANT” SURFACE WIND DUCT FREQUENCY “QUADRANT ” SURFACE WIND DUCT FREQUENCY
DIRECTIO N 

______________ __________ 

DI R E CT ION 
______________

SE - 000° - 0600 60 SE 000° - 060° 82

SW 060° - 120° 36 SW 060° - 120° 60

SW - NW 1200 - 1800 50 SW - NW 120° - 180° 57 
—

NW 180° - 21100 32 
— 

NW 180° - 21100 31

NE 240° - 300° 36 NE 2400 - 3000 35

NE - SE 300° - 360° 37 NE - SE 300° - 360° 62

CALM 0 CALM 0

ALL 41 Tentat ive Conclusion — Duct frequencies at
Ship NAN in winter and spring are more likely

Tentative Conclusion — Duct frequencies at in the southeastern quadrant of highs and least
Terceira show a bi—modal distribution and are likely in the northwest quadrant of highs in
most likely in the southeast quadrant of a high agreement with ear lier  discussions concerning
in agreement with previous discussions . A regions of preferred subsidence.
secondary maximum occurs in the western sectors
of highs which supports the Bermuda observations. Table 1$

Ship Nan Duct Frequency as Function of
T E M P E R A T U R E  D I F F E R E N C E

Table 11 BETWEEN 700 MI AND SFC

Torcoira Duct Frequency as Function of 100 MB TEMPERATURE DUCT
TEMPE RA T U R E  D I F F E R EN C E  MINUS SFC TEMP (0 c) FREQUENCY

BETWEEN 700 MB AND SFC —__________________ __________________

-20 (0) only 5 soundings
100 MB T E M P E R A T U R E  I DUC T

-20 TO -15 $1
MINUSSFC TEMP (0c) FREQUENCY ________________

-15 TO -19
.20 )0-15 25 1 TO 10 only 2 soundings
-15 T0 -10 1

~gntative Conclusion — Ductirtg at Ship NAN
Tentative Conclusion — Ducting at Terceira is more likely when temperstures at 700 tab are

is more likely when temperatures at 700 tab are not more than 10 to 15 degrees colder than
not more than 10 to 15 degrees colder than surface temperature .
surface temperatures.

4.3 .2 .2.5 Midway Island
4.3.2.2.4 Ship NAN 

Midway Island (28 °N 177 °W) is located in
Statistical studies were also made for the mid—Pacific Ocean.

Pacific Ocean stations Results are shown
below for Ship NAN (306N 140°W). 

Table 15
Midway Island Duct Frequency as Function of

SURFACE WIND DIRECTION
Table 12 ‘ QUADRANT” 

- SURFACE WIND 
I DUCT FREQU ENCYShip Nan Duct Fro quency as Function of D I R E C T I O N

SEA LEVEL PRESSURE (Jan 4 Ap r il enly ) — — —-—- — _____________ _____________

SEA LEV EL SE 000” - 1)600
PRESSUR E ~ Du CT FRE~)IJENCY 

— ________________ _______________

_______- -~~~~ - - SW 060° - l2~° 28- 
0 — —

~~~~~~~
-— —  — —

SW - NW 120° - 180° 211000 - FiT 19 — —_______ _____________ ____________

1010 - lO7fl 57 NW 18°’ - 24 fl ’
1020 - 103~ ______ NE 2110” - 300° 18

- 1fl~0 (100) - SASED ON ONLY S SOUNDINGS
NE - SE 300° - 360° 33

Tentative Conclusion — Duct occurrence at —-__________ __________ - _____________

NAN in winter and spring is much more likely CALM 0
with highcr sea level pressure , or when anti—

4 cyclonic conditions are strongest, OVERALL 25

IG()
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Tentative Conclusion — Duct frequencies at Table 15
Midway Island are most likely in the southeast Duct Frequency fo r Sub-Tropical Stations Comhiuod as
quadrant of highs and least likely in th~ Function of Both
northwest quadrant in agreement with earlier SURFACE WIND DIRECTION AND SEA LEVEL PRESSURE
discussion. concerning regions of preferred
subsidence. ~— - ‘~ ‘.‘‘- - i’,; ~~~~~ • -~ ,t

4 3 2 2 6 All. Station. (16) 
~o ~~ 

w~~ 
0) - 

10) 1  ?S
A couple of comparative studies were made - —  - - - - --- —------€ - - -

using date from all 16 stations contained in ‘ - - ‘ - -
the 1974 data bases hmtped together to obtain a 

~~~ - - ______- - -
more global view of statistical preferences. - : ‘   

- - 
SO 

- 
€ 

- 
€1 5 5

Results are shown below. :‘~~~~~~~~ :-~~ - u ’ ~’

- ~ O ( I S I S  - ‘ - -~~~~~~~~~~~~~~~~~

S —~ ~:- € ~ 0

Table 11

Duct Frequency for all Stations Combined as Function of Tentative Conclusion — Ducting at the five
SEA LEVEL PRESSURE subtropical/temperate stations combined is most

likely in the southeast quadrant of highs
SEA LEVEL (least likely in the northwest) and with higher
PRESSURE (MB ) DUCT FREQUENCY sea level pressures (greater anticyclonic

— - 
- 

—-- --~~~~ - — - — — -  - - —-- intensity). This picture arises even whet, the
~ 1~!?~ - 7 data for Bermuda are included which show a

- 
~~~~~ 19 reverse dependency on quadrant.

lP1~~~ i-~ 

— 

35 5. DEVELOP)~NT OF A NEW REC MODEL

i’~1’-) t4fl 
- 

The purpose of the objective studies and
1030 1~~C 

- -- - 

- 3 ~ - BASE D ON ONLY SOU NDINGS 
the previous review of models and atmospheric
structure is to develop a basis for modifying
the synoptic—refractive relationships used inTentative Conclusion — Duct frequencies for the initial REG so that it will be more reliableall stations combined are clearly more likely and realistic. Based on experience with thewith high sea level pressures, but not extremely REG and recent studies just discussed whichhigh pressures (> 1030 tab). show ducting to be consistently (but not
exclusively) most frequent in the eastern
quadrants and near the canter of high pressure
areas, a schematic diagram has been formulated
of a proposed working model of REG solutions

Table 11 (Figure 16). In this diagram , a schematic view
Duct Frequency for all Stations Combined as Function of of a cyclone and associated frontal system is

TEMPERATURE DIFFERENCE BETWEEN 100 MB and SFC shown with a large subtropical high to the
southeast and a continental—modified polar

700 MB TEMPER ATURE anticyclone to the west.
MINUS SURFACE TE MPE PAT U RE ( ‘ C )  DUCT FREQUENCY

< - 20~ 12 
- -

-20 ro -1~ - - - 
25 ___________

— - _ 15 ro -i~ 31 
____

12
Tentative Conclusion — Duct frequencies for

all stations combined are more likely when 700 F
m b temperatures are not more than 10 to 15
degrees colder than the surface.

~~~~~~~~~~~~~ ...~~~~~
--- e

4.3.2.2.7 Subtropical Station. (Bermude~ : ; ‘ ~~:2.~:~~” 
D

Terceira. Ship H, Midway, Ship NAN) • ~~~~~~~~~~~~~~ 

Since ducting is most frequent in the .
subtropical regions, comparative studies were
made using data from the five subtropicel/
temperate rsdiosond. stations available . Data Figure 16. Preliminary Workin g Model of Synoptic—
for Ship NAN and Ship H was available only for Refractive Relationships.
January and April.

_  _
_  _  -- - 
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Within the subtropical ant icyclone, a There is also still the question of authen—
region of very low elevated ducts (Profile B) ticity of surface—based ducts from the standpoint
exists near the center of the ant icyclone where of radiosonde representativeneso discussed by
pressure is high and subsidence strong. The Helvey (1979). A proposed solution for this
southeast quadrant is a region of low, strong problem will also affect the nature of BEG
elevated ducts (designated as Profile C); as predictions.
the air flows westward south of the center , it
is heated by the warmer sea surface on the 6. MODIFIED BEG PROCEDURES AND SOLUTIONS
western sides of the oceans, and subsequent
convection raises and weakens the elevated duct 6.1 KEG Charts
in the southwest quadrant (Profile D). North
of ths center of the anticyclone, subsidence is Based on the proposed REG working model,
lass, temperatures aloft are colder , and the BEG charts have been modified f or each of the
refractivity gradient is assumed to be no more four mid—season months for both the North
than super—refractive (Profile F). The line Pacific Ocean and North Atlantic Ocean . Only
separating the F region from any of the duct these two ocean areas were selected in an
regions may be thought of as a 50% duct—probabili— attempt to focus on the nature of predictions
ty line, and to allow for their proper evaluation,

before going on to other ocean regions where
The polar anticyclone is similar in refrac— data is sparce and firm knowledge is lacking.

tivity characteristics except it is assumed The KEG charts were modified somewhat from the
that strong sinking motions and dryness of working model in order to account for some of

- 
. continental air may be manifested at times by a the observations at Bermuda, and continue to be

region of surface—based ducting (Profile A) regarded as working solution. subject to
near the center of the high. About this region results of continuing studies at PMTC. Figures
is an area of low elevated ducte (Profile C) 17a and b are examples of such maps for the
bounded to the south by weaker elevated ducts Pacific and Atlantic , respectively, for selected
(C—) , and to the north by super—refractive seasons.
conditions.

Even though statistics have not yet been
compiled to show that cyclones are associated
mainly with near standard conditions , the
instability and vertical mixing coimaon in these
regions has led to the assumption that ref rac—
tivity conditions there and for some distance
along the frontal surface are near standard
(Profile F). As the pre—frontal flow increases,
experience has shown that refractive layers
rise and weaken markedly with proximity to the
front. In addition, a region of moisture
advection ahead of the cold front and into the
cold air side of the surface warm front is both
suspected and observed to result in sub—refractive
layers and this region is designated as Profile

G. It should be noted that G may overlap with
4 any of the ducting or other defined regions .

In addition, a region of multiple thin layers
has also been defined in the tropics and is Figure l7a. Preliminary Modified REG Chart North
designated Profile M. It may be necessary to Pacific , Spring.
specify conditions in these low latitudes on a
purely statistical basis.

Only general altitude classifications have
been defined for each profile type in an
attempt to simplify and generalize the REG
prediction.. These will be modified later as
necessary (roam results of additional synoptic
cl nistology studies. No altitudes have been
specified for Profiles G or M.

The question of surface based ducts is
still a difficult question with respect to BEG
development. Evaporative ducts were not
incorporated into the initial BEG and their
relationship to synoptic events and large scale 

_______

oceanic (matures is the subject of investigations
at NEPRF. At sonic point , if a successful REC
can be developed for the synoptically—induced
layers, then evaporative duct conditions should
be incorporated as part of the overall propaga— V

tion assessment , — even if based purely on

4 climatology. M 
~~~~~~~~~~~

Figure l7b . Preliminary Modified BEG Chart North
Atlantic, So~~~ r.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- - -
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As the results of new objective studies and include comparison of predicted refractive
other knowledge or experience becomes available, structure from modified KEG charts (and other
the KEG charts will be modified accordingly, refractive predictive techniques under develop—
One specific plan if possible is to incorporate ment by PMTC) with actual measured profiles
a better definition of layer altitude on BEG determined from soundings at Point Mugu, San
charts. This may require a different form of Nicolas Island and Hawaiian locations. If
KEG chart whereby the probability of occurrence possible, these soundings will be corrected for
and the probable altitude can both be displayed temperature—induced huniidity errors to minimize
based on objective studies. Figure 18 shows an contamination by spurious surface—based ducts
example of what such a chart feature might look described by Helvey (1979).
like.

Operational utility and significance of
40’, prediction. will be tested by comparing KEG

systems performance solutions with actual

N 
performance conditions obtained from observa-
tions from radars from Point Mugu, San Nicolas

60’. Island , Barking Sands and other PMTC locations.
Systems performance predictions will also be
evaluated for specific sensors using the IREPS
system developed by NOSC.

8. FUTURE PLANS

aircraft flights across air mess boundaries to
directly ~oeasure and document synoptic—refractiverelatIonships due to large scale patterns over

~~~~~~~~~~~~~~~~~~~~

7 

In the future, it is hoped to conduct a few

the North Pacific . With improvement in the
KEG’s ability to predict refractivity conditions
based on synoptic structure in the North Pacific
and North Atlantic Oceans, attention will be
directed to modifying the relationships for
other ocean areas. Tests will also be made at
several sites to determine the magnitude of
temperature—induced humidity errors in radiosonde

\ m e asurements and their impact on refractive
structure. In addition, guidelines will need
to be established to modify PEG solutions for
typ ical meso—scale or coastal influences that\
can be expected in the vicinity of major land
masses. The incorporation of satellite imagery

25 will also be attempted as en additional synoptic
input from which to infer refractivity conditions.
Ultimately, a successful KEG can not only be

Figure 18. Depiction of Elevated Duct Altitude used as stored synoptic solutions within IKEPS,
and Probability of Occurrence, but could together with the PMTC Equivalent

6.2 Sy 
Altitude technique, and the Marine Planetary

stems Performance Assessment Boundary Layer model under development at
NEPKF, be completely automated and used by FNWC

While the scope of the present effort is to as a valuable addition to other operational
develop a firta basis for predicting refractive products.
structure from a knowledge of synoptic weather
features, some consideration must also be given 9. ~ONCLUSION
to the modification of systems coverage diagrams
for potential operational use. One possibility The meteorological basis of a REC approach
is to simplify the ray trace depiction by to predicting refractivity has been established
substitution with other related diagrams which with case studies and objective input from
may better describe coverage for an operational __________
user. This may include other IREPS products or 

__________

Fleet Numerical Weather Central (FNWC) displays.
Figure 19 shows one type of pictorial display
which is under consideration. These and other
related aspects will be planned and discussed
with NOSC and Fleet personnel at a suitable
time prior to evaluation of the technique. 

______

7. PLANNED EVALUATIONS

After additional objective input to the KEG ____________________________________ ________
working model and chart., (possibly using an ________

expanded 1974 data base) an evaluation will be
performed to teat the meteorological and
operational improvement in skill over the Figure 19. Simplified Depiction OS Propagation

4 earlier procedure. Such evaluations will. Conditions Versus Altitude and Range. 
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synoptic climatologies. From this knowledge, a Clarke, L., “Operational Radar Meteorology”,
very general descriptive working model of a Technical Note No. 27, Fleet Numerical Weather
synoptic—refractive relationship has been Facility, Monterey, California, March 1967
constructed showing subsidence and higher duct
probabilities in the southeast quadrant of Cuming, M. J., F. G. Caton, and P. P.
subtropical anticyclones with lowest and most Kalinyak , “Development of a Synoptic Climatology
frequent ducts closest to the anticyclone of Tropospheric Refractive Conditions for the
center. A different pattern has been observed Eastern Pacific Ocean off the West Coast of the
using Bermuda data which shows duct occurrence United States ” (Task Three: The Assessment of
to be greatest at that station in the north— Refractive Structures from Typical Synoptic
western quadrants of anticyclones rather than Patterns) Meteorology International Incorporated ,
in the southeastern quadrants as in moat of the Monterey, California, September 1977
other stations studied. Stronger anticyclones
in general result in a higher duct probability. de Violini, K., “Climatic Handbook for

Point Mugu and San Nicolas Island”, Vol. 1,
At low latitudes as air flows westward on Surface Data , Pacific Missile Range, Point

the equatorward side of subtropical anticyclones, Mugu , California , PNR—MR—67—2 , October 1967
subsidence decreases and ducts rise and weaken
as the air Is heated convectively by warn seas. Edinger , J. C. and N. G. Wurtele, “Marine
A region of super—refractive conditions covers Layer Over Sea Teat Range”, Pacific MIssile
the northwest quadrant of highs separating the Range, Point Mugu, Califonia Tech. Pub. PMR—TP—
ducting region from an area of near standard 71—2 , 1971
conditions associated with fronts and cyclones
where air is i’efl mixed, To the rear of fronts Elliott, K. and 3. Thompson, “Relationships
are air masses, partly of continental origin, Between Tiros Cloud Patterns and Air Mass (Wind
which are also marked by low level ducting over and Thermal) Structure”, Aerometric Research ,
the equatorward portions and super—refractive Inc., Coleta, California , September 1965
conditions in the poleward regions. If the air
mass is very recently removed from the land , it Cjessing, D. T., “On the Influence of the
is speculated that surface—based ducts may Meteorological Conditions on the Radiation
occur near the high center associated with dry Properties of Long Range Radars and on the
c-ontinental air aloft. Field Strength from a Distant Radio Transmitter”,

Norwegian Defence Establishment , FFIE Intern
It is concluded that refractive conditions Report E—1l2, August 1967

and trends can be predicted by REG techniques
but the quantitative extent to which this can Glevy, D. F,, LCDR, “An Assessment of Radio
be done depends on KEG evaluation and further Propagation Affected by Horizontal Changes in
development, and may be limited in certain Refractivity’ , Naval Electronics Laboratory
regions by local factors which do not conform Center, NELC/Th 3153, May 1976
to general trends. Other factors which affect
PEG performance include the various limitations Clevy , D. F., LCDR and AGC L. E . Logue, “An
of radiosonde data when used for refractive Evaluation of the Refractive Effects Guidebook
purposes , particul~~ ,i’7 as they apply to the (KEG)” , NELC TN 3268, 2 December 1976
authenticity of surface—based ducts over the
ocean not caused by evaporation. Clevy , D. F., LCDR , “An Evaluation of the

Refractive Effects Guidebook (KEG) in the
Sout hern California Offshore Area from March—

- December 1977” , enclosure (1) to NOSC ltr ser
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A PRELIMINARY ASSESSMENT OF T13’IPERATURE-INDUCED RADIOSONDE HUMIDITY ERRORS AND

EFFECTS ON APPARENT LOW—LEVEL REFRACTIVE STRUCTURES

Poger A. Helvey

Pacific Missile Teat Center

Point Mugu , California

SUMMARY
— — 

WCST LONGITUDS C~~5T LONCITUDE 
—

Standard radiosonde measurements and procedures -

are subject to significant temperature—induced ,- a” ‘ ,

humidity errors in the near surface layer. These ~ 0o’ . : . . a
errors, when experienced at coastal locations and - 

~~ ~~ ~
. . 0 

-
4 applied to open ocean conditions nay result in 11111 _ i .1

~~~.
- .

spurious surface—based ducts which have serious ~~~~~~~~ -“
implications for the authenticity and application ‘‘r~~~~~

- -

of world—wide refractive climatologies in naval ‘ _J
planning and operations, and in the development . . .

and verification of prediction techniques. ~~~s~~~~~cs,s~sou’
Efforts are underway at the Pacific Missile Test 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~Center to determine the magnitude of this problem , flA y GB - APR 69 ¶ ‘ ~~~~“~~~ 
‘

and to reco iend modified measurement procedures -
l 

~~~~~~~~~~~~ 55 $? ’ - ‘ ‘ 1 ~~ S - ISZ ‘ 2 •“~ ~~~~~ 
—

and correction factors that can be applied to
existing data. Figure 1. Global distribution of differences in

occurrence of surface—based superrefractive
1. PREFACE layers between synoptic observation times.

Navy requirements exist for a prediction based ducts is depicte~ in Figure 1, for “coastal”
capability which will allow conversion of routine stations in a SYLVANIA study covering the period
synoptic weather information to an assessment of May 1966 through April 1969. Locations where
meso—scale refractive structure and hence an more ducts were noted at OOZ than at l2Z are
inferred assessment of radar systems coverage, indicated by squares; the reverse by “X”s; the
An initial subjecttve/objective effort based on size of the symbols is proportional to the
world—wide radiosonde coverage and characteristic differences in relative frequencies of occurrence
synoptic patterns resulted in the development 1

of observed between the two standard synoptic obser—
an initial Refractive Effects Guidebook (KEG) . vation times, OOZ minus l2Z. It is i~~ediate1y
While the prediction technique m et with partial apparent that with very few exceptions, surface—
success , subsequent objective evaluations of KEG based ducts were more frequent at OOZ on0either
performance indicated significant discrepancies side of the dateline between 90°E and 90 W,
in verification, particularly for surface—based where OOE occurs locally during daylight hours.
ducts. These discrepancies can be explained by The situation is reversed for the other side of
three factors : (1) A still incomplete under— the earth centered on the Greenwich meridian
standing ;ynoptic—refractive relationships, where 12Z is during daylight hours, although the
(2) an overly detailed attempt to specify pre— pattern is not as clear—cut. The bias is greatest
dicted profile types, and (3) deficiencies in at low latitudes. Solar elevation angle is
radiosonde data when used for refractive purposes. implicated as a direct or indirect cause, pre-

sumably by its effects on instrumentation or on
• The first two problems are being addressed by actual conditions in the atmospheric boundary

PMTC in a continuing effort to develop improved layer.
— prediction capabilities. The third problem is

being simultaneously investigated and is the Diurnal variations in atmospheric properties
subject of this report. over the open ocean should generally be quite

small; day—night sea surface temperatures typica~1y2. A DAYTIME BIAS vary by no more than a few tenths of a degree C.
1 Unfortunately, however, with the exception of a

In evaluating the performance of the KEG, few ocean station vessels , the soundings regularly
doubt has arisen concerning the authenticity of available from oceanic areas are actually made
many of the surface—based refractive ducts derived over land from islands or near the coasts of
from radiosond4 data. Statistical su~~aries of continents. Temporarily putting aside the
surface—based duct occurrence compiled from these question of whether such soundings are representa—
data indicate an inordinately larg. diurnal tive of open ocean conditions, the observed
variation. The global disf ribution of differe’~ .es diurnal variations found from the Sylvania

4 
in relative frequency of occurrence of surface— statistics seem u,eteorologically Implausible.

1 , 
— —— -  .—---—- —“ — - ~~- -- —~ —
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The very limited extent of sonc of the island daytime hours in data obtained as late as 1974,
sites where the day—night variation is greatest as shown in Table 1.
suggests that changes in refractive layering due
to diurnal variations in local winds are not the
basic cause, especially since most of these
surface—based ducts are very shallow. The
establishment of daytime surface superadiabatic 

~~~ - ( I ? !layers at land stations would be a common feature Dlf ’~ r~ nce~
at nsarly all sites , but except possibly in the
case of wet soil, the associated strong vertical
mixing should destroy any humidity stratifications -c -~ t~~i -  ~ -146 9 ~~which could cause superrefraction, and the rapid 

-~ 
. : - ~ - 

. I5~~ BARH .. A~A’,~A

decrease of temperature with height would tend to - -  - “ 
- . :~ , ~cause subrefraction. ~ ‘ J~ A ’  A

~ ‘I ‘I’-
Ii 4~ ’ 4 $ , - - :‘,~ - ‘A .1
HI ‘ 4 -  - - APQi .~ - ~Tc

3. SOURCE OF THE BIAS “ “ ~ “~~ ‘ 4’~ - -  “I I~ -
. .33

4 - A - - - ~~ H:  A .  s5A5 ‘51 .21

3 1 Radiosond e Humidit~ A ~ , n mm
4 - : A H - . III 4,4 

- 
- i  - 12

The apparent marked surplus of these daytime -: .~~ 
“ - A - -

surface—based ducts can be explained as a conse— - - HP- ” 4

quence of instrumental error. Most of the : - ‘~ - • H A H H A [ H ) . :‘. :- - A . - : . APT - 4  -

stations shown in Figure 1 can be identified as ‘ ~ A A’ , A . - 4~ - ~~B,4O~~Ar~~
sites where American radlosondes were employed. ‘ ii:u ,ARI 1 .4, ~~~ ‘A  

- 
-

It has been known for some years that temperature—
induced humidity errors have been responsible for :-  ‘. : - ~~ - - HA PP- ’4I P 4’. 4 - ’ ~

a bias towards lower daytime r~ lative humidities A “I - -~ W - ’  ‘ :‘p

reported by U. S. radiosondes • This is not -n -~~-~ a l A  ~P-’ -- A ’ . A  ,
~ H-H - A V IA - -merely the result of the inverse relationship

between relative humidity and temperature , but Table 1. Differences in percent frequency of
represents a Spurious reduction in daytime values occurrence of surface—based ducts reported at
of moisture in terms of dewpoint, mixing ratio , OOZ and l2Z (OOZ minus 12Z), for periods May
and other derived conservative moisture parameters. 1966 through April 1969, and Jan/Apr/Jul/Oct
The cause is known to be warming of the hygristor 1974.
(humidity element) due to solar radiation; the
resultant increase in saturation vapor pressure The apparent lack of any overall decrease in
of the air in contact with the hygristor leads to daytime surface duct bias is understandable if we
an erroneously low indication of relative humidity, take into account the special nature of the
which used in conjunction with the cooler tempers— atmosphere in the surface boundary layer, the
tures from the sonde thermistor results in lowered manner in which the data is obtained , and the
calculated values for other moisture parameters. effect of hygristor thermal lag on indicated
The microwave refractive index will also be too humidities. For temperatures typical of the
small. Above the surface layer this would have lower atmosphere over temperate and tropical
little effect on refractive gradient and duct regions the humidity response of the carbon
calculations, since the bias would change slowly hygristor type of humidity element in use for
with altitude. But near the surface , significant some years is quite good , with a lag coefficient
refractive gradient errors could result. This less than one second. The thermal response of
follows from the fact that the surface point of the carbon hygristor is much worse, however, with
soundings reduced according to standard procedures a lag coefficient near sea level around 15
is obtained by psychrometer , as specified in FHE— seconds in the improved sonde introduced around
3 (Federal Met9orological Handbook of Radjosonde 197112 , 13, and as much as a half—minute in the
Observations). 0 The value for surface refract ivi ty older sonde package5’ ~ formerly used by the
would therefore preeumably be relatively accurate. National Weather Service. The lithium chloride
Because the refractivity at the top of the surface element in use some years ago was likewise subject
layer is obtained from the radiosonde and hence to considerable thermal lag. At times when the
liable to be erroneously small (dry) during condo is ascending through a region with negative
daytime, a negative bias in the apparent change temperature lapse rate, the hygristor temperature
in refractivity upward through the surface layer will be too warm and hence indicated humidity and
will result. This in turn leads to a tendency refractivity will be too low, For the current
for fictitious suporrefractive gradients in this sonde and normal ascent rates the theoretical
lowest layer of the sounding. hygristor temperature excess due to lag (15—

second time constant) can be estimated at about
Attempts to assess and correct for spurious O.5C for an ambient lapse rate of —2C/1000 feet,

daytime dryn,ss in7U. S. rsdigsonde data from the with a corresponding relative hm idity deficit
Line Island , ATEX and BOMEX e~periments led to around 3Z, and refractivity deficit of roughly 3
introduction of a modified eonde around 1971, N—units. In the free atmosphere the refractivity
designed to minimize hygristor heating by in— gradient structure will be affected very little ,
proving ventilation and shielding from sonde and except during passage through inversions (when
solar heat sources. Although a considerable the biases will be reversed with the hygristor
improvement in the accuracy of the upper—air tending to be cooler than the environment). But
humiditi.s has bean reoor ted . 10 ’ 11 a large th. situation is entirely different near the
diurnal variation in surface layer refractive earth’s surface. There, very strong negative

4 conditions i~ still very much In evidence, temperature lapse rates in the daytime super—
Surface—based ducts continued in abundance during adiabatic layer and interna l boundary layer near

/4

’

. . 
- - . .

-— .~~
- —-— -5-- -

~~~~~ T r i~~J~ ~~~~~~~~~~~~~~~~~~~~~~~~ — - - - - 

- - 

-~~~~~~~~~~



r -
- — -.- . -—- 

~~~~~~~
“—--- ----— -=

~
- - - - —--

~~~~
--

.~~
- -

~~~~~
-—-

coastlines during onshore flow will produce vulnerable to heating by solar radiation during
considerable reductions in appareot refractivity pre—releas. preparations because of inadequate
with height. ventilation. Cases are reported where a sonde

has been allowed prior to release to lie outside
The influenc, of temperature lapse rate on on a hot surface auch as the deck of a ship.5

refractivity is illustrated in Figure 2a, where Even when reasonable care is exercised to avoid
refractivity gradient versus temperature gradient direct exposure to sunlight and relatively warm
is plotted for the first layer of soundings for areas such as asphalt , substantial daytime
Ponape, 1974 data. In general, the greater the warming of the sonde and hygrietor can be expected
decrease of temperature, the stronger the ref rac— before release under conditions of clear skies
tive layer was found to be , This temperature— and light winds. Although according to FMIi—3 the
induced problem is aggravated by still another surface point would not be taken from the sonde
probl em——the increasing sensitivity of the in any event , a substantial period of time is
computed refractive gradients to noise in the required after release for recovery of the radio—
data as layer thickness becomes smaller. As sonde from such overheating, due to the thermal
apparent in Figure 2b, even without noticesble lag of the hygristor and walls of the humidity
correlation between layer thickness and refractive duct. The contribution of this effect to the
gradient , the larger scatter in the data for the total humidity error is especially important when
thinner layers results in a greater number of the first point from the sonde is selected within
extreme gradients — both superrefractive and a few hundred feet of the surface, as when surface
subrefractive. Standard procedures dictate pressure is only slightly greater than 1000mb, or
reduction of sands data for mandatory pressure when a significant level is selected at the top
levels,6 At most coastal and island stations the of a shallow superadiabatic layer.
1000mb level is as a rule within a few dozen feet
of the sur face , thus guaranteeing on reduced 4, MAGNITUDE OF INITIAL ERROR
soundings a predominant ly thin surface layer ,
with no direct physical basis for its reported An estimate of the temperature of the hygristor
depth, element can be obtained for the moment of release

if the radiosonde recorder chart and the surface
psychrometer data are available. Regardless of

+200 • temperature variatione, and in the absence of
• wetting of the sonde and humidity element by

precipitation, water vapor pressure should be
0 

• ‘ • . • -4 _~~~~~ essentially the same out~~de the sonde and in the
S ‘ T IIIIU air around the hygristor . Thus the temperature

• ,. ‘ ~~ ‘ 
“ of the latter is just that which together with

the observed radiosonde initial ordinate value
yields the sane vapor pressure as that corres-
ponding to the psychrometer data.

~~ Figure .~h. Re fractiv ity H~r l d i 4 n t  and An example of a recorder chart for a sounding
th iHkn”ss of the surt 1H e layer, with substantial initial hygristor temperature

excess is shown in Figure 3. Humidity increases
to the left, temperature to the right, and time
upwards. The sonde was released at Point Mugu at
1024 PST , 30 July 1973, and had been modified to

—soo • POW AP E — 1~7$ DATA permit greater vertical resolution by increasing
+ 200 the switching rate between temperature and

humidity. Skies were overcast with low stratus
iso (which was beginning to clear, however), and

I • - , - C/1~~ O 
~ surface winds were two knots from the southwest

• 

VI~~~(UI~~~øI (onshore).

.
. ..~~
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~~~~~~P 
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Figure 2a. Refractiv ity gradient and temperature H ~~~~~~ - 4 ,~~
- - -~,., ,_. • - . 

~~ 
a

gradient in the surface layer. - 
4 I -

- - -~~~o~-~~~ ns 1~~-~t---~-1- -- ~
-

3.2 Sonde Exposur . Before Release - 
t i ~

_Y 51 3’S
~~

s,, IL _ ~L - - A S- •‘ .‘—~~‘~~ ~ - ,a ,’c
Exposure of the sonde prior to release can ~ ~~~~~~ ~ ~~~~~ ~~~~~ I~ APUO

also contribute to a b ias towards daytime ducts. 
__ 

ISSUTSIAZ SU*STYAlthough redesign of the sond. has minimized
radiative contribuftons to the hygristor tempera- Figure 3. Radiosonde recorder chart f or Point Mugu
ture excess aloft, the hygristor remains Sounding, 1724Z (1024 PST) 30 July 1973.
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The sonde was one of the Weather Service must be known. First of all, it is required for
types (J006) which had been modified at PMTC to reduction of the raw sonde hygriator data because
reduce solar heating effects by covering the top of its effect on the relationship between hygristor
of the hygristor duct with aluminum foil, and resistance and relative humidity, but this effect
blackening the interior of the duct. is minor for the temperature range of concern

here. Hygristor temperature is of much more
The surface humidity ordinate corresponding importance, however, in correcting the apparent

to the relative humidity reading of 781 obtained relative humidity for the difference in saturation
from electric psychrometer is shown as a circled vapor pressure between that in the free atmosphere
point, far to the left and at a much higher and that in the air in inmediate contact with the
humidity than that corresponding to the initial hygristor, when the temperature of the latter
location of the aonde humidity trace. The latter differs from the free ait temperature as measured
indicated a relative humidity of 56%, using the by the thermistor outside the sonde. Hygristor
psychrometer temperature of l8.8C. The discrep— temperature can be measured directly by a ther—
ancy between these two humidities corresponds to mistor placed on the hygristor, but this requires
a hygristor temperature excess in this case of provision for transmitting the additional tempera—
about 5.5C. The sonde data indicate the top of a ture to the surface. Another approach involves
superadiabatic layer at 214 feet above the surface, calculating theoretical hygristor temperature
(This level is indicated in Figure 3 by the long response to measured free air temperatures,
horizontal dashed line at about 1/4 minute into considering hygristor temperature error at the
the sounding.) Use of the actual humidity contact moment of release, and the effective hygristor
value for this level together with the surface thermal time constant (due to the combined thermal
psychrometer data yields a surface—based super— lag characteristics of the hygristor element and
refractive layer with refractivity gradient of the surrounding duct, corresponding to a venti—
—119 N—units/l000 feet. If the humidity ordinate lation rate appropriate for the type sonde used
for the top of the superadiabatic layer is and ascent rate experienced). Although heating
obtained by interpolation between the surface of th~ hygristor due to solar radiation is thepsychrometer readings and higher sonde points, source of its initial temperature bias, this is
however, a refractivity gradient of only —35 N— much diminished aloft (in the improved sondes
units per 1000 feet is calculated . In this about +0.6C near sea level) because of the increase
example use of the actual contact value for in ventilation after release; therefore, in the
humidity would clearly have resulted in a spurious discussion which follows, the contribution of
surface—base duct, radiation to the total error aloft has not been

included.
Hygristor initial temperature excesses

calculated by the above method are shown in Results of an application of the approach of
Figure 4 for Point Mugu soundings from September calculating hygristor temperature are depicted in
1969 , in which AMQ—9 military sondes were employed. Figure 5 using data from a pair of improved 3005
This period was well before the introduction of Weather Service radiosondes released simultaneously
extra radiation shielding. These values have at FMTC at 1705Z (O9O5PST) 4 May 1977; at time of
been plotted against tine of day , and clearly are release sky conditions were 3/10 cumulus, with
separated into nighttime and daytime regimes, onshore winds of 6 knots. The aondee were altered
During the day the average temperature excees was at PMTC to permit finer vertical resolution.
around 4C , and reached as high as 7 to RC on Although the sonde packages were identical, they
several occasions, were each handled in a different manner prior to

release. An accurate estimate of free air
temperatures was needed for computing hygristor

II CALCULATID temperatures. To minimize effects of radiation
NY IITOS on temperatures indicated by the thermistor atTI~~ N*Tust 

* the moment of release and through the lower part
VS 

• of the sounding, one sonde was force—ventilated
TINt O V $OUNOINC(P • in a thermoscreen for about five minutes just

POINT CUSS ~~~ before release. Temperature data from this sand.
is shown as profile 1 in the upper left section

SIP II , of Figure 5. This temperature profile was used
SONDIS * to calculate a number of hypothetical examples of

* possible hygristor temperature variation with
altitude, assuming various hygristor temperatures

• at the moment of release (expressed as “initial

• error” between hygriator and measured free air 
- - . - ‘ - -  - - temperature), a hygristor thermal lag of 15

seconds , and ascent at the observed rate (858
• IS II N •~ N • s ,, ~. ft/eLm) through the temperature environment

indicated by profile 1. This value for thermal
lag applies to the carbon hygristor in the 3005

Figure 4. Hygriator temperature excess (calculated) improved sonde package, as mentioned earlier;
for Point Mugu soundings, September 1969. computed profiles 2, 3, and 4 differ solely as a

result of different assumed initial hygristor
5, BIAS DUE TO INITIAL A}~D LAG ERRORS temperature biases. In any event the effect of

thermal lag in this situation with negative
In order to estimate actual humidity and temperature lapse rates as shown by profile 1

refractivity distribution with altitude from would cause hygristor temperatures warmer than
radioeondes subject to initial and lag temperature— the free air, with consequences which are discussed

4 induced humidity errors, hygristor temperature below.
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shown, profile 3 is probably most representative
of actual atmospheric conditions for this sounding,

____________________ as it was determined by corrections based on the
I— 

~=::. i’~::•A 5— 5*•U’,~~~~ •”~ ’,* 
I I  most appropriate hygristor temperature as pointed

‘A
— 

I’
— 

~ 
out above. On the other hand, except for the

~ — ~ — ) surface point (and the more detailed resolution

~ ~ 7 ~ 5 of these soundings) , profile 1 for the humidity—

~ 
— 

~ 
— I related parameters illustrates the kind of results

N 
~ 

N ~ to be expected under standard reduction procedures,
, - ~ - - - ~ - ‘ . . 

I
- which in effect assume zero hygrietor thermal lag

25U

~~

3I I I $ S I I C I C ASC  I U I i U A • t • ~ and initial bias by ignoring the effect of these

‘4 
I— •~~~•5U•~ S • ~ ‘— ~~~~~~~~~~~~~~~~~~~ sources of error on the humidity data after

1
~~ 

A ~4 release. Under such procedures, the use of a
a ~ ~ ~ \,%~ ~ psychrometer would have resulted in surface

~ 
— 

~ 
— •

~~IA \~ 
values close to the surface point of profile 1

~ ~ %\\ for temperature, and profile 3 for the humidity—
5 , , — ‘

~
\• related parameters if the initial hygristor

A ~~~ 
• 

- temperature bias was in fact about +4C as has 
~~~~~~‘~~~~‘‘ 1 1 ! I 1 1 ! 1 ! 1 1 1 1  been inferred. While in terms of gradients there

~~~~ ‘ “S‘ —
~~ is little difference between profiles 1 and 3

~~a~
’
~~~~

’• 
~~~~ .Z’.s,.,...’ • .S the substitution of psychrometer data for the

SN•~ 5~ • AS ’SU~ *U~ S A  surface point together with the use of uncor—
Figure 5. Calculated effects of initial and lag rected radiosonde data aloft necessarily introduces

hygristor temperature errors, a negative bias in the daytime vertical gradients
W of humidity and refractivity in the surface

The other radiosonde was used to obtain raw layer. The Iirst significant (or mandatory)
hygrietor data under conditions which would level above the surface defines the top of the
enhance hygristor vulnerability to overheating, surface layer, and in this sounding would probably
and which are suspected to occur at times with be selected as the top of the superadiabatic
routine soundings. This sonde was allowed to sit layer evident at about 250 feet altitude in
in the sun for the same five minute period of temperature profile 1. But in practice the
tine prior to release, on top of a wooden box apparent altitude of a significant level is to
abuut one and one—half feet above an asphalt some extent fortuitous since the radiosonde does
pavement. A substantial bias of hygristor not transmit each paramster continuously; also,
temperature above that in the free atmosphere was resolution is ordinarily somewhat poorer than in
observed to develop by the time of release which our special example here. While conditions in
may be characteristic of routine soundings where the surface layer in this case actually appear to
precautions against pre—f light heating may not be have been subrefractive as indicated by refrac—
taken; as inferred from the radiosonde recorder tivity profile 3, selection of the top of the
chart by the method outlined previously (see surface layer at any altitude lower than about
section 4) it amounted to about +4C. This is the 200 feet and reduction under standard procedures
assumed initial error which resulted in generation wo.,Ald have resulted in a fictitous surface—based
of temperature profile 3; consequently that trapping layer.
profile presumably comes closest to representing
actual hygristor temperature behavior with 6. TRENDS IN THE BIAS AT PMTC
altitude.

Major changes in statistics of humidity and
The sensitivity of some humidity—related refractive gradients over the years have been

parameters to hygriator temperature errors j~ noted in Point Ilugu radiosonde data which support
demonstrated in the other boxed sections of the preceding indications of contamination by
Figure 5, by profiles of relative humidity, temperature—induced humidity errors. Alterations
mixing ratio , and refractivity, numbered in in radiosonde instrumentation and data reduction
accordanc e with the particular hygristor tempera— procedures at Point Mugu from 1967 through 1976
ture profile assumed. The raw hygristor data was are noted in Figure 6, along with a plot of water
first reduced using each of the temperature vapor pressure variation with altitude through
profiles in turn to obtain four sets of apparent the first layer of selected soundings from that
relative humidities. In the case of profiles 2, period , versus date. In order to provide a more
3, and 4 these humidities were then tentatively homogeneous sample, the soundings represented
corrected for differences between the assumed were cases where the temperature decreased between
hygristor temperatures represented by the corre— 3 to 4C from the surface to the top of the surface
spondingly numbered temperature profiles, end the layer, and for which the top of that layer was
free air temperatures represented by temperature between 100 to 400 feet aboce the surface.
profile 1, (Although the temperature and humidity
information came from two separate sondes , it is A substantial decline in magnitude of the
believed that they sampled essentially the same reported vapor pressure differences over the
volume of air due to their simultaneous release years is obvious , with the greatest change
in close proximity.) Profiles of mixing ratio occurring between about 1971 and 1975, probably
and refractivity were computed from these cor— reflecting adoption of two major changes :
rected relative humidities and free air tempera— modification of sondes starting July 1971 to
tures. In the case of profile 1 for the h~imidity einimlze radiational heating, and utilization of
parameters , no corrections were applicable , the a fan—ventilated thermoscreen for pre—re lease
hygristor temperature being assumed identical to conditioning of the sondes starting in November
the free air temperature. Of the relative 1974, Changes in refractive gradient statistics

4 humidity, mixing ratio, and refractivity profile. f or the surface layer are also evident , as shown

I 1

4 
- - -  _ _ _ _ _  --- 

~~~~~~~~~~~~~~~~~~~~~~~~ 
- .

~~~~

_ _ _ _ _ _ _ _  - -~~~ - - -  
—



r —.- —-- - - _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -, - - - -~~ --.—-~~- 

— —

evaporation—caused decrease in humidity with
altitude in the atmosphere inetediately above the

2 

_ _ _ _ _ _ _ _

ocean surface. A sufficiently intense evaporative
duct could be mistaken for a deeper surface—based
duct because of the inability of a radiosonde to
resolve the limited vertical extent of the former,

_______________ ______ with possibly serious effects on assessment of
propagation conditions.

~ ‘.1 8. CONCLUSIONS
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- - accompanying improvements in instrumentation and
procedures at Point Mugu, it is concluded that
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~ 
1967119o.1;!69119;o1197111972I19 t~974E19;5~S916, these duets are probably much less prevalent over

the oceans than has been formerly indicated.
Figure 6. History of radiosonde instrumentation

and reduction procedures at Point Mugu , and This is due to a combination of reduction and
variation of vapor pressure through the surface handling procedures, and temperature—induced
layer, 1967—1976. humidity errors in U. S. and other radiosondes

buaceptible to radiational heating and thermal
in Figure 7. A remarkable decline in the reported lag effects on humidity measurements. Th~
frequency of occurrence of the more extreme problem has serious implications for the authentic—
refractive gradients took place over this period. itY and application of refractive climatologies
In 1968, almost 40% of all soundings indicated in naval planning and prediction techniques.
surface—based trapping, dropping to less than 10%
in 1975 and 1976. The jump from 1967 to 1968 is Although it seems unlikely that soundings
believed due to an increase in emphasis at that ~ken in the past can be satisfactorily corrected
t ime in reporting smaller features in the sounding, on an individual basis due to difficulty in
and in a switching modification to increase reconstructing all the relevant procedural,
humidity measurements, instrumental , and meteorological factors in

effect at the time, the climatological contamina-
tion may be substantially reduced by application

100 - —-~~ ~~~~~~~ -—~~~~~~~-— of results of comparative studies which are
SU I-N E FRAC TI V ! O$FD Z -A O planned at PMTC.
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Such studies will involve comparing standard

~ SIANOAP O -2$ ~ DNI OZ - radiosonde soundings with near—simultaneous
~~SS sound ings employing modified sondes or procedures

such as are used operationally or planned at
PMTC. The modifications include the use of
ventilated shelters prior to balloon release to
minimize errors due to lag and radiation. Com-
parative soundings are planned for Point Mugu,

TRA PSING ON/ OZ ~ ~i 
L_ .., California; San Nicolas Island, off the California

‘1 S 
150$ 5555 - . 

1513 
coast; Barking Sands, Hawaii and possibly other

311$ ‘ 1115 ‘ 111$ locations. It is hoped that from these studies,
Figure 7. Relative frequencies by year of correction factors will be developed which will

occurrence of specified refractive gradients improve the climatological data presently avail—
within the surface layer at Point Mugu. able on low—level atmospheric refractive structure

over the oceans , and lead to a firmer basis on
7. OTHER CONSIDERATIONS IN ASSESSING OCEANIC which to develop techniques of predicting refrac—

REFRACTIVE STRUCTURE tive structure f rom air mass and weather conaidera—
tions. In addition, it is anticipated that

A number of other considerations are involved procedures will be recomsended which will result
in assessment of the authenticity and behavior of in improved accuracy for future measurements.
low—level oceanic refractive structure based on
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WORLD—WIDE STATISTICS OF TROPOSPHERIC DUCTING CHARACTERISTICS

Leigh N. Ortenburger

GTE Sy lvania Inc .

P.O. Box 205

Mountain View , California 94042

ABSTRACT

Utilizing a data bast~ of all world-wide radio— provided of the various types of output which were
sonde soundings during a five year period , numerous produced.
stat is t ics o f tropospheric ducts and super—refrac—
ting layers (SRLRs) have been compiled by extensive 2. COMPUTATIONAL PROCEDURES
computer proces~~ing. The b.islc pressure , tempera-
ture , and dewpoint prof i le from each of the 2 . 1  j~~ ut Data
2 .300,000 soundings has been expanded and converted
into refractive index profi le with 2 ml’ increments. The basic radiosonde sounding data were ob—
A search of each expanded profile was conducted to tam ed from two time periods: May 1966 through
locate occurrence of gradients less than —1S 7 N April 1969, and January 1973 through December 1974.
units/km (in the case of ducts) or less than —100 N A total of about 300 magnetic tapes containing these
units/km (in the case of SRLRs). Monthly estimates data were provided by the USAF Environmental Tech—
of the probabil i ty of occurrence of ducts and SRLRs nical App lications Center (ETAC). The initial pro—
were then computed for each of 924 radlosondc Sta— cessing program for all these tapes was run on the
tions. Character is t ics  such as height , t hickness , CDC3200 computer. This program f irst unpacked the
intensity, and minimum trapping frequency have been records , tested the data for acceptability, corn—
computed. Extensive resul ts  are disp layed in tabu— puted pro f i les of ref ract ive index , searc hed for
lar form and as CALCOMP plots for each individual ducts and SRLRs , and computed the parameters of the
s ta t i on ;  these portray the statistical di stributions ducts and SRLRs which were present. By carrying
of duct~ng parameters as well as seasonal variations , out all these processes in the initial program it
Regional maps showing 2 2  parameters have been pre— was possible to read each input tape only once.
pared to show geographic.i 1 relationships. The
reportage from t his project  should be useful for 2 .2  Acceptabi l i ty  Testing
app l i cat ions in which expected ducting cha racter is—
t i c s  are required at an arb i t rary  location anywhere Each sounding was subjected to several tests
in the world, before it was accepted for further processing.

Initial syntactica l tests were imposed on record
1. U~.TRODUCT10N length and invalid characters within each record .

Pressure , temperature , and dcwpofnt values were
For the past several years GTE Sylvania has tested to determine whether they were within limits.

been conducting a large—scale anal ysis of radio— Soundings were then rejected if a) fewer than three
sonde data for the Department of Defense. The accepted data levels were found between the surface
purpose of our three projects has been the genera— and the 100 mb level; b) pressure values not mono—
tio n of statistics on the characterist ics of tropo— tonically decreasing; c) no height or station d ews—
spheric ducting through the computer analysis of tion data were contained in the record; or d) the
worldwide radiosonde sounding reports over a five data did not contain at least one significant level
year period . This massive effort was based on other than the surface level.
radlosonde data , not because the superiority of
refractometer measu ements was not recognized , but 2.3 Primary Output Tapes
because the analysis was desired on a global basis
so that the entire synoptic climatology of tropo— Two types of output tapes were produced by the
spheric ducting could he dep icted. Radiosonde sound— initial computer program . The first provided one
ings form the only available world—wide data base record for each accepted sounding, and contained
for such an investigation. indicators of data quality and duct (SRLR) presence,

as well as other significant quantities such as
A significant portion of the effort has been surface pressure, temperature, and devpoint ; wind

devoted to the condensation and formatting of the speed and direction; and surface refractivity gre—
output in a variety of ways , including listings , - 

dients. The second tape provided one record for
CALCOMP plots , and world or regional maps. In the each duct or SRLR found during the search process,
fo llowing sections brief descriptions will be given containing parameters such as heights, M values,
of the input data , data acceptance cr i ter ia , re— minimum trapping frequency and average gradient.
fractivity profile expansion , search for ducts and After completion of these computations, the output
super—refra cting layers (SRLRs), and computation of tapes were fed into a SORT/MERGE program which

4 ducting parameters. fleA criptions will also be sorted all the records f irst by WHO station number,
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and second by date—time group. The resulting 3. STATISTICAL OUTPUT
sorted tapes contain a total of 2,262,447 records
of accepted soundings on 14 reels, and 606,266 All of the volumes of results from the Radio—
records of ducts and SRLRs on two reels. sonde Data Analysis projects were produced by the

analytical processing of these two sets of primary
2,4 Profile Expansion output tapes, one set containing one record per

accepted sounding, and the other set containing one
Each accepted sounding profile was expanded record for each duct or SRLR. The first of two

to provide temperature and dewpoint values for analysis programs using these tapes as input pro—
every 2 nib level from the lowest to the highest duced two lengthy output records for each radioaonde
pressure value in the input data; linear interpola— station , containing fundamental duct (or SRLR)
tion in temperature and dewpoint , relative to occurrence and surface parameter statistics , given
pressure , was used for this expansion. The standard on a monthly basis so that seasonal variations
hypsometric formula was app lied to input height could be observed. Some of these basic station
data contained in the record to determine heights statistics such as the percent of station soundings
associated with each 2 nib level. Next the refrac— which were accepted , were generated so that the
tivity, N, and modified refractivity, M , were corn— reliability of the station might be evaluated.
puted for each 2 mb level, using the standard ex—
pressions for refractivity in terms of pressure , The second analysis program produced five out—
temperature , and saturation water vapor pressure at put records for each radiosonde station. The first
the dewpoint. When surface data were provided in two records contain overall histograms of parameters
the radiosonde sounding record , the average refrac— of surface and elevated ducts (SRLRs), as well as
tivity gradients were calculated for the first monthly med ians with associated confidence intervals
50, 100 , 500, and 1000 meters , in units of N units for additional parameters. Histogram parameters
per kilometer. include top, optimum coupling , and bottom height for

elevated ducts (SRLRs); thickness, intensity, aver—
2.5 Duct (SRLR)  Search age N—gradient , and minimum trapping frequency for

both elevated sod surface ducts (SRLRs). The last
A search upward through the modif ieo ref rac— three records contain monthly histograms o f elevated

tivity profile was performed to determine whether duct (or SRLR) thickness , optimum coup ling height ,
one or more ducts and/or SRLRs were present. In and coverage height. The (pseudo) histogram of
accordance with standard pract ice a duct is defined coverage height provides the probability that each
as the height interval within which the re f rac t i v i t y  specified height interval will be contained within
gradient is less than —1 57 N units/km. or wi t hin a duct (SRLR) .
which the modified re f ract iv i ty  gradient is negative.
An SRLR is de fined as the height interval wit hin 3.1 Listings
which the ref ract iv i ty  gradient is less than —100 N
uni ts/km. or the modified refractivity gradient is This massive quantity of statistical infor—
less than 57 M units/km. mation was listed on a total of 10 pages per sta-

tion for each of the 924 accepted radiosonde sta—
Three types of ducts (SRLRs) were defined , on tions. A station reporting fewer than 100 soundings

the basis of the location of the inflection points over the five year period was deleted from this
of the M pro file; it is these inf lection points and subsequent processing. These 9240 pages have
which define the duct bo jndarv in height. If the been formed into a set of 26 volumes which contain
H gradient is negative at the eart h surface , the the most extensive detail of the various forms of
layer is defined to be a surface duct. I f  the first the published reports.
inflection point is not on the surface , and if the

4 abscissa (H value) of the second inflection point is 3 . 2  CALCOMP Plots
less than the N value at the surface , the layer is
defined to be an elevated—surface duct. If the To displsy a portion of these results graphi—
abscissa (H value) of the second inflection point is cally a set of 10 CALCOMP plots for each station was
greater than the M value at the surface , it is an generated , showing monthly percent occurrence and
elevated duct. Similar definitions hold for super— various parameter distributions associated with the
refracting layers (SRLRs). While a given sounding ducts (SRLRs). One plot disp layed results for
or profile may contain at most one surface duct elevated ducts , one for surface ducts , one for ele—
(SRLR), it may contain several elevated—surface and/ vated SRLRs and one for surface SRLRs . Three of
or elevated ducts (SRLRs). At some radiosonde sta- the remaining p lots provided monthly histograms of
tions the occurrence of multip le ducts (SRLRs ) is elevated duct thickness, optimum coupling height ,
not rare, and coverage height. The remaining three plots

provided the same histograms for elevated SRLR5.
2.6 Parameter Calculation

3.3 Condensed , Sorted Listings
The output record for each duct (SRLR) con-

tains the heights and H values at the layer bottom , The results for all 924 stations were con—
optimum coupling height , and top. For an elevated densed into two volumes containing two kinds of
or elevated—surface duct or SRLR the height at which listings in eight formats. The first type provides
the H gradient first becomes negative is called the one line per station with statistics for both
optimum coupling height ; for surface layers this reporting periods (OOZ and l2Z) pooled. The second
optimum coupling height is undefined. The average type provides separate lines for the two reporting
gradient in N units/km from the first inflection periods so that diurnal differences can be observed.
point to the duct (SRLR) top is calculated and also The eight distinct formats list different categories
given in the record. Finally the minimum trapping of data so that the reader may select that which is
frequency is compu ted , using a numerical approxima— the most useful to his purposes. Separate formats
tion to the standard phase integrals for surface are provided for input data statistics , monthly per—
and elevated ducts .
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cent occurrence , duct or SRLR parameters , and eleva— 22) Distribution of intensity of surface SRLRs
ted or surface ducts or SRLRS, These listings have
been sorted in several ways to facilitate the study 4. SUMMARY
of ducting climatology.

The completion of this very large—scale data
3.4 Regional Parameter Plots analysis effort by GTE Sylvania has produced a

reliable set of world—wide statistics on ducting
The final and most elaborate presentation of characteristics as extractable from standard radio—

the results is in a single volume consisting of 260 sonde soundings. Radiosonde data , however , have
pages with 17 p lots on each page. For each of 20 known limitations. Because of time—lags and other
geographical regions there are 13 pages; these 13 inaccuracies in the humidity sensing element in
pages display a total of 22 distinct parameters. standard instruments , radiosonde data tend to
The purpose of this volume is to permit a geograph— provide an underestimate of ducting occurrence
ical unders tanding of the varia tions of these percentages . A second difficulty is the difference
paremeters and to permit an estimate of the value of between instruments used in different countries .
one of these parame ters at points where there is no Never theless , the results of this effor t show the
radiosonde station, long—term statistical regularities of tropospheric

duc t ing, and as such they will be useful in those
The world was divided into 20 regions which common situations in which radiowave propagation

we re defined by the number of reliable radiosonde estimates are required but there are not available
stations each contained as well as some degree of any actual messurements, either from refrac tometers
geographical unity. Each of the 13 pages given for or even rad iosonde soundings . Our results contain
a region contains a cen t ral map showing the region, the first world—wide presentation for some of the
and the location of each of the 17 stations selected ducting parameters and so provide the opportunity
as the best representatives for the region. Around for new insight into the climatology of tropospheric
the perimeter of the map are 17 individual plots , ducting.
one for each selec ted s tation and connec ted to the
station by a line with an arrow. In general two
parameters are disp layed on each plot , one wi th a
solid line and the second with a dashed line. On
each plot are given the station number and elevation ,
and the sample size of the displayed data.

The following parameters for each of the 17
stations are displayed in these thirteen pages:

1) Monthly percent occ urrence of eleva ted duc ts

2) Monthly percen t occu rrence of eleva ted SRLRs

3) Monthly median optimum coupling height , wi th
confidence intervals , for eleva ted duc ts

4) Monthly median minimum trapping frequency, and
sur face—to—duct  bottom M gradient

5) Distribution of coverage height for elevated
ducts

6) Distribution of coverage height for elevated
SRLRs

7) Distribution of optimum coupling height for
eleva ted duc ts

8) Distribution of optimum coup ling height for
elevated SRLRs

9) Distribution of thickness for elevated ducts

10) Distribution of thickness for elevated SRLRs

11) Distribution of minimum trapping frequency f o r
elevated duc ts

12) Dis tribution of intensity o f eleva ted duc ts

13) Distribution of intensity of elevated SRLR5

14) Monthly percent occurrence for surface ducts

15) Monthl y percent occurrence for surface duc ts

16) Monthly median surface refractivity ( N )

17) Monthly median dN/dH over the first 1000 meters

18) Distribution of thickness for surface ducts

19) Distribution of thickness for surface SRLRs

20) Distribution of minimum trapping frequency for
surface duc ts

21) Distribution of intensity of surface ducts
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