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20. Abstract (Continued)

~~~he radar output of dIgital maps of radar intensity was found to be very con-
venient , but the inability of the radar to detect small water droplets limits
the use in low visibility forecasting primarily to heavy rain storms and snow
storms. In severe storms modest success was attained forecasting gusts,
using digital maps. The large amounts of weather information from the net-
work and radar frequently saturated the forecaster making forecasts at 15-
mm intervals , and relief was sought in the form of objective aids,

Preliminary relationships between radar intensity, extinction coefficient
(visibility) and rainfall rate have been formulated. In addition , a technique
was developed using digital radar maps to obtain motion vectors and make
probability forecasts of s~ vere weather conditions. The calibration procedur
relies on intensity of ground targets (hills and towers) for day-to-day relative
calibration, and absolute calibration has been limited to Z-R relations.
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The Use of Digital Radar in Short- Range
Forecasting

I. INTRODUCTION

Beginning in 1972 , a major effort has bee~ under way at the Air  Force
Geophysics Laboratory to improve short-range forecasts of airfield weather con-
ditions , by exploiting recent developments in communications and data-processing
technology. The principal approach has been through the deployment of some
twenty-aix automatic weather stations around Hanscom Air  Force Base , with a
spacing of about one to ten kilometers. 1 By frequently interrogating this 1t meso-
net” of stations through a dedicated computer , one is able to follow the motion and
development of many of the small-scale features that are associated with low
visibility, wind squalls , and other weather hazards. However , it was recognized
that the network would have limitations , and weather disturbances such as heavy
showers would at times move through gaps in the network , undetected. For this
reason , an effort was made to make weather radar information available to the
experimental forecasters, to determine how useful the information could be , and
to find how the information m ight best be presented.

Radar has been used as a forecast aid for more than thirty years. Throughout
most of this period the principal output has been a CRT display, which is stu died

(Received for publication 3 August 1976)
1. Herlng , W .S. , Muench , H.S. , and Brown , H . A .  (1972) Mesoscale fore-

casting experiments , Amer.  Met. Soc. Bulletin, 53:1180-1103.
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by a radar observer in order to determine the location , intensi ty,  a nd no t i on of
the prec ip i t at ion  echoes. Unfortunatel y, this p rocedure is very subj i tive nd
does not easily yield pa rameters (numbers) to develop into object ive for ecas t
techniques. Within the past ten years there has been a data processing revolution ,
and it is now practical to convert an analog radar signal to di gits a nd pro ess the

information in a computer in real-time. So far the principal application of this
new technology has been in hydrology2 as the radar return is quant i ta t ively
related to precip itation rate and the excellent resolution and coverage of radars
make forecasts of run-off and stream flow feasible. However , many other appli-
ca tions should now be possible , as the radar return is also related to visibility
and to severe weather parameters such as hail and wind squalls. Thus there is
good reason to believe that computer-radar systems or ‘ di gitized radar ” will

soon prove usefu l in aviation terminal forecasting.
A program was set up in conjunction with the mesonet program to exp loi t the

potentials of radar in terminal forecasting. First a digitized radar system would
be set up and tested , then , radar-weather relationships and forecast techniques
would be developed from digital radar data. Finally, techniqu es would be tested
and evaluated. This report is intended to describe the radar system that was
assembled and present some preliminary results of radar -weather relationship
studies and forecast technique development.

2. ME O\1T 11i61itI. R %D %R ~~sTEM

When the mesonet project was set up, a Honeywell HW324 dual-processor
computer system was made available and installed at the mesonet forecast opera-
tions site. To provide radar information we would need a radar set , a recording
system . and an interface with the computer.

The radar set attached to the system ~ an AN/FPS-77 C-band (5. 35 cm)
radar , located on the flight line of Hansco~n AFB. When the project started , this

radar was being used for routine radar observations by the Base Weather Station
(De t . 6 , 6th WWG), but since these observations took only a few minutes of each
hour , there was ample time available for gathering data for research purposes.
However , this did mean that we needed a means to tap into the receiver and to
transmit the data 1500 meters to the AFGL computer and a means to share the
control of the radar with the Base Weather Station. In addition , we would need

remote scopes to monitor the radar , as well as the previously mentioned recording

2. Wilson , J. W. ( 1970) Integration of rad ar and rain gauge data for improved
rainfall  measurement.  J. Appi. Met.  9 :48 9-497
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and interface systems. rhe basic features of the system that was constructed
are shown s hem~ tic a1 l y in l igure 1.

DATA DATA _________

RECEIVER ~~~~~~~~ TRANSM~TTE R~

_ _ _ _  

LRANSM~
TT ER

~~~~~~~~~~~~~~~~~~~~
RECE

~~ER1 ~: 0
DISPLAY/i
RECORD HONEYWELL AN/FPS- 77
DEV ICES DDP 324 WEA T H ER

COMPUTER RA DAR

Figure 1. Schematic Diagram of Mesonet Radar Sys tem

In order to avoid the p itfall s of analog transmission , a completely digitized
system was designed and constructed by Raytheon Company. The system provides
radar data transmission and remote control through a hybrid microwave and
telephone link. Digi t i z e d  radar video signal , magnetron current , and antenna
position information are multiplexed into a serial “bit stream ” and transmitted
via a mic rowave system to the “remote ” mesonet forecast site. Since the signals
for remote control purposes (switching and changing antenna position and magne-
tron current) require little bandwidth , unconditioned telephone li nes , driven by
modems , are used.

Modifications to the F PS-77 were required in order to interface the two
systems. A solid-state mixer  having two output ports replaced the standard
FPS-77 mixer.  One port matches the output of the normal mixer and feeds the
conventional receiver in the console. rhe other port provides the proper signal
to drive a high precision solid-state logarithmic amplifier (90dB-d ynamic range ,
±0. 5-dB acc uracy). Further wir ing modifications were made to the console por-
tion of the radar to permit  the control function to be switched between the console
and the me sonet operation site. At  the mesonet site , standard PPI and EU-il
scopes were installed and outfitted with periscopic camera hoods , whi le equipment
wa s brought in to interface the received data both with the HW-324 computer and
the Ampex FR2000/% tape recorder.
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In the followi~ig sections , the basic four sub-systems as shown in Figure 1
wil l  be de scribed in more detail.

2. 1 Data Tran smitting ~ s tem

The data t ransmitt ing system is located at the base of the FPS-77 radar tower
and per forms the conditioning and encoding of the radar information required for
transmission via the microwave link. The following functions are performed in
this system (shown schematically in Figure 2 ) .

4~~~~~~~ oN j
I ~~~ I

W I T ODIIn.A4. I TRA NIMIT TINS
______ {

~~~

OI RQ I I4U~ $ L~ 
MICR OWAVE

I CONVERT )________ A N TE N N A

RA DAR SYWCHRO 14 111$ ‘ [MULTIP MICROWAVE _______
F’s -T i  

________i.1TODIWAI. I
CON V ERT I ___________ _________ ____________

TNNISMITT(A/RE C(~~~R ~ ~ i 
~~A N$MIT

S SERVO AMPIJF ICRS LOCATE AccuRAcr I I
~ Z I ICLTCR A T$ASE OF
RA D A R  TOWER ______________ I_____________ MICROWAV E LIN E

l O Mi — 1MHZTRSGE R 

AI dS S/N MINIMUM
SAND WIDTH

200 FT

O U E AN CLAYS

5.52 53

S I R  S3 , RIS

N- MO DE M

L0~ LXM(O AT ~~ DAR CON SO~~ 
- J TE L ( PHO NE L IN K 3

UNCONOmONED OCOICArED
LI~~ 3

Figure 2. Schematic Diagram of the Data Transmitt ing System

2. 1- 1 VIDEO SIGNA L CONDITIONING

The output of the precision logarithmic ampli f ier is adjusted by means of two
front panel switches . The dB/volt switch (calibrated in 0. 1-dB steps) is provided
to match the logging characteristics of the receiver wi th  the Digital Video
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Integrator  that  in ter f cvs wi th  the computer.  The second swi t ch  is an offse t

control to correct  for any dc of fse t  voltage that  m a y  occur on the video l ine.  This

control can also be used to bias the nonlinear  low level response of the logarithmic

ampl i f ie r  below the level of the analog- to-digi ta l  converter ’s m i n imum detectable

signal.

2. 1 2 ANA LOG-TO-DIGITA L CONVER SION

l’h t condit ioned video signal is converted to 6-b i t  binary numbers  in a high -

speed an a log- to -d ig i t a l  conver ter  ~A / D )  that  is samp led every two psec by a

samp le-and-hold amp lifier rhe output is on six paral lel  lines. This allows video

numbers  from U through (33 , providing a resolution of 1. 5dB , and a max imum value

of 94 . 5dB. Signals from both the az imuth  and elevation synchro ’s are converted
to 14-bit numbers  in two synchro-to -d ig i ta l  conver ters  (S/D), providing a resolu-
tion of 0. 02 degrees rhe magne t ron  current  is converted to a (3-bit numbe r in

another A / D  converter , w i t h  a resul t ing  resolution of 0. 5 m A .

2. 1 3 MuLr I P L Ex J Nc ,  A N D  ENCODING

The mult ip lexer-encoder uses sh i f t  registers to change the paral lel  input

signals into a serial “bit ” stream for the m i c r o w a v e  t ransmi t te r .  Upon receipt of
a radar  t r igger  pulse , a 30-bit code sequence is generated , followed by the
azimuth , elevation , and m agnetron current  informat ion.  Then comes a continuous
stream of 1200 six-bit  video signal values Timing is controlled by a 3 - M H z  clock ,

which is asynchronous with the radar trigger The 3 -MHz  ra te  is d ic ta ted  by
the six bits of radar  video every two Msec.

2. 1. 4 MICR O\~ i\VE TRANSMITTER

The microwave  t r a n s m i t t e r  is a sol id-s ta te , FM system operating at 1. 76GHz ,

wi th  a bandwidth  of 8MHz (though only 3MHz is used).  The t r ansmi t t e r  is located
at the base of the radar  tower and feeds the antenna located about 28 meters  above

throug h a f lexible  coaxial wave guide.

2.2 I),iiu H ‘‘ I.I % In ~ ~~‘, I

The data r eceiving sy st e m  decodes the received m i c r o w a v e  signals , managing

and t r an s f o r m ing  the infor i i~ation as required by the per i phe ra l  devices such as

the tape recorder , remote scopes and di gital readout , as well as th e  I ( u m u y w e l l
I)DP324 computer.  The fo l lowing  p r agrapha describe this  s y s t i n ,  w h i c h  is shown

s c h e m a t i c a l ly in Figure  3.

2 -  2.  1 M I C R O W A V E  11 I t •  l~ I V ER SYSTEM

Th~ receiving antenna is located on the roof of a bui ld ing in the A F C H L  com-

p lex , hoot 1. 5 km south of the t r a n s m i t t i n g  antenna , and the r eeived si~,’nsl
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t ravels  by flexible coaxial w a v e g u i d e  approx ima te ly  8 m et er s  to the solid-state
receiver , located in the ‘ Mesonet  radar  room ”. The output  from the m i c r o w a v e
receiver is iden t i ca l  to the b i t - s t r eam t h a t  wen t  into the t r a n sm i t t e r .

2 . 2 . 2  DA TA J l f ( OR DER/ SIM liLA fOR

The data output  of the m i rowave  receive r  is fed into the Recorder/ S imulator
chass i s ,  wh ich  acts OS an in te r face  between the tape r , - ( o r d er  system and the data
receiver sys tem.  A “record / reproduce/ s imula te” s w i tch  allows the operator a
choice of three modes of operation. In the “record ” position , unprocessed radar
data plus data  from the system digital clock are sent both to the tape recorder and
to the demult ip lexer-decoder (for fur ther  processing). En the “reproduce ” posi-
t ion,  the data stream from the microwave  receiver is shut off and in its p lace data
from the tape recorder flows into the decoder-demultiplexer. and drives a
“re-play ” display clock. The “simulate” mode allows adjustable bit pa t te rns  to
be fed into the system in place of real data to chec the data  conver ting c i rcu i t ry .

2 . 2 . 3  DECODER-DEMULTIFLEXER

This unit contains the ecessary circui try to decode and demult iplex the in-
coming serial data , to regenerate the 3-MHz clock , and to provide parallel outputs
of video signal , azimuth and elevation position, magnetron current , radar trig ger .
and range-gate clock pulse. The 3 - M H z  clock is regenerated and held in place by
analysis of the received serial bit stream (which is artificially prevented from
becoming “quiet ” ) , and provides the t iming to remove data from the shift registers
into parallel output lines. The paral lel  data  are then fed to the I)igital V ideo
Integrator , to digital--to-analog devices to drive the remote scopes , and to digital
readout displays.

2 . 2 . 4  DIGITA L VIDEO INTEGRA TOR

The Digital Video Integrator (DVI) is a solid-state signal processor , manu-
fac tured  and modif ied  by Raytheon Company, that  integratea (at constant range)
video data , adds a i~~nge-norn ai izat ion value and t ransmi ts  az imuth , elevation ,
t ime , and integrated video dat , to the Honeywell DDP324 upon request .  I’lw DVI

performs the fol lowing computat ion:

= -4- ~~~~ 
v~ (

N t ) ~ + .
~~~~ log H 2
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A where :

V i s the video signal (units of 1. 5 dB) 0 5 V s 63 ,

N is integration “t ime const ant ” 1 ~~N 52 13 , 2o c 2 N~ 2 13 ,

H is range number 1) 5 H 1200,

K is normal i z at ion slope fac tor 0 ¶ K ~

I is the poin t at which Vi , R ~j i-) - T i , due to truncation.

rhe comp utati on is accompli shed in two st ages, so two sets of 20-bit  shif t registers
are used fo r temporary storage of inform~a tion at each of the 1200 ranges. Range
normal izat ion values are pe rmanen t ly  stored wi th in  the DVI. The “K” value used
matches characterist ics of the precision log amp lifier . The purpose of the range
normalization process is to compensate for signal loss due to beam divergence as
range increases. With the radar  beam fil led uniform ly w ith precip i ta t ion  particles ,
the radar return wil l  decrease at I / H 2 as the range Inc reases ( a s su m i n g  no
absorption) .

Upon receipt of a r eques t  s igna l  f r on T  t i l t  H I I T I ~~V w I - I l  D 1)P 3j 4  , the 1)V I t r a n s m i t s
up to 1200 , 2 4 - b i t  “words ” ovt - r  p a r a l l e l  output  l m r a - s  it  the ra te  of etO , 00( 1 words-
per-second. Pie f i r s t  three words  , , r m t a i T ,  a z i m u t h , d c v tion , and 1 I T T E I  data , and
the r ema in ing  words  each contain the six b i t s  ~f ra d ,1~ t ,, and .~ r .tng~ ‘ ell
number .

1’he DVI also serves  to provide 111 , n t i z t d  vi i , , ,  ,n1~~-rt !t)fl for ase  in the
remote scopes. The integrated d i g i t i video vai L , ‘1 ‘ onv. r t , d to -‘n . ’log signals
and compared wi th  six thresholds (c -a iT set to one ‘f 32 v.0 a .)  an , i  ‘ onverted to a
level which  produces bl:a’ k . g r ay ,  o w h i t ,  on the scope s . ‘lepend ing on the set t ing
of seven toggle swi tches .  (rh is DVI w a s , in f a ct , o r ig in a l l y b u i l t  for this  purpose .

nd later  modif ied  to interfa e w i t h  the I I I } I ’ t 7 - ~. ) The resu l t ing  ~)u tpu t  provides
c , T L t o u x - s  on the remote PPI and R H )  ~~~~~~~ t h at  can be in terpre ted  quant i ta-

tively in t e r T , I s  of dB level. [‘h e role of the integr . ’tor  tn this operation is to
Smooth out “meteorologi ai noise ” in the r a d a r  s ignal  so that the “contours ” are
smoother and more pers is tent .

2 . 2 . 5  DIGITA L TO AN A I .OG CONVERSION

Tw o dig i ta l - to - synchro  converters (S/D) a~ ~e)’t parallel output from the
decoder-demult iplexer and provide ’ ~i z i r n u t h  and elevation synchro signals to drive
the  PPI and H i l l  scopes. A d ig i ta l - to-ana log  converter (D/ A)  changes digital video
informat ion  (not in tegra ted)  to an analog signal as an a l te rna te  source for PPI and
Hi l l  disp lay. Another  D/A conver ter  is attached to the m agnetron current lines
and the output  is connected to a mi l l i ampere  disp lay meter .

14



2 . 2 . 6  SYSTEM CLOCK

it Systron-Donner 8120 digital clock system was installed to synchronize

clock t iming throughout the recording and display units of the system . The master

clock is located in an instrumentation rack in the Mesonet radar room , one “slave ”

unit  is located in the Mesonet computer room , and a second unit is in the Mesonet

forecast room . In addition , binary-coded-decimal (BC)) ) outputs are tied to the

Recorder/Sim ulator unit , to the Digital Video Integrator and to LED displays in

the camera hoods.

2.3 I)i spIII~ Record I)c’,)ee~

Several devices are used to display and record radar information. These are

physically located in the Mesonet radar room .

2 . 3 . 1 MAGNETIC TA PE RECORDER

A 14-channel Ampex tape recorder (model FR2000A ) is used to record the
basic bit-stream output of the microwave receiver , to which digital clock data

have been added. A j~ in. (2. 54-cm),  high quality instrumentation tape records

the 3-MHz signal , wi th  the tape moving at 120 in. fsec  (3. O4Bmp s),  on a single

channel at a time. A t  the end of the tape , fifteen minutes later , the tape reverses
and records in the opposite direction on an adjacent channel , and so on , until all

channels have been used , which allows about 3. 5 hours of continuous recording to

a tape. To allow longer recording between tape changes , control and sense lines

are connected to the Honeywell DDP324 , so that a program can automatically turn

the tape unit  on and off. If 40 seconds of data are recorded every five minutes ,

a single tape wi l l  last 26 hours.

2 .3 . 2 REMOTE SCOPE DISPLA YS

For remote disp lay, there are three AN/CPA 127 PPI scopes (originally built

for AN IF P S -3  radars) .  Two of the scopes can be photographed on either Polaroid

film or on 35-mm film (Fairfield 015 cameras) .  This duplication in scopes allow s

recording at two different ranges. The third PPI is used for visual monitoring and
manua l  t r ack ing  of radar echoes , in the tradit ional  manner .

In addit ion , there is a modified C PS-9 Remote RHI scope , mounted in an

FPS-3 housing and also equipped with camera. This is used to monitor the verti-
cal structure of storms.

2 . 1 Remot e l ern t rol of the I PS-77

A control system was assembled so that personnel in the Mesonet radar room
could have complete control of the FPS-77 , or could t ransfer  control to the

FPS-77 console when required for routine Base Weather Station radar observations ,
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or for main tenance .  The control functions are accomplished by digital data trans-
fer over unconditioned , dedicated telephone lines.

2 4 . 1  REMOTE CONTROL TRANSMITTER

A t  the heart of the t ransmit ter  are three 16-bit Larse Data Communicat ion
modems contained in the FPS-77 Remote Control Unit. Two handwheels drive

synchro-to-digital converters (similar to those in the Multiplexer-I)ecoder) and

output 14-bit words , representing commands for azimuth and elevation ang les.
Each set of 14 parallel output lines feeds into a modem (Larse L.( S -l S l- 5 5 )  which
converts the parallel data to an FSK-encoded serial bit s tream and t r a n s m i t s  at

360 bi ts/ sec , over a dedicated line. There is also an option to hav e the Honeywell
DDP324 generate the azimuth and elevation commands and by-pass the handwheels .

The third modem t ransmits  control switch position information.  The following
control functions are represented:

(1) Master Control - FPS-77 console/Mesonet radar room ,
(2) Emergency power shutoff , FPS-77 ,
(3) Emergency power shutoff , microwave transmitter ,
(4) FPS-77 transmitter power on/off ,
(5) FPS-77 transmitter re-set (push button switch) ,
(6) FPS-77 Magnetron current raise/hold ,
(7) FPS-77 Magnetron current lower/hold ,
(8) Az imuth  control continuous rotation/remote pos itioning i ,
(9) Elevation control automatic RHI/remote  positioning *.

Seven additional functions have remained unspecified.

These sixteen control-switch position data are also FSK-encoded in a Larse

modem (model LCS-151-3l) and transmitted serially over the third telephone line.
Incorrect signals for the emergency switch positions could cause great inconven-

ience and radar data loss , so , to ensure reliability, the control modem uses a
double scan — at the receive end , two consecutive identical words must  be received

before the output function is activated. Theoretically, if the telephone line noise
is within specification, a serious error should not occur more often than once in

io8 years.

2 . 4 . 2  REMOTE CONTROL RECEIVER

The remote control receiver is physically located adjacent to the FPS-77

console. Within this receiver are three modems (two LCR-25l-55, one
LCR- 15 1-3 1) complementing the three transmitting modems. Each modem decodes
an ESK encoded serial bit stream and produces output on 16 parallel lines. The

az imuth and elevation lines are each connected to a dlgital- to-synchro converter ,

*Remote positioning by handwheei, computer, or CAPPI  stepp ing swi tch .
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the output  of which is used to po sit i on the  radar , if the control  s w i t c h  for  that

funct ion  pe rmi ts . The control lines  outputs  are connected to  re lays wi th in  the

FPS-77 console to pe r fo rm the i r  a5signed f u n c t i on s .

2.5 (~timpI.’tinn ~e h,’dul.~ ,tnd Ma,ntcnani e

The basic t r a n s m i t t i n g  and receiv ing  sy s t ems  were  developed by Raytheon,

Inc . , installed dur ing  the s u m m e r  of 1972 tind become opera t ional  in October of

l °7 2 , ,,ne month a f t e r  the mesonet s t a t i , , r , s  and data presen ta t ion  system became

operational.  The A m p e x  tape recording sy s t e m  was installed in Jul y 1973 , along

with  the Recorder  Simulator  unit  and the sv ~~t e m  d ig i tal  clock. M odi f i ca t ions  to

allow computer  control  of antenna pos it i”n and s t o p - s t a r t  of the t p e  recorder were

completed by October 1973 .
As mi ght be expected wi th  a fa i r ly  complex e lec t ron ic  sys tem, there are some

weak l inks , and outages due to component fa i lures  occur from t ime to t ime.  Per-

haps the biggest problem has been keeping the EPS-?? i tse l f  operational. Problems

-,~ith the 1- PS-77 arise almost weekly, though , for tunate l y most of these can be

corrected in a couple of hours or less by replacing an expendable part  (crystal  or

tube) . Many of the minor failures appear to be due to line power fluctuations. On

several occasions, principall y in 1974 and 1975 , maj or problems developed that

hal ted operat ions for several weeks at a t ime, for example, slip ring replacement

and pedestal replacement, The Ampex tape recorder has fai led on several occa-

sions , and being a precision instrument ( r ecording density 25, 000 btts , in .) repairs

must  be made under contract , a procedure usually taking several weeks. Fortu-

natel y this  recorder is not crucial  to operations . Of the remaining electronics, the

onl y major problem has been wi th  the digita l - to-synchr o converters which fail  two

to three t imes  a year (reason sti l l  unknown) . In spite of these problems , the sys-

tem (excluding A m p e x  recorder) has been operable about 85 percent of the t ime

s i n c e  Octobe r 1972,

3. E lJ%l 1’I rER )‘HOIdt %~lMI\I ~ I- OR I)IGIT ‘IL U t ) )  ‘IR ~t %P s

.1. I Mr~onrt Projec t Com puter ~s ste m

The computer  svsteni  that  was made available for the mesonet forecast project

for r ea l - t ime  exper iments  is a Honeywell Dl)P 324 dual processor (see Figure 4).

Each of the two data processors uses 24-bit  data words , has access to 24 , 000

words of private memory and shares 8000 words of common memory. The proces-

st,r-i also 5tiar’e the peripheral input-outpu t devices, which Include paper-tape

punch and reader , punch card reader, two line-printers (one a stand -by), and two
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Figure 4. Schematic Diagram of the Honeywell DDP 324 Data Processing System

magnetic tape drives. By modern standards , the processors are not fas t : the
cyc le t ime is 1. 75 usec , wi th  add , mul t i p ly, and divide times of 3 . 5, 14 , and

19 ~z sec, respectively. The ari thmetic hardware is all fixed point. The computer
has been programmed using assembly-language, a more laborious procedure than
using FOR T RAN , but well suited for our needs in a real-time .,ituation with non-
standard input-output data channels . The l imitat ions of computer speed and mem-
ory size were important factors in program design .

:3.2 Radar Bis p lay s

The most convenient form of radar presentation for forecaster use is a hori-
zontal map, periodically updated . In the past , such maps have been generated on
a cathode-ray tube (CRT) which has a rotating beam representing the radar beam ,
and which “ pain t s” a pict ure as the radar antenna rotates about a vertical axis ,
point ing near the horizon (referred to as “ PP!’ presentation). There always have
been dif f icul t ies  working with such CRT displays that  would he ove rcome by obtain-
ing “hard copy” (paper ) maps that p ortrayed both pattern outline and radar inten-
si t y values . Paper maps are very convenient to a forecaster as he can easily scan
back and forth in time to study motions. Intensity information is vital for detecting
development as well as (or constructing forecast techniques.

There are several ways in which a computer can be used to generate radar
maps. Perhaps the most ideal would be to have the maps drawn by a “ plotter ”
device. Contours of intensity would be drawn along with labels , legends and addi-
tional information such as weather station locations. Unfortunately, our computer
dId not come with such a plotter.
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A quicker, though less elegant, procedure is to have the computer  u t i l i z e  the
l ine-pr i nter and print  characters representing radar signal intens ity at each point
in a grid of data points . From a distance, the charac t ers appear to mer ge, to
form continuous patterns similar to those on the CRT display, and close u p, they
can be Ins pected to give Intensity and cell size information. Intensity labels
would be unnecessary, and legends are easily printed. For station locations one
uses plas t ic overlays , which are also useful for t ransfe r r ing  informat ion from
chart  to chart to deduce motion and development. The printed maps are , of cou rse,
convenient for archiving, though bulkier than the tradit ional  35-mm films of CRT
displays, and the digi tal  data can be easil y stored on magnetic tape for fu r the r
processing at a later date .

3.3 Program Desi gn . RtI)&R I

The radar information received from the Digital Video Integrator (DVI) is in
spherical coordinates (see Figure 5) and must be converted to cartesian coordinates
for the printed map output  — a problem in geometry. Actually, one need onl y mul-
t ipl y the range by the sine of the azimuth, the cosine of the azim ut h, and the tangent
of the elevation angle to obtain the X, Y , and Z coordinates , respect ively. Of
course, there is not a one-to-one correspondence of radar values received and
points in an X-Y grid, so fur ther  processing is necessary .  A single radar pulse
returns data from 1200 “range bins,” each of which basically represents a segment
of a long, thin cone (see Figure 5). These segments are each 300 meters long, but
of a d iameter  that varies from 10 km at max imum range (360 km) to onl y 30 meters
at 1 km. This means that the radar  “bins” are much smaller close in than far  out ,
and also that the samples are from different heights.  Ideally we would like to have
the output map represent a horizontal surface.  Further, the map would be composed

~~iA7aM. 1’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ LEVATION ’

FIgure 5. CoordInate System for Radar  Information
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of a Ia rru  n u mb er  ( ( I  squn ‘- , , ari d t h ìe r a i n r -  v a l u e  for  c - t i ,  ~qu ;  cc a nuld be repre  —

se n t : ,  t i ye ~ f I t ie : ye a ‘4~ value  th -orig hout the  a r c a  of tire square .  Ln fo r tuna te l y,

the  da ta  1 ‘.~ ra te  fr  the  I i t a r -  i s  ~i n p lv too fast  to cons t ruc t  an ‘‘ideal’’ m a p  in

-cal t i m e .  Dat ’ f i t - r n  t t i ~ t ) \ l a~~
( t ‘- ir ~ ht in on the d i r e c t — m e m o r y — a c c e s s  chan-

nel I lThIA ) , r i p t -  r a t  i r r g  I I I  t he  ‘ hog n:  e tc . ‘ In I I r i s  mode , the  computer  goes into

i i  -~ l e t  an r  o a t  r o i l  as a b a t ch  of 1 200 radar words  is brought  d i r ec t l y into

memory  in a 2400 ~ ~ec ta I , b u r st ,  only 686 /~4se e l a te r , radar data f rom tir e next

pulse  are rea dy , and t b i ~ is o b v i o u s ly  too l i t t l e  t ime  to process 1200 data words

w hen t i r e  : 5  Ie~ I a r i t h me t i c  operat ion — add — requires 3. ~

3 . 1 . 1 I : N G I N I - : l : l I I N I ;  (OMPHOMISES

OF ne ces5 it ~~, a number  of compromises  were  made when the f i r s t  operational

n i og r a m  was w r i t t e n . To save precious  t i m e , the range is l imi ted  to 640 bins ,

equ iva l en t  t o  192 km (104 nm i) , and requi r ing  onl y 1280 ~,ser  for input .  N e x t , only

r a da r  data  nearest  to every degree of a z imu th  are used , represent ing  about every

14th puLe .  This is  a -,en., ible compromise a~ the bean i  wid th  is 1. 6 degrees wide

and data  taken at in te rva l s  of less than one degree are r e a l l y  not independent. In

add i t ion , the DVI can be set to perform a running t ime  in tegra t ion , at cons tan t

range , (described in 2 . 2. 4) tha t  is use fu l  in smoothing out ‘ meteorological  noise. ”

\~ it h  the  DVI selector s w i t c h  set at “ 16” one obtains a t i m e  i n t e g r a t ion  tha t  is com-

patible wi th  the 1 PS-77. St-I , by reducing range and samp ling frequency the data

flow is reduced to 640 w o r d s  every 42 , 000 1~sec , thus providing abou t 75 ~ sec to

process each word of data — suff ic ient  t ime  for some process ing hut ha rd l y

generous .
The t i m e  problem was f u r t h e r  s impl i f i ed  by assuming  t h a t  the radar  value

f rom the available range bin nearest  the center of the grid square  would be repre-

senta t ive  of that  squa re . This assumpt ion  e l imina te s  the t a sk  of averaging all data

that  fa l l  in each square, saving t ime  as well  as considerable amou nt s of storage .

In fact , fu r  a s ingle map of 60 120 characters (our page s ize)  7200 words would

be needed for the s um m a t i o n  and a n o : he , -  7200 for the number  in the summat ion .

W i t h o u t  the  s p a t i a l  averaging,  the 7200 characters  can be packed in 1800 words.

The ac tua l  t a s k  of d e t e r m i n i n g  w h i c h  range bin is closest to the center of a square

could he t ime consuming if done completel y in real t ime .  Also , it  would be redun-

dant  in that i t  would a l w a y s  be the same az imuth  and range bin for the same square .
This  would suggest the use of tables .  Unfor tuna te ly ,  we would need some 230 , 000

words  to s tore  appropr ia te  cha rac t e r  numbers corresponding to each of the 640

range-bins for each I f  the 360 degrees of a z i m u t h  — reducible to 115 , 000 wi th

Meteoro log ica l  noise’ Is the series of hi gh f requency f luc tua t ions  in the returned
signal tha t  is generally a t t r ibu ted  to rapid changes in shape , orientat ion, size ,
and number  of the la rger  precipi ta t ion par t ic les  that  dominate  the re tu rn .
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p a c k i n g ,  but s t i l l  a p roh ib i t i ve  number.  As :tri  a l t er n a t i v e , the program considers

only every other range-bin , and a table of l I ~~, 000 ( :120 . :160) one-bit words is

packed into 4800 computer w o r d s . Each of the one-bit  words indicate s whether  or

not that  range-bin is a bin cl o se st  to the center of -tome square.  At each degree
of azim uth the program scans the appropria te  320 one-bit  word s , and for those
tha t  are a “ 1 , ” a grid location is computed from the range and az imuth  (sines and

cosines are stored in tables) .  Then , four adjacent range-bins are summed ( two at

shor te r  range, one at longer range) and averaged by a two-b i t  register  sh i f t

(equivalent  to divide-b y-tour , but Faster) and an appropriate character is stored .

If the average i.s not greater than the  range-normalizat ion value for that range

(zero  radar s ignal)  then a blank character  is inserted. In this f i rs t  program the

maps were based on a constant elevation ang Ie (0 . 5 to 1. 0 degree) rather  than the

ideal horizontal surface or constant altitude , a procedure that also simplifies the
programming.  The onl y disadvantage to this method of map generation is that at

longer ranges a single bin may overlap the center of two grid squares , and only

one of them will  be fi l led wi th  radar data , leaving a few blanks in the map. How-

eve r , this  has not created any d i f f i cu l t i e s  in using the maps — if it had , a routine

to f i l l  in ski pped squares by interpolation would have been developed.

3. 3 .2  OUTPUT MAPS

The high-speed printer  attached to our Honeywell computer has 10 characters/

in . ( 3. 9/ cm)  across the page but only 6 l ines/ in.  (2.  3 / e m ) down the page . Individ-

ual characters are thus in 2. 54 ~
- 4. 23 mm rectangles, not the squares we would

have preferred . For user convenience we decided that the scale factors in the X

and Y d i rec t ions  should be equal , which  meant the resolution in the X direction

would be greater than in the Y direction , and the programming would be a l i t t le
more co mplicated. Two maps are printed every five minutes , to be synchron iz ed

with the output from the mesonet data program. The first map is a coarse scale
map (example in Figure 13) at 1 cm 6. 5 km ( 1 in. 8. 9 nmi) , and the second map

~s fine scale wi th  1 cm 2. l h  km ( 1 in. 3. 0 nmi)  covering only the northeast

quadrant  where the mesonet s ta t ions  were located) .
The output from the DVI represents the radar return , range-normal’zed , in

1. 5-d13 steps, wi th  integers f rom 0 to 104 or 0 to 156 dB. * If we wanted ~o cove r

the entire range and use one charac te r  and only the numerals 0 through 9, then we

would be l imited to a 1G-dB resolution — this seems much too coarse. Being more

realis t ic , it  was unlikel y we would ever see anything higher than 96 dB, even wi th

10-cm hail stones , and there would be no point in t ry ing to track normalized returns

les , than 30 dB as they would be below the l imi t  of detectabili ty beyond 9 km (6 nmi) .

C
integers from 0 through 63 (0 through 94. 5 dB) are integrated in the DVI and range
normal izat ion values of 0 to 41 (0 to 62 dB) are added.
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Figure 6. Example of Computer Generated Radar  Map from Program RADA R I
(contours were hand-drawn for emphasis)

These simplifications reduce the range to 66 dB, and for programming ease, we
chose increments  of 3 dB. The characters printed start  wi th  a “1” at 33 dB and
step up a ‘9 ’  at 60 dii . Beyood 60 dii the characters come out in accordance \ \ i t ] i

the order on the print  wheel , thus - ‘ :~ •~ STU ” ( i t  was sheer coincidence that th e
last three let ters  were the programmer’s n ickname) .  We should point out that we
did not have (and s t i l l  don ’t have) a rigorous calibration — for an approximate con-
version, subtract  20 dB to obtain dBZe •

3 .3 .3  PROGRAM COMPLETION AND USAGE

The program RADA R I was wri t ten and checked out dur ing the fal l  and ear ly
winter of 1972-73 , and became operational in February of 1973 . Dur ing the follow-
ing ten months , the radar and computer were used during 21 real- t ime visibi l ity
forecast episodes , 10 severe weather forecast cases , and 8 other data collection

22 

~~~~~ 
•— — - -

~~~ 

. .--

~~

- .



cases — a to t a l  of 140 hours of o ,e ra t ion  and near ly  2000 pr in ted  d ig it a l  maps

archived.  The computer  sy s tem vas operational approx imate ly  97 percent of the

t ime during this  period , w i t h  the  pr inci pal d i f f i cu l ty  being mechanical  fa i lures  in

the line p r in t e r . In addi t ion , there  were  no major  problems ‘~ i th the radar dur ing

th is  per iod .

i I I’rogram lh’~i~rn, U i I ) - ~H II

:1. 4 . 1  NEW R E Q U I R E M E N T S

The fir - s t  year of niesonet opera t ions  taught us much about operational fore-

casting on the “niesoscale. ” One lesson was tha t  even in “ e a s t e r l y” t o r m s  the low

v is ib i l i t y  pa t te rns  were moving from the south  and southwest  — not moving from

the ocean to  the east. Thus , several  s ta t ions  at the nor theas t  end of the ne twork

were  dismant led and re-located to the southwest , to provide earlier warnings .

The mesonet da ta  program was rewr i t ten  to display the new stations , and , of

c ou r se , the radar program would also have to be rewr i t ten .  We also found that

ex t rac t ing  data from the radar maps by hand (for radar -weather  re la t ionships)  is

a laborious chore, so it was desirable to have the radar  data in a more usefu l form

for research purposes . Fur ther , by November 1973 , the Ampex tape recorder had

been inst a l l ed  along wi th  the computer’ tape controls and computer radar-pos i t ion

controls , and we then needed programs to u t i l i ze  these controls so tha t  fewer tape

chani~es need be made . A new routine was needed to process data when the source

was the Ampex recorder and not the radar in r e a l - t i m e, as the date and t ime infor-

mat ion  for RADA R I orig inates in the mesonet data processor. Finall y, we nc ’c.’dt .-d

a program with which  to investigate the advantages of constant -a l t i tude  d i sp l ay

(CAPPI)  as contrasted wi th  the constant elevation angle of RADA R I, These require-

ments mean t wr i t i ng  a new and considerably more  complex program.

3.4. 2 A MU L T I - U S E  PROGRAM

The program RADA R II is de-t i gned to be used in any one of three basic mades.

Fi rs t  is the d : t a  ga ther ing  mode which  is intended for use during of f-hour , requir-

ing no operator at tendance.  The program simply controls the Ampex tape recorder

so that  a 40-sec data s t ream is p laced on the ins t rumenta t ion  tape once eve ry five

mi n u t e s , w h i c h  would allow the tapes to last for over 24 hours without  change .
The second mode of operation is the data disp lay mode. This is a rea l - t ime

data processing program which has r i l any  outpu t options that are controlled by using

sen5e switches located on the Honeywell DDP 324 console. Like RADA R 1, maps

can be pr in ted  out every five (or f i f teen) minutes , synchronized wi th  the mesonet

pr in ted  data .  The sca le  of the f ine-scale map was reduced to 1 cm 2. 5 km

(1 in. 4 . 3 nmi)  so that one map could cove r all ne twork  stations . Fur ther , the

23



c per~ch c r  c -an s h i f t  t he  o m - i g i n  of t he  N — V  ax e .s to c ,ne  of f ive po si t ions  t o  ‘ c r i c  e nt r-~c t e

at tent ion  on a pa r t i cu l a r  area. One opt ional  output  is to g at h e r  radar i n f or m a t i o n

d i m - e c t l v  over ne twork  s t a t i o n s  and p r i n t  c c i t t  o n e — m i n u t e  and  f i v e — m i n u t e  mean

v a lu e- . . Another  option (added la ter)  is t o generate f ine-  and c o ar se  -scale maps

every m i n u t e  and p lace the maps  on magne t i c  tape (for p1-0 ( 88mg on the A l - L I .
( ‘l )(  t ; t i1() computer) .  This has  proven to be a very useful  opt ion and is the p r i r r e c r y

means of a r c h i v i n g  data.  A t h i r d  option is to have a se r i e s  of t h r ee c o n s t a n t —

a l t i t u d e  rc~c~cs c o nst ru c t e d  e v e r y  f ive m inu t e s .  To do th i s , the c o c i rp u t e r  i n c r e a se s

the e levat ion  angle each radar -  revolut ion by 1 to 2 degrees and a stored table

based on radar  bin number  indicates at wh ich  level ( levels)  the radar  v a l u e  of a

gr id  point belongs . This option has not had a ve ry  hig h p r i or i t ~ and the c ” a t t i m c c - s

h c v ,  not yet  been fu l l y tested .
The t h i r d  mode of operat ion is s i m p ly a playback f rom the A m p e x  ra o-  c-re ord-

er . In th i s  m d c , the digital maps are generated in the  same man ! ic ’r  as the da ta

I crese nta t i on  mode , but t ime , date , and sy n c h r o n i / a t i c c n  i n fo rma t ion  is not ( t ) t a i n e d

f rom the mesonet data  processor . In addi t ion , the m n c c c m i i n g  da ta are  c a r e f u l ly

screened t o  avoid the brief periods whefl the Ampex recorder  •5 t pped and s t a r t ed

• -v em - \  f ive minu te s , as such data contains ec-roneous infor - t c i : c t m c n .

1 ,4 . 3 OUTPUT MAPS

The pr in ted  maps from RADA R II are ba s i ca l l y  the  same as w i t h  RADA R I ,
t h a t  is , t h e Y  consis t  of 60 rows of 120 characters of r adar  i n t e n s i ty .  A m i n o r -

change made was  to remove the rows and columns  oc f dots tha t  f o r - t i m e d  a reference

grid in R A D A R  I, as they were  of l i t t l e  use , but h av ing  one row and one c o l u m n

through the  ori g in to hel p orient ove rlays . Another  smal l  change made was a ne~’
set  of charac te r s  and a h igher  th resho ld .  While some of the weaker  signals in

RADA R I are of i m p o r t a n c e  in snow and f ine  ra in , fol low ing such pat terns  is frus-
t r a t i n g  us  they ~- occ n  d isappear-  due to range a t t e n u a t i o n .  A more r e a l i s t i c  lower
t h r e s hc , l d  of 45 dii was adopted as i t  would a l low t r a c k i n g  out to 50 km (30 nmi) .

The cha rac t e r  sequence in 3-dR steps is “ 1, 2 3 :4 5 s6 7 @ 8 9# N \ . ” The non-integer ’
characters  were s t ra teg ica l ly placed to give some idea of indicated weather  —

“
,
“ for l igh t  rain or dr izz le , “ :‘ for moderate to heavy m ain and possible hail ,

“a ” for hail  and violent squalls , and charac ters  beyond “ 9’ are ex t r eme  condit ions
(only observed from “ b r i g ht ” (-lose-in ground t a r g e t s) .  An examp le is shown in

Figure  7.

The constant a l t i tude  option is made d i f f i c u l t  by t i m e  l irn i t a t ions  and is t r i c k y to
“de-bug. ” Fu r the r , de-bugging a t t e m p ts were often f r u s t r a t e d  by ma jo r  FPS-77
failures,  It was also recognized tha t  the s low rota t ion speed of the FPS-77
( 1 14 see) permits only 15 elevation steps in 1 , 5 minutes , the max imum allow-
ab le  t ime , th us at I . 5-degree steps we  onl y get to 23 degrees , b lanking c u t  a
large part of the map at l eve l s  abo ve 4 km (35 percent of our n e t v 0 c , r k ) .
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Figure 7 . Examp le of C omputer  Generated Rada r  Map fr ’om Program
RADA R II

3.4.4 PROGRAM COMPLETION A N D  USAGE

The RADAR II program was written dur ing  the fall  of 1073 and became opera-

t iona l  in December  l ’ 17 :t , a l though some options became uva i l ab le  at a la te r  d a t e .
The plan for 1074 was to m a ke  rea l - t ime  forecasts  d u r i m ;g  normal  work ing  hour -s ,
but to record d ata dur ing  of f -hours  and run s imula ted  re a l - t ir ’ t ie  ex p e r i m e n t s  dur ing

periods of good wea the r .  All  rn esonet  data ae re  rout ine l y p ] c c ’~ ’cl c o  magnet ic  tape ,
and the  Ampex  tape recorder was expected to take care of the radar  d at a , under
compu te r  con t ro l .  Unfo r tuna t e ly ,  the sy st e m  did not work  ~~ - l l  as p~ c a e i -  surges
often halted the computer and required a manual  r e s t a r t , and f a i lu re s  i c - v  ci c p e c l  in

the  Ar ich’ : ~ rec c o d er  ‘h a t  were a long t ime  in being co r rected .  ( cu e  a l t e rna t i ve  w a - ,

to use t h e  35-mm pictures of the radar scopes which showed c ’ c , r c t o u r e d  video data
from the I . V I  as described in 2 . 2 . 4) . However , the f i lms were not ( c c m i v t ’n i e n t  to
use even when placed in a viewer.  The solution was to modify the  I d r - ograni so tha t
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d i m ~i t a l  l o u is - i c - c c u ld  a’ g t - i s s - m ’ m c t s - c i  and p lac ’ - ’ l  c l i r e ct l ~ - c , r i  n ) a g m l e t i o ’  t a c o ’ , ‘ c  he c r i t c t s ’ c l

I n t o - i ’ . A o n C — s i t l i f l i t e  san cp l ing  t m ’ e d l m m s l m s ’ \  w’mc c d t c , i c t s - * t  as it c i  low —c ‘ x i  r i o t ‘ m l  of

radar da ta  n e a r  m e s o m m e t  —, t a t i , n s  (by cc ‘n m p i i t e r )  t t h e  Ic  ‘he -, t  r d  e a c  w c s u l d  t ’ c ’
l i k e l y  to u~~s , i c r  d c - m s - i  i l l s - n t  c c i  r a d a r — w e a t l m s - r ’ i s - i ; t i c c r i -- t i i i c s _ i ’h is  c ’ l c t l c c n  ‘ a . ,

f i r s t  used in A i c r il 197-I , ; c i m c t  ha~ s ince  I ce , , r u -  the p r i m a l - v  t i c s - a r e ,  of :c r e i c m v i n g

d a t a .  I ’ i’ o n m  ,i a m l U z o r v  1973 , a i c e r c  IA  F)A Ii II  t c c ’ , amc p s - i  a t  c r o c i  t c r - c c u g h L i l y  1975 ,
t h e  c ’ c c t t i p u t e r — r a d a m ’  ,sv~ t s c -  w a s  used in  2 r e a l — f  i o u -  v i s i b I 1 i r ~ ’ h i  s - c - i c - - f  exper i s c e rmi
I I ~1 ca.,(-s  for  s e v e c ’ ( -  we a t h e r  ‘ s - - i t s  and 2 1 m I n t ; ,  c o l l o - c ’ t i c c r i  e t c  ‘0~~~, pc t - a t i m c g  a bc  I t

1 1 )  hours ~~cn1s ’  2300 ni a ; c - ~ a s - t i ’  p r in t ed  and mm r - - h i vo ’d , and , t c c , c i t t ;800 m m m a j c s

red on magnet ic  to ps ’- .

I. lfl~.II~~I It~~I ) % I l t \  l t I : ’ d ,— I I ~lI , H~ l l i I ~~ I \ l ~I itI~I t ; \ I — ~

The p r i n i ar ’.- p u r t c c c s c -  c i  t i c s  r e a l — h i m , ,  f o r e c - m , 5 t  c - - -. ; a - i ’ iments  ha~ been to de c - i - —
- in c  boa much imp i - c~v e i t ent  in  a b c  c r t — r a n g c -  t c , m - e c - : c s t  of a i r f i e l d  ae a th e r -  c o n d i t i c c n - m

can be t i e  t h roug h the  use of i s u t o m i m i , t i c ’ n i c - s o s m - a l t -  observations and d ig it a l  radar
data .  The g r - c - ; c t e s t  a t t en t ion  h a — , been given to  v i s i b i l i t y , or the  it i m c , . , l ’ t m e i - i c -  c m ’ c p —

e r tv  t h a t  d c - f t  t - n m i n c a  v i s i b i l i t y  — e x t i n c t i o n  c o e f f i c i e n t  — as v i s i b i l i t y  is c r i t i c a l  for
s: i t- t ’~ in a i r c r a f t  t a k e  —oi fs  and l and ing s . I l c c w e v e r , some , c t t c n t i o n  has also I
g i v ( - i c  I ’) the  proble m of forec a s t i n g  seve r s - ’m - a t h , - m ’  a s soc ia ted  w i t h  convect  im - c -

s t  ‘rms , p a r t i c u l a r ly  wind  gus ts  arc (l h o - ;  vv r a i n .

~ — i h i l i R  I

i i i -  v i s i b i l i t y  I ’ :‘ t - c c c ~~t e xp e r i m e r c i - ~ Ws ’t - e -  i n i t i a l l y  c - t  UP w i t h  t w o  forecas te rs

m a k i n g  for em ast  .s h e i m s - m ’ s - r  t here  was a t l c r e m i t  , c f  Ic  a via j b i lj t y  ( less  than 1500 m c i ’

1 m i l e )  in t h a -  i c t - t w o r k . One f o e s - c a s t e r  l a d  conven t iona l  w - at h e r  da ta  c o n s i s t i n g  of
a i rv mc v s c i ’  -type  - -po m’ t , fac.~ r m u s  w e a t h e r  s i t u p - i , r i d  r ad i i  r Sc ccp t -  p resenta t ions .

The ‘ c c  ‘cnd fo r - cc -as te r  had i . -a - o f t h e  c- n ’.- s - i ;t i ona l  d a t a  p lus fou r  maps of m t c c - s ( c n e t

da ta  and ‘wo of m a c t a r  c I ; t : ,  (when  ru -ed s ’d  ; c r c c t  a v z c i l t m h l e )  e v E - I - v  fj v c -  m i n u t e s . I
- a - i t 9  w e r e  i c t i c c i s -  s -v e r y  15 m i n u t es , at w h i c h t i r i i c  both f o r e c ast -r  r e c e ived , as a

gu idt - , a ~oI mo rkov ‘ i m o d s - l ”  f o recas t ’1 t h a t  u t i l i - , e s  the I n t o - - i t  c c h s ~ r - m - u11c ’f l  of c ’ x t j n c t j c c n
c ’ c c e i fh - i e nt , the c l i n m t c t c c l o g h - a l  n d c c ’ d ; l  for  t h e  t i n t s ’  and season and a s t a t i s t  i ca l l\ ’

der ived  decay coef f ic i s nt . Ito p rac t ice , the  M ;cs -kov  t c c m e c a , t  h a s  proven i t s  e x c - e l l c n t

c ontrol , and a f t e r  t h e  fi r -m t \~ - zcm ~ of fo recas t ing  t h e  c o t c v e r i t i o n a l  fo recast  scores
a s — ct’ so c lose  t o ,  the c’ c c f l t i c , I  t h a t  f i t s -  - d ’ d c t d v ( f l t  lonal’’  U ,,  t o - , ’ ,, ,t - ‘ d c  was  m m l c d m i g s ’ r

f i l l  e ’t

3, 1 , h y c k ~ W . H. ( 1 75) ul~j s - o - s o v e  I ’ r ed ’ t i e t i c d i ,  of F i n e— c V a r - i m o t i c c i a -  in R a d i a t i o n
t o g  I n t e n s i t y , A l ’ ’(’ I i [ — T l i — ~~c — ~)2?~4, 

~~
. l O . - ____________________
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Tim -ce wa i ’ , s - v s - i -  i i i  t m i : , t  i c - t i c  in  w h i c lc rada r in f o c r n i a t i e ,n  w a s  ( - x p c - d ’ t s . d  t c m  hs-

c f  t - , c t i s i , t c ’ i - ; , i c I s -  va lue-  in v i s i b i l i t y  for e c a s t i n g :
( m c )  v i s i b i l i t y  I c , w e r - c t  by  Is sn ,v v  r a in ,
(h) vi  ~i t ’ i I i t v  v a r y i n g  in ~ b , c m t s -r v S m i c c W ,
(c )  m ’ i , s i h i l i t \  , sud d s -mi I~ i n i p r o V i f l g  ‘- t i  l b i a i n  ‘‘ w a s l c i n g  ‘,ut ’’ fog,
(d) ns ’ v. and unexpected -u t  mc ; ,  h i  s in s -

In fog eases  w i t h o u t  l d t ’ s a - ip i t a t i o n , p ar t i -u l a r ly  r ad ia t ion  or gr - ccund fog, th s -  radar

m il aps would not Ice ,,f any us s ’  as the fog p a r t i c - l e . -i ar-c s i m p l y  tc ,o  smal l  ii ,  he
d e tected ii ~ the Fl’S— 77 radar .

Roidar IIen , l i  t~ in m . i  h i t s  r ’. I , , r ,’ ,’ci— t

Tt c  s c t c v i , , u — , w a y  t o  i t s - t i c ,  cn . s t ra te  the  con t r i bu t ion  of di ci t m s l  radar infor m ation
t o ,  fo recast  s k i l l  would I c , ’  t o conduct  a series of t e s t s  in w h i c h  one forecas te r  would

h a v e  the  d i g i t a l  radar  data and a n , i t i c s ’ r  would not ( a l t e r n a t i n g  role f rom case to

case to e l i m i n a t e  i n d i v i d u a l  sk i l l  as a f a c t o r ) .  However , forecaster-  manpower  w a s
l j r c c t s ’ i  and low ~- i - m i h i i s t \  ca- ; e -u a re  not t i c ; o t  f r e q u e n t  (about  50/year) , s~ c we had to
c c  c r c , ’ e r c t  r at s ’  t i c s -  e f fo r t  on d I e t s — r i ’ ,  r u i n g  the combir~ed benef i t  of n e t w o r k  and r adar

dlL ’ i t a l  ‘ t ; c t a .  l ven if i , c c , r e  f o r e c a s t e r s  m e t r e  ava i l ab l e , the  ‘ obvious ’’ test would
l i k e l y h c a m a -  been p r e m at u r e .  When hi t -  s i m s - , cnet h cr eca st  exper imen t s  began , the
f o c i - c - ,  : , — - t s ’ r ~ w e m s q u i t e  u n f a m i l i a r  w i t h  t h e  n ew scale and fr equ s-nc\ -  of reports , but
t h o -  ph ilosop h~ mc u s  t h a t  t h e y  would learn  as the  ( - x p e r - i  nm -mc t s  progressed. Indeed ,
the r e - u n i t s  through ta -cr y ear-s  of ses t ing  - t h i ( c W  impro vement in the m is c  of rmc e , so r i e t

da ta  u.s h u t s ’  went  on, Tile f o r e ca st e r - s  were even less f a m i l i a r  with  the  use of
w - ; o t h e r  r adar  in f o r e c a s t i ng ,  and the re  were onl y about 20 radar cases a yea r , Sc ,

i t s  l e a r n i n g  ; > r c c d - ( - s .  would  be expected to be much longe r .
A b r i e f  , t c s d y  w as  made of cases involving p i” - c i p i t a t i o n , comparing the  scores

when r a d a r  was  a v a i l ab l e  aga ins t  when it a-cia not ( equ ipmen t  fa i lure).  When twe lve
cases  of s - t i c - l i  c o n d i t i , c n  were  compared , the scores were nearly identical . However,
t o re  Cases  w i t h  radar  were p r i r a t s O-i ly du r ing  the f i r s t  year , and those wi thout  radar

s - c e  d u r i n g  h i s -  .- ies- , ,n d \ -ea m - when  the forecas t er -s  had grown more  sk i l l fu l .  - e’,

m e h i l e  a t  f i r , r glanc e” the d ig i t a l  n i iaps  migh t  appear to have been of no value , when
t i c s -  ‘ r ’s ’ t i i l  in s k i l l  is taken  into c - c cns id er at i on , the value of the radar would appear to
i nc rease .

1.3 ~~~~ .-r ,- ~ i-,i r h s ’r  I’ s,re ,’ , , — ~

D u r i n g  t h s -  i ’ ’ - -i~ three  , su mms-r s , t es ts  were made us ing  the  digi ta l  radar and
m e s c c n s - t  maps t i c  f , , r o ’r ,st  convec t ive  weath e r  c o n d i t i on s  that  c-ani se d i s rup t ion  of
a c t i v i t y  and d a i m s t s g e  c c  a i r f i e l d s . The f i r ~ t year the  t e s t s  a-crc designed to deter-
m i n e  c s lw -~c c - l i  t h s -  f o recas ter ’ s  c- , ,u ld  t ime the a r r iva l  of the st orm and predict i t s
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- $ in te r i - c ’o tv . Simo’e we had few’ operat ing rain gaugs- -i , we base d t l m s -  t i m i n g  c n  the

occ urrence of m a x i m u m  ext inct ion coefficient  (m i n i m u m  v i s i b i l i t y )  and predic ted

peak gust as well  as m a x i m u m  ex t inc t ion  - c c t - f f i c i e n t .  F o r e c a s t s  we r e  made for

as i m i a n y  st at io ns as the forecaster could handle , thoug h he c c c r u c ’ e ’ n t r a t e d  on t b c c ~~e ’

where  the t h rea t  was the greatest , and forecas t s  were f r e q u e n t ly  up dated , u s u a l l y
at t e n - m r i i n u t e  i n t e rva l s .  The resul ts  cf this experiment proved v e r y  d i f f i c u l t  t m

evaluate .  Wi thou t  exper ience or the  benefi t  of r ada r -wea the r r e l a t i o n s , the fs,re-

cas te r s  were over-predic t ing the severi ty  of the s to rms  and there  were many case.s

of s to rms  tha t  e i ther  jus t  mi’ssed s t a t ions  or d i s s ipa ted  pr ior  t d ,  a r r i v a l  — the
“ fa l se  a l a r m ” rate was quite high. Wi th  the few s t c ’r -ms  that  d id  liii  s t a t i c , n u ,  there

were problems wi th  mul t i ple maxima in e x t i n c t i o n  coef f i c ien t  — w h i c h  tone  i (crre-

sponded to the radar cell tha t was forecast to h i t ?  \ V a s  a peak gust a ha l f -hou r
la te r  from the same storm or a di f ferent  s t o r m ?  Perhaps  the most serious diff i-
cul ty was that there really was not a single severe storr -ii in the ~ample that  would
have caused wi nd damage at the network sites (one storm at one station had a peak
gust of 19 mps) .

The following two summers, the forecast-, were made for the probabilit y of
low visibility (less than 800 m or 1/2 mile , dayt ime )  s trong gusts (over - 14 mps )

and heavy rain (greater than 15 mm or 0. 6 in). The w inds and ra in  could d c ccur
any t ime from 6 to 90 minutes after  the forecast was made and the v i s ib i l i t y  prob-
abi l i ty  was for each of six time periods of increas ing durat ion , for examp le , 6 to  9

m m , 10 to 15 mm , ..., 61 to 90 m m .  (A sample forecast form is shown in
F’igure 8 - )  The variable duration allows for speed errors which prod uce greater
t iming errors at longer lead t imes.  Again , forecasts were made for as marl\-
sta tions as possible and updated as often as every ten minutes . And , again there
were very fe w thunderstorms for the tests. Earl y in July 1974 , a violent lig h tn ing
storm did roll into the network, but the forecasts halted when a power f a i lu re
stopped the radar. Even worse , the forecasts could not be verif ied as the intense
lightning knocked out cozamunicaticns to 70 p ercent of the ne twork  s t a t i c , t c . , . T w d c

weeks later a less violent  storm struck, and even this one produced a f i v e - i ; m u i i ; t e
computer  halt due to power surge. Some 25 forecas ts  were made and verif ied and
the results show a 26 percent skill score relative to cl imatology for ext inct ion
coeff icients  and 30 perce’3’ for wi nd g u s t s .  A mean ingfu l evalLat ion of the heavy
rain probabil i t ies  ca nnot be made because the  heavy rain condit ion was not
observed.

In 197 5 , s to rms  were watched c lm,s elv on some ten afternoons , but no f o r e c a s t s
were made a,s the threats never appeared serious. On the night of 25 J u ly  a squall-
line approaching  f rom New York State was recorded on tape , and altho ugh the
stor ms diss i pated as t h ey reached the ne twork , there was a smal l  t ornado in
Spri ngfield , Mass. , about midnight  (EDT ) . The r adar in ten s i t i s— s  around midnight
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w e r e  ; , t m c , u t  us  hi gh as eve r seen in d a y t i m e  and certainly most unusual  for t h a t

t i m c i e  of n i g h t and that  range.  The case has not yet been thorough ly  studied , but the

ec h i , ’ s ’-~ n e o n -  Spring field do iot seem t m c  have been any more in tense  ccc  d i f f e ren t  in
p a t s - i - t i  t h a n  t be c se  f u r t h e r  to the north , where no severe ac t iv i ty  took p lace.

A n e c t l c . - r  a t t e m p t  at severe weather  forecast ing wi l l  be made in the sum omner  of

I 9 7b , s n ml  perhaps the stor -m im s wi l l  be more plent i fu l . We also hope for be t t e r

r a d a r  p e r f o r n i m a n c e  as the l- PS-77 was out for repairs in both A u g u s t  1974 and

August l ° 7 5 .

I. I I’ r .- l im ina n  I .sns-Iu ~ is,o

Whi le  t h e s e  is l i t t l e  q u a n t i t a t i v e  in for m ation at th i s  point as to the value of
d i g i t a l  r adar  in the  f o r e c ast  exper iments , the for-ecasts left de f in i t e  im p r e s s i c na
in the  m i n d s  s- c f t he  fo recas te r s . I - o r  u t i l i t y , the hard-copy radar maps were a
‘I c - f i n i t e  h i t .  The forecaster-s  made much less  use of the radar when it was avail-
able - m m l v  on the  scccp es  or even d i s p layed on a mic ro - f i lm  projector  (s imula ted
r e a l - t i n -re cases) .  A use that  ‘5eas not ant ic i pated was the determinat ion of meso-
so -a le  mm ’a c t i o n  v e c t o r - a  f rom the r ada r  wh i c h  o f ten  provided usefu l in locating ‘ up-
mc m d ”  n i e s , s n c - t  s ta t ions  to use as a forecas t  guide. There  were reall y not many
case- -, when  the  radar  in fo rma t ion  was t i re  p r imary  reason for making a forecast
of a n i l a jo r -  change in ex t inc t ion  coef f ic ien t , and most of these  were  is ,  snow s torms .
We w e r e -  ta ct at all impm’e-ssed w i th  the idea that rain , shmc w er ~ ‘~wash (cut ” fog
bene ath  — indeed we had seen some cases when the arr ival  of the n -a m - s c in c i d e d
wi th  de em -e ased  v i s i b i l i t y  or no change at all. The effect of such showers likel \-
depends on the d rop-s ize  d is t r ibut ion  (which  radar does not give) as well as tur-
bulent  w i n d  mot ions  and fog th ickness .  ( er ta inly this  problem requires f u r t h e r
s t u d y .

One of the  l a s t i n g  Im pressions of the r ea l - t ime  forecast  experiments is the
m - m i s r  q u a n t i t i e s  of wea tbc i -  i n f or m a t r , c r i  absorbed (often f rant ical ly)  in the short ti:c c-
t c ( t , \ C s - t c  1 5 - m u m fo recasts, Indeed , the forecaste~- has 20 pages printed by the c orn-
p nr t e r  ever -v 15 minu te s , in addition to conventional data. Obviously an effort must
Is- made to hel p the fo r s -mm as te r  digest m i l l  th is  i n fo rma t ion .  A s i m p le system is to
have the  compute r  prepare objective “ guidance” forecasts which the forecaster can
use or net use a.s he sees f i t .  P r e l i m inary efforts  along t h i s  l ine wil l  be described
in Sec t ion

5. 111:1, Vi Ifl\~4IIP ’ 1W i’~ I i \  H ~I) ~R ~II ,\  \ I ,  HF:T l K~~ \~ I) ~ i; U IIFH P UI ~M E l ’ F ; R —

To u ss - t i r e  radar as a forecast  aid , one mus t  not onl y Isi ’ able t s c  locate and
t n-as -k  the s t o r - m i m , h~ t ciSc,  determine the m i s s s s c - i a t e d  wea ther  condit ions.  W e  would
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expect intuitivel y that more intense precipitation will produce stronger radar
returns . Indeed, researchers have found quanti tat ivel y useful relations between
radar return and ra infal l  i-ate , ,no wfal l  rate , and hail occurrence. In this

section we shall  briefly examine the theoret ical  basis for r -adar -weather  relation-

ships and present preliminary data from experiments using the radar and the

me-sonet observations .

ii I’h~oretieuI Basi s for Rudar.~ cat h.s Relationshi ps

If the radar beam is uniformally filled wi th  precipitation part icles , at some

distance “ r , ” then the returned signal “er” can be expressed by

~
‘r 

r i ~~( Z , ( 1)

where K is a function of the radar itself ( including transmitted power , beam width ,
wa ve length, antenn a gain , and receiver gain) , C is a function of the precipitation

type (index of refraction, shape, and orientat ion )  and Z is the reflectivity f a c t o r
defined by

ZE~~ N0D
6

with ND being the number of particles of diameter D.
Thus , we can w r i t e

2
- r P

Z -  ~~N~~ D 5’ 
~~~~~~~~~~~~~~ (2)

The digital output of the DVI is a measure of r2 P~ , the q u a n t i t y  ( has been deter-
mi ned for different  t v p e~ of p rec ip it a t ion  theore t ica l l y and experimental ly,  a r i

the remai ning factor K can be determined either through a calibration of the radar
sy s t em , r through comparisons with  rainfall  rate . To develop and use radar-
weather relationships , It Is not so important  to know the precise value of K, as to

4. ~Iar sha l l , J. S. , Langville, H . ( ‘ . , and Palmer , W. McK. (1946) M easur ement
of ra infa l l  by radar , J. Meteor ., 4 :186—1 92 .

5. Sekhon , H. S. and Srivastava , R.  C. (1970) Sn imwslze  spectra  and radar
ref lec t iv i ty ,  J. Atmos .  Sc., 27:299-307 .

6. Donald so n, R .J . , Chmela , A. C. , and Shackford , C. R. ( 1960) Sorv~m behavior
patterns of New England hatlstorms. Physics of Precipitation, American
(;eophysical Union , Wueh., D.C. , 354-3~8.
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know that it does not change with time. The subject wi l l  he discussed fur-ticer nrc

Section 7 on calibration .

The most thoroughly explored re lat ion is that  of r a d a r  and ra infal l  ra te - .

\ V h i l e  rainfall rate itself is not normally an important factor in airfield o l u c - c - :s t l c c n s ,

it does provide a means ~~r an approximate calibration for the radar .  The r a i n f a l l

rate can be expressed by

H ~ ~ N~ 
D 1 f0 . - 

(3)

F c c r  drops in the size range of 1- to 4 -mm diameter  (those that c ontr ibute most  to

rainfal l )  the fall velocity 
~D ca n be approximated 7 I cy f 1) O, I ) 1 !2

, wh e r e  al pha is a

con-~tant of propor t ional i ty .  Thus ,

H ~~~~N D71’ (4)
G D

The extinction coefficient E, which is direct ly related to visibility 8 can be

related to drop si ze by

E~~~~~~ N D D2 
. 

(5)

One 4uickly notes that all of these parameters, 1, R , and E, are related to

I), but wi th  a d i f fe ren t  power. Without  some knowled ge of the size dist r ibut ions  of

precipi ta t ion pa rt icles , it is d i f f i cu l t  to proceed any fur ther  in re la t ing these

parame ters.  In 1948 , Marshal l  and Palme r 9 undertook the difficult task of deter-

mi ning raindrop spec tm - a , and from observations noted that the number can be

related to size by ND - N exp (-AD), a relation experimentally verified liv other-s

such as Ohtake 1° and Waldvogel . 11 Sr ivastava ’2 has shown theoret ical  reasons

why this exponential distribution should be observed below cloud level.

7. Weickmann , H. K. (1957 )  Physics of precipitation, Amer. Met. Soc.
Meteorological Monographs , Vol. 3, No. 19, p. 278~

8. \ l iddleton , W . E .  K. ( 1952) ion Thr gh the A t n  osp~~~~~1 Toronto ,
University of Toronto Press .

9. Marsha l l , J. S. and Palmer , W . r dcK.  ( 1948) The d i s t r i b u t i o n  of r a indrops
- with size , j .  Meteor. , 5 : 165—ltW .

10. )htak e, T. ( 1970) Factors affecting the size distr ibution of raind i-ops and
s n o w f l a k es , 3. Atm os. Sc., 27:804-813.

11 . Waldvogel, A. (l’~74) The N jump of the 
raindrop spectra, J. A tmos. Sc .

3 1:1067-1078. 0

12.  Srivastava , H . ( .  ( 1967) On the role of coalescence between raindrops in
shaping their size d ist r ibu t ion , 3. A tmos. Sc,, 24 :287-292.



We c- an now convert the previous summations to inte~ ra1s and substitute the
exponential  d is t r ibut ion of N D. When we then integrate from zero to infinity * we

rss mc - f ind

Z~~ JN ,1 D
6 d D = N 0fexp (_A D)DG dD~~~~7 N ,c (G)

H -~~~~ N 1) D 712 ~ = 
_.2J exp (-A D) D7~

2 dD 
~~ 

~~~~~~ 
. (7)

E ~ JN0 D
2 dD 

_
~-2~f exp (-A D) D2 dD = 

~ 2 !N 0 (8)

A ‘ t yp i c - a l ”  exponential distribution of drop sizes is shown in Figure 9. The
associated rainfall rate of 5. 7 mm/hr  and extinction coefficient of 15 -- l0~~ m~~
are values w e of ten observe in moderate to heavy rain , when  fog is not present .

ic~ 
1 ] -

E c 
-

- r

~~I0

c

_

30
DIAMETER tN mm’

Figure 9. Raindrop Size Distribution for
Moderate Rain

* l’o be physically more realistic , w & -  should integrate  only out to m a x i m u m  drop
size of about D • (; mm , and the answer  can be found in a table of incomp lete
g a m m a  f u n c t i o n s

3
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In Table 1 we see the relat ive contr ibutions of three different drop-size categories
to the parameters Z , H , and E. Clearly the smallest drops contribute little to the
radar return , but are very important to visibility , and modera te ly impor tan t  to
ra in fa l l  rate rhe largest drops are only important  to the radar  r e tu rn , as the i r
numbers are simply too small to be important to rainfall  rate or ext inct ion coeffi-
c ien t ,

Table 1- Relat ive Contribution of Different Drop
Sizes to Radar  Reflect ivi ty,  Rainfal l  Hate  and
Extinction Coefficient , Based on Distribution in
Figure 7

~~~~~ ~ ~~~~~~~~~~~~~~~~~ ~~~~~0 to 1 mm 0. 12 0. 47 0~ 77

I t o  2 mm 0. 58 0 .46  1). 22

2 to 5 mm 0- 30 0. 07 0. 01

Total 1. 00 1- 00 1 00

Marshal l  and Palmer 9 fur ther  noted in their  exper iments  that  N , , was essen-
t i a l l y constant , wi th  a value of about 8000 m 3 m~~~. Choosing a reasonable v a l u e

of o of 460 cm s
_ 1

mm~~~
/2

, then the slope of the exponent ia l  A can be related c i ’

H by A = 4 . 3  R 0’ 22 The quant i t ies  Z (mm t’m~~~) , R (m m hr 1) , and l- ( l 0 4 m 1) ,
can all be related to one another as follows :

Z 200 R 1 ~~ ‘ or R 0. 033 z0
~ 
64 ( 9 )

E s 3 .07 R °~ 
~~ or R 0. 186 E ’ ~~ 

, ( 10 )

Z 14. U 1 2 . 3:1 cr i-; 0 , 317 Z0. 43 ( 11)

Snowfa l l  r a t r -  ‘-an also be treated in a similar fashion, and be related to radar
r , - f l . - - m m , u t v  c m l  ex t i nc t i on  coefficient.  Since snowfall  data gathered in the mesonet
h a v e  not ~ r - t  been anal yzed,  th is  subject will be covered in a later repor t .
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- 2 I - n ipi r i . -aII  ib’r , ~,-4 Ba dnr— ~ t a t  her Kt’t at i o n — k u  p—

A t  t he  t i m e  the f i n - s t  maps f rom the  pro  g o - a n n  RA h A  It I t i e ’ - ca -  a m : ,  i l : c t  l e - ~ w o o r k

m- :0 .4 I egun co l l ec t ing  da ta  to develop r a d a r — w e a t h e r  r e l a t  ic n~ . 11a-  ic a .s Ic Z — I 1

r e l a t i r , is know-n to he reasonably va l id , hu t  cc i -  ‘l id neo_- ’l t i  , I i i  ‘ - t - , r , : i c , l t : c r i , - o u s

r a i n f a l l  and r a d a r  data  to es tabl ish  a s~~st - n i  c a l i b r a t i o n , s i n i c o -  c i f - V i c o t s t t t  ct -

c t  absolute  ca l i h r -a t i on  had riot been sucees -, ful .  The Z — l -  an ’I  I - — 1l r e l a t i o ns had

net  c - i - n  we l l  explored , l a r g e l y  because un t i l  the I - o c r - c e  a c - i t S o - o t t e r -  V i s ; l c c  l i t v  \ l o - i c - z -

Wa -  developed 11 there  a-as not an i nst r u m e n t  ava i lab le  to ’  r -n e :o sure , - ‘ t i n o -t i c c r c

c oe f f i c i en t  over a su f f i c i en t l y a ide range .

c . 2. 1 HA E )AH R E T U R N  V E R S U S  H A !N I - A L I .  RAT I - :

In - c i t e , -  i i ,  , cb t a in  da ta  on ra infa l l  ra te , ice  had c , h t a in e c i  some ten t ipping

1 - r a ke - ! r a i n  gauges . w h i c h  were then p laced at many of the a u t o m a t i c  n c e s , , t c o ’ t  St ~o —

t n c c n s . The grouges were designed to count t i-n e number of t ips , one for  each 1 100

in .  (0. 39 m m ) , and conver t  the count to a 0 to 5 \‘IX’ signal  t o ,  be co n cp a t  ii ,k- w i t h

o ther  sensors . By in ter rogat ing  the s ta t ion  every 10 -seconds, i t i- c p c i s ~~ih le t o

calcula te  the  t ime of each t ip  to wi th in  5 seconds , if we assume tha t  t he  t i p  occurn -c ’d

S seconds before interrogat ion . If the tips are one minute apart (R 15 m m , h r )

the  ra infa l l  ra te  should be accurate to ~l0 percent, and if three  minu tes  a p a r t

(R  - 5 mm br )  accurate  to ±5 percent. While  the principle is qui te  s i m p le , i t  t ook

almost  two years before we were consis tent ly receiving reliable ra in-gauge  da ta

( d u r i n g  t h e  f i r s t  year , p r i m a r y  attention was paid to other sen sor -c) .  Even noci ,
periodic at tent ion (monthly)  is necessary to remove debris  from rain-gauge funnels

and ensure  proper ti pping. W i n t e r - t i m e  operation is quite d i f f i c u l t  as the heat

applied I c c  mel t  snow and ice may evaporate some preci pi ta t ion before it is meas-

ured , pa r t i cu la r ly  if the heat ing is st rong enough to melt  heavy - m n c o c w f a l l  ra tes .
A comparison of 3-mm rainfall  rates with averaged radar re turn  is show- n in

Fi g u r e  10 . The d ata shown were  obtained from station BIL located 10 km n ( c r t h  o r
t h e radar , dur ing four heavy rain storms several months apar t .  The r a i n f a l l  - r o t c

was  i l i t a ined  by assuming the bucket f i l led  l inear l y with t i m e  befo re t i pp in c .  Th e-

slop ing li ne represents the previously d erived relation / - 200 H 1 °‘
. an d  the

coveral l  f i t  of the da ta can he considered tcc  be good. The s c a t t e r -  is qu i t e -  l a rge ’ ,

hut Is t~~p i c a l  0f wha t  o ther  invest igators  have found . M a r - s h a l l  and Gord rcn 14 once
r e m a r k e d  “The goodness of  the correlation is the subject of continuing debate .
The s c a t t e r  shown - — —  is typ ical and seems tic  he jus t  enough ( c c p e rmi t  i t s  cise liv

13 . Muen ch , If .  S. , Moroz , E , Y . ,  an d Jacobs , L. P. ( 1 9 7 4 )  Development  and
c a l i b r a t i o n  of the fo rward  sca t t e r  visibilit y meter , A i - ( H L - T R — 7 4 - 0 1 4 5 ,
Ins t rumenta t ion  Paper Nc c . 217.

14. M a r - -shall , 3.  S. and Gordon , V i .  E. (1957 )  R a d i o m e t e o cr - , o lc~~~~ A m e r . Me teor .
Sofl- , , Meteorological Monographs . V ol. 3 , No . 14 , p. ‘ c : .
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Figure 10. Correlation of Rainfal l  Rate to
Radar  Return  for Mesonet Station BIL

by some authors  as evidence that  you can measure r a in fa l l  by radar , by other

authors  as evidence tha t  you cannot. ”

A variety (o f factors contributes to the scatter- of the points in Figure 11) . If
there  is a long t ime  between tips , such as the more than five minutes for rainfal l
rates of 3 mm - hr and less , then the ass umption of l inear fil l  rate may lead to

~, e r i c c u - c  err- or .  The relative radar cal ibrat ion has been made through ground echo
co~o 11pari soons and th i s  procedure is probabl y no more accurate  than  ± 1 dB . D r i f t
, f  the radar ca l ib ra t ion  d u r i n g  the s torm and the r -oun d-off of the archived data to

3 -dB steps would also contribute an r n n c , ’r t a i c t y  of ± 1 dE. Thus , the uncer ta inty  in

/ w o o u l d  be about t40 percent  and would mean errors in specifying II of about

~25 percent , l o o t  t h i s  is , ,ueh sunaUer  than the e r ror  of specification represented b’.

the points in FIgure 10. However , in vesti ga tors such as \ \aldvoge l U have fo und
tha t N ,, Is  not a constant , as ica s  ass umed by Man - sha l l  and Palmer , and that large ,
sy s!e~a , a t i c  var iat ions in N t ake  place ccv er  periods of minutes  to hours , apparentl y
related to  basic preci p i t a t ion  processes . Whi le  the basic Z-H relation is valid in

general , i t  d oe-S not nec e s s a r i l y  app ly at o I ) ar t i c u l a r  t ime  and place.
I - o , r  forecast  purposes , the scatter indicates what  the l im i t i ng  accuracy  would

he, assuming the radar  patte rn could be perfectly predicted. From these four
storms w i t h  widespread rain , the rnns error  of specify ing ln H is about ±0. 6, which

would mean specif y ing II to an accun -acy of about ±60 percent , for all stations
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combined.  Toc  , c -h i eve  the  sau ce - a ccu rao -\ -  in s p e c i f y i n g  r a i n f a l l  r a te  by u s i n g  r a i n —

ga uges instead of r ada r , we ’ would need a network of s t a t i , ,n s  about 40 km apaz -t .

R a i n f a l l  f c c r e ’ c r , s t -  f rom ‘ per fec t ” radar fo recas t s  woul d  he about  as a c c -u r a t e  as

pc- n - -mis t enc .- fo r - c - c  : i— , t , , u t  at  f i f t e e n  m i n u te s , i n d i - a t i n g  the  g r - : c t e -  — I  v alue  f or  radar
a m I d  Ice in the cc- n o d  beyond f i f t een  minute -s . These -  - s t a t  i t  i - -c m o n - u -  b c - m e - n  on ly  ‘ c m
four storni , i n d i v i d u a l l y  s l u l l : ,  r , hut  11 c c- s t a t i s t i c s  for  c o n v e c t i v e -  s lc ica  c c - s  w o u l d

l i k e ly  I c -  sorrow hat di f fe rer ,t .

3. 2. 2 HAI L-I ll lt i - : - I U R \  V E R S U S EN ’f lNC’I ’T (  N C’OEFI- ’I( Il-: VI IN R A I N

A o c ,n - , i d c r - ab le  e f fo r t cc as made to ga ! her da ta  for  r a d ar — e x t i n c t i o n  coo f f i c i e r r t
r c -  I , ’ : a —  - for  u - se -  in n -cal — t i m e  f , c  0 - , - : ,  t e x p e r iu r  I ~ t~t . ‘1 a-n infor mal r - e p o r t - - \‘ ( ‘n ’ e
pr - c -pa c - c - I  _ es  for-er a-, ! g u i l e - -s du r - ing  the f i r - - c t  ye:, r of open -r o t  i n s . Sin e then , large -
n u m b e r s  of c o n , b o a r i - s c r cs  have ’  been I t : ,  m c d , o ’ -cpec ial l~ :c h e r  d ig i t a l  radar  maps

a ere a r - c -h ived  o cn m a g n e t i c -  t a pe - . In as e u i m l l ing  these I ; o t a , one mu s t  i c  ca re fu l  to
excl , : b o -  o - i ’ o odes üf  tog, from th e -  r a in  cases , as f o g  has a d r a s t i c a l l y  d i f f e ren t
d r o p — s u e - do ~t r i b u t i  ru . This  -~e : o n - : c t i on  i.s not  a la -a’ s e r i sy ,  but w e  i b i d  f ind  tha t  in
ca- , c- — - f r a in  w i t h  cloud base-  at l c - c s t  200 rn above , tha t  t h e  e x t in c t i o n  co e f f i c i en t s
f rom the 1 3 —  and C — r n  1~- m - e- l . s  on th ~ b w o  r - l , e h :cv , - i l  n ea r ly  iden t i , - : c 1k , w h i c h  c as
nc a c t  all the -  case in I ,  ii, . Also , r f  fog is pro so n t  in a r a in  lo rrn , the h i l l t o p  -sta-
t i ons , s uc h  as IL s t ’c n  H i l l  and Sa ganmre  l u ll , a-il l  show- ver -\ -  high ext inc t ion  coef-

f i c i en t , o f t en  equ iva len t  of 1/ 4  m i l e  or 400-rn  v i s i l m i l i t v m r  les , and these extinc-
l i t ,  m o -  f f n , - i e n t s  are n -  e - n - -, I s t ~-n t to be due t i  r a in .

( r n p a r n - c c r i . -~ of e - x t i n ’ -tj on  co e f f i c i e n t - c  and radar  r e tu rn  for- fou r- r a in  cases

are ,i :  an  in b - i g u r e  11. The l inea r -  re la t io ,n  —h ow -n  in the f igure , E - 0. 63 Z °’ ~

ha-s - I r e -  s ame exponent as de r ived  in Eq . ( 10) , hut the coeff icien t , 0. 63 , is con-
s i n l e - rabl y g r e a t e r , i nd i ca t i ng  t h a t  the e x t i n c t i o n  coe f f i c i en t s  are larger (by 80

er - - c - r io  t han  would  be expected f rom \ l : c r sh a l l - I ’almer  d r o p - s i z e  d is t r ibut ions .
Some of our e a r l y  s tudies of I ie- avy rain showers  indicated that  the max imum

ex t i n c t i o n  c - c e f fj c - i e n t  c-~u a l ly ’s- r u t  ‘I mc couple  of minute s af ter  the m a x i m u m
radar -  r e tu rn  f rom above the  s t a t  io n - n . To in v e s t i gate this phe nomenon fur ther ,
cor re la t ion  c o e f f i c c e - r c t . ,  were computed for d i f fe n- e’nt ti me lags between the radar
r - eturn  ~nd the e x t i n c t i o n  coef f i c ien t , u sing  data f rom the f i n - s t  three storms.
l le ’ u l t s  f rom son-n e of t he  stations are shown in l - i gu r e  12 . Quite - l e - a r l ~ there  is
a 1- to 3-mm lag, and the  posi t ive sign indicate .s  t h e  radar m a x i m u m  occurred
earl ier . Simi la r -  lags were also see -n in comparisons of radar  and ra infal l  r a te ,
hut  there were  fewer  da ta .  IV lien data w e r e -  assembled fur  Figures 10 and 11, a
two m i n u t . -  s h i f t  w a s  made toc  p a r t i a l l y  compensate for the lag. In Figure 12 , the
n fl-stance f r c c r u ,  the  r a d a r  tc the s t a t i o n  is shown in parentheses to the right of s ta t ion
iele n t i f i i - ; o t i c , n  code. If the lag were s n r n p l y du e to the ti me it took the par t i c les  to
fal l  f rom t h e -  r adar  beam (at  (one de gree e l e - v m e t i , n angle)  to the forwar -d  s ca t t e r
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v i s i b i l i t y  me te r , then s t a t i on s  fu r the r  out should have a longer lag. However , f rom

t T h ’ - e - data , t he re  r t , , e~s not seeni to he a d i rec t  re la t ion  between l a g  and d is tance .

On the other hand , one does r o u t e  that  t t :c  best c-orrelat i on coeff icients  do m a - c u r -

c I , se— 1 to the r adar  and the worst  ones f u r t h e s t  out . This decay of corre la t ion
c m , o t f i , - j e n t  w i t h  d is tance may be due to a problem of the radar  beam being less

u n i f o r m l y f i l led  w i t h  drops at large distances , or , perhaps due to ho r i zon ta l
d r i f t  of the drops between the t i m e  they leave t h e  beam and reach the v i s i b i l i t y
meter . W i l s o n  and PoIIock 15 found the accuracy ‘ m l  r a i n f a l l  spec i f i ca t ion , us ing
radar , deer e-a - cit  mc h I :  i n c r e a s i n g dis tance.

S . Wilson , J. 11 - a r i d  Pollock , I) . M. ( 1974)  R a i n f a l l  measuremen t s  dur ing
h u r r i c a n e  A gnes (cv t h ree  overlapping radar , J. A pp i. Met ., 13:835-1144 .
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N o - x t , t . ,e ’ quest ion of t ime  a v e r — a g i n g  wu .s  o x c o t : i ,e :1 , ( r r e - l a t  -n 1 o - f F n j o n t —

of r ’  ‘ar  t o - t u r n ,  versus both:  ex t in ( ’ !ion  coef f ic ien t  and rainfa ! l  r a t , -  were  computed
h t u e -  , \ - o -  ,~~ o - s m I - m e- , t h i c e , f ive , s e - v o n , c-n , and f i f t een  cm i n n ’  - a Che 1 lot s

in  k rgc : n - c - 13 ‘ l i : c - ~~d i n ,  all s ta t ions  combined) -clm , , cm t ha t  t he  con - i - i t i :  I I . - - t i , c  c , - n i t

i n :  j r -  vt ’s as er ie usc- longe r and h i n g e -  r t ime : , m - e -  c a  L’e - a lth i cug h I t i c -  amoun t  of
i : :~ I ’ ve r n e - n t  for pe r - t m - m t - s  longer  than five minutes  is n t  g r o a t  . Ap p a r e n t l y , the
shon  ‘or -  j i .  n o d  l iu c t u a t  ions in vi i b i h i ’~,- and ra infa l l  are a’ t as mc ~ ll c i - i - - i n t o - I 1,

r :o I a r  t - e - ! n r - n  as — c - - c -  t i e -  lon ger- per iod - c e -  ~~, thougin a phys ica l  reason for  tbn.s is not
c,b vic us .

3 , 2 . 3 l l A l \ l  A L L  11A’I 1- . v l - : i l S I : ~ oP - ’b I N ( ’ ’ l  I ( N  ( l m l - r 1 - 1 ( IEVI

7 i a i 0 ic on - old -c - c -rn  to  he l i t t l e  m i n t  in : I e - t c - : - -n i n o n g  a relat ion bet :ieo. -n r a infa l l
r a t e  and c ’ : t i t , m - i  o n - - ’ -  k i m - j o - n t  if we a r e -  p n - r t r : o r - i b v - ni - c - m ed w i t h  app ly ing  radar ’
in fm r t n , o t  ‘‘ti to the s b , c , r - t  — n - l oge f o r e - , - : — t  p r - o l ’h - .- : . However , as sha l l  he-  sc-en ,
t h e r e  us a ‘ h o ; o g n c i - m t r c  value to this e x e - o m r s e .  b- n - r u m  the focur  cases of m c - i , I e - s p r -  c lo t

ran t , , 3 — m i r n  r ilean v a l u e - .-, of r a i n f a l l  rate and ex t inc t ion  o - o € - i t i , -  i c - t o t  cc cr-c c - x t r - a c - t c - i

and a r e  s h o w n  p lo t ted  in b - i 0ru r - o 14 c he c i r n c e - c -  sloping  line is t h a t  w h i c h  would be
expec t ed  t m :  I - j .  (11) ha ed u n  the  M ; o r - s h a l l - l ’ ;c h : c : e r  d rop-s ize  d i s t r ibu t ion .
C l e a n - ly  b id s d i f f e r s  si gn l l i i - n n t l \  from the “ t e - s t  i t ’’ l ine  s l i , m ’ - n .  As in the radar
v er s us  ‘ - \ tj n c t l o n  coeff Ic ien t , the exponent ci the  i - c - l a t i n is as expecte d , but the
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co e f f i c i e n t  c m l i i  :m t e - 4  m - \ t O i l l t i o r i  ‘ ‘ - 0  i i i  0 - n t - - i -c- i t  i l l  ‘cO p c - c c - c - r o t p i o l i d i . I l i t h  t I , ej

n : ~i n F ; c l l  r , c t o -  v o - r s c o -, - I c r , -  t i m  cc i - H i r n i ’ t i t , (h - i - c e c i l - h  b~o s o c c :O  - , i i i i c l e n n c e  in hi ,-

c - : I i l - c - :c t  i - r i  o o f  l n c , i h  fu _,r w a o o l  - i o . i t t o c m - i . s i l , i l i t ’ u  - i c - I c - c ,  a n - h  - t i c :  gau i : ’- - - . l i c e- ‘ , ‘ i s i l o i l —

i t ’ ,  i n e t c - t  -s m m c c c -  o - t c n t - f u l l ~ c~ m o - , - k o - i : i g a c n . , t t r - a n - , n h o s s o , c : m e - t o - t - s  in I g ’3 and i n - u , n i i c w

(t n u r ; : n I - i i  i i e - m t  c t - j m n t )  ac id  t i m e -  a h m .— , - I m i t e ’  ‘ , l : l n  . , ‘ i , m n  is -. c i t l i n c o  10 ~~ ‘ - m e -n t .  H o - m e  h a - _ - o-

l e n  p r - i l m l e - n : m u  w i n : t o -  i~ - i - f c ’ r - n : o o i c - o -  of I n -  I n - an .--c n i c — ~--- ‘ m m -  t e - r s  in P c -  r n i o , , i c e ’ I  d u n - i r m g

Ii e o m ~ i t o r n  C L i E o - i \  
- d c l d c l o - t - _ .— , p l a r sh i n g  ‘ ‘ n o t , :  o p t i c s )  : - m -

~~
- l u r d i n i g  v : o ! ld  i - c u u p a n ’ i - m ~ . n - _ ,

Sd \~ ( i - : i n i r m  - t  m c  c d l i - l c l e t h - IV i - t i le c - i t t  t i , -  j S m - , . - , i h i l l t \  t h a t  t I r e - c e  j a  nc m t : e - ’ . j c ( ’ ( i  i - h

‘ ‘ l o t o i l  r a i n  on the  m -is i t o i h i t m  t o - t o t .  1 1 c c-  n - : , i r i  i l z e t r o  u - o i i i  t i t , -  t i p p i n g  h i a - k e - ’  gauges
t i i - o -  m r - n t - lu  a i I m  c i -  i n - - i n :  - I w - e - c g h i i c : g - b u c ke. ’t I . , t n t o n i  t i ; c -  - l i i I o - i e r i c c s  c - : , r ’el’.

o x  i -e d  10 c r c - c-

A - t u e p l au~~ih l e -  o - x ; m l : i n a t i e n is t L , t  t i ~~- \ l a c - , b o a l I — I ’ : o l ’ - , e - r  n b c o p — c i c -  m ! c , t r i h u —

t n - ’- f o m r - , - — c : I a t i o c n  r~ -~~i r : j i l ’ -  r c i m t  v a l i d  f i r  s n c n c l l  i i i j o ~~. II ’ i - t o i l  sp e c u l : o t o -  t h a t

~~~ an i r a  c - ’ ’ ’ - ’  t o - - i l ’ , l a rge ’  nu u l - c - c  of l r o j c — m  t ’ , e ’  s m a l l  t c -  k r -c - I  ‘ t i e -  i - t i c :  guupo- -~ co

n a m h : c r - m - e ’ f l  o ’e ’ c u c t ’ . . ~~i : , t c -  ‘ c ’  dec f in d g o - i - h  c o  c - c - ’ -  i ; c t n i n c —  (0 . 1 I , ,  ( .1 , ‘ ‘ 1 I m - t m m e , ’ n c  c - 4 c n n l a l l

c : : t m  : , t i r l  c - x t i u i i  t ion  c u - o - f f i , - c c - c c t _ t I n -  t i o , e - , e — , e - — — and ‘ t o - t o -  I — , e ’ , in t~~~, i i i l : : l ’ e c - n  i n t , e .s-

m I t  : - — nI u — I  o c r — u - u n -  S j t : i c , I m  I I , :  - K  - . ‘. i t h  c - ( c r ’ r e sp o c n d i r c g  i - I I l o i i n - 0 5  i n  t h e  n c - - h , - , - —,

‘1 Ia,  u ’ :  c I ; - o p s  b i t  aL - - c - : , i i i f a l l  e t c  (and rad ii -  c - t i m ) . ‘ A c -  n c : i g h t  i - i -  — ‘ - d i n g

- ‘ h i - - - .’. e  u~~ c m i  d r - i z z l e - — s i i e - ’ t  dr op le ts  l : , I ’ - - i p  I i . :j c l i i i : )  c o - n i l - r i n g  as p a r t  i - f  the  santo -

ve n t  f i t c h  c c l  i o n  t o n i  - n c  t h a t  is pr i I u c n r n -g i l _ c -  s bi ,c’, e ’ r~~ o f  l a n — g e - n -  m I n — ~h l l ~~i .~. ~~c ,
n o - t - I , : i p —  U s - c o  m u e  l : o n g e  m o - t o - c - .-, o f f o g — n _ i / O - i t r c ~ j c I o - t . s ( I c - - m s  t i u , n i  I ) . I t m i u ~ ) f i o r n i e d

in ‘ b : e -  , m : o k o - - - of t h e  h a i - g e - — c ~ - o ’ r : o i n o  ‘ I t - ’ -~~~. 
( e - r l ; , l n l ~ fu r -t h o r  o - c o n f i r n c a t i o n  of 1 1 c c - s

i l i f f j u ’ u l t ~ v. t h  t b : c -  M a n - — , b ; c t l — I ’ : , h c - o - r  d i ~~t i — i b i u t i c ~ i is d c - s r i - a l - I c - , ‘,t l o i , - h i  ~h~ u 1d I- ,-

l o t - u t : , - , , i i i  n :g f r - u r n  l o u  A i - (  ; I - p r - - i ’ d - i  uncle .- c-m m a~ a t I I t o _ s  A i r  I - m m - c -  I e . A 1 - 0 g m  c - - u . s

r : - - o - ~~t m g a t i d : n c , l i c , m c e ’ v e - r , w i , n - i h c I  i c ~~ c i i c o  s pecia l  ( - q u i j i r -  o u t  I , ,  n n c e a s u r e  d r i ; ,  s i t — e s

over  a c - c-n - ’,  w i - b -  i :,n ~- o - , du r i n g  l o i n  - I n - i :

t o . l lF ~ l ( , U t ° % I F \  I Ill (IBJ I I I I \  I 1 0111 4 ta-’ 1 1111—

‘J’he u - e - : c l — t i i e fu , - e - c - : o — , 1 e x , c e - c - i c n c t i t . — i u i c j i r - e - ~ se ib upon the— I - n t - c - ’ - : , — t o - c - - 0 :0-  I e - - — i r —

c b m i l i t v  i f  h av ing  - I m i e c - t i v e -  fc c - c - i n s t  a i ds  : , m - : c i l : , t le t c ,  c o - d u o - c -  t h e -  c o - i - l i l em  of c - o p i r c g

n h  r o u t  c - u c - r r nous  data  l m t e - , e -  i n a s hi ,r t  t i r i c e . I t o - r e  are t h i n - - c - ’ -  I n c - s c m -  c - - c t  i n c o - -, that

t he  ,u l , i e - c  n . e  fo recaster  t1 h l c : m c - ,m :  F i n — s t  t t i o -  t n - a c — k i n g  o f  sign i f i c : c u i l  r - : o m t a r  d : , t l o - r n s

t o ,  d e - t e - n u ’ i y i o  a mm .- t i c , r i  v ’ - ~ - t m o - ; -~~~l -f l ’  I , f e i r e c t o s l i n g  t h e —  n - a d a m  u - a h , c - -m ( b - c  d ’ x t i ’ : c l m c d l : o —

o i L  t h r : , t  w i l l  occur  d l  each t : c t  i i i  as a func t ion  of t ime ;  and t b n i n d , t h e -  - , u i m s - c - -— c - ’ i i

of t c : n e c : , - m t i : o m l : o n  v a l u e - — t o ,  c c - t o t  I : , -n  pa t— a r e - I c r-s . ‘Ch r i s  S e - i - i  n m - r n  mc i l l  d e ’ s - r c h n ’  t h e

c ‘-rk  tha t  has t , u ’ e - r c  c t c - n i e -  on c - a m - I c  c c l  these t h r e e -  z -ou t i r i e - —, , F c , l l c , w u - , I  I ’v to n i  o - x : i i n j i l e -  of

:cpp l i c a l i - u i t c  a s c - u - u - r e ’  w e - : c th e r  l , , r - e o - : c - s l .
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~~_ I I I l s i  o - , - i u  ‘,- lb.-ic ~i’tn,n~eo u e , i i  e el Hiucl cer I o - buee  %Ioltoen ‘4 r i - l u o r-.

In the manual  m i e - b e r n c ~ n~:, t  i - - n c  c - f  t o motion v e c t c ,  n- , the rada r t r i o .  t o - ,  n -  Ir , I ,0 0  t

r ’.-r iodical lv  m a r k s  t I m e  t i u r t c ’  and 1~~i . s i t i  - n i of si~~n i f i c a n t  f e -a t t i res  of radar  pa t t e rn . s

(u o sua l l \  o ’n t h e  l’F ’l sc’ ‘ I de . - ) .  1 h e — c  f e a t u r e s  n a u g ht I c e-  c o - n t e - r — m ~f — g r a v i t v  ( in  t h e -  cuc .s c-
of arc c , - I : o t o - , t  eche ) ~r per haps a l i m o -  connec t ing  a s e n - i c - -, of c e l l s , d .m r  perhaps a
center  of m a x i m u m  in t e n s i t ~ found I i ~ ga in  r o - r i u c t i o n .

I rom a — c - i - i c - s  of t w o  - - r  more  p o 3 i b i c c n s , the n e c - t o ,  molog i.st d e t e r m i n e s  a
- l n n o - c t n , - u i  and speed . If t h e r e  w e r e  htob a s ing le m a i n - s I r - e r  ( m r  sn , ,uu .- , tc , rn: : )  r - r o t i r - c - h ’ ,
w i t h i n  the  grid of the di g i ta l  r : , ’t a r  data , t he t a sk  C)f t r - : u -  k i n : g  by c n i m p u t e r  w o u l d  Ide

n - o - h : c r r i  c - l u  s f n cp i o - . 1 , - n -  e x a m p le , one could - - l e p i r i c  t he  po s i t i on  of the  cen ter  of
m t c I s  by , , u - e -  r - :L- c ! i n-- t h e  N —coord ina t e s  ‘ o f  all t h e  n o c n — ~’o- n o  radar  v , o h u e -  and also the

— c o o n I i n : e t  e’ n_ . T h u s

n n
1 1

N — x - ; — V.n I - n - u
i i  i 1

F rom n-naps at  d i l f e r o - n i t  t im e s , t 1 
a rid I ,, (one c o n n p u t o s the average u and v corn—

po n o — c i t  , , f  mc , t l  - -a h , m

~‘2 ’~l ‘2
y

1
U - —

~

-- —---- i--— V
2 1 12

_
I

.~cric e x .  and a t e  j u s t  ont - g c r s  r e p r e se nt i n g  the row oi~ co lu m n number  the re so l—
i i t i m n i  1 v I n c i imp n -oves  as n gets l a rger ,  For a given resolut ion or accuracy  in
t i r e -  i ’ c m s i t c o n  ‘ I n t r o , t l : e ’  a ccuracy  of u and v inc reases if the tin -ne inc c - e u r o - n i t  t

1 
— t 2 is

n n a d ’ - I a r g o - r .  l i i i : - . mm- c would h ike  to ‘ , n - imr ’ k  w i t h  large radar  echoes , and 0.-s e long
I I  i : : e -  : n : d , - r v z o l s .

I n i h  - r t i , c : : o t c h n ,- , mc - t m  i c i c~~ ly f : c i h  malo ’,- st on - ’ns  on the di g it a l  maps , and not ust
m nio .- , s o n i c -  moving w i t h  d i f f e r e n t  speed and d i rec t ion  than o thers .  Also , at any
g i ve -n  t i m e -  sonic may he moving onto the n-nap :u-ea and others leaving, and some
m ay  develop w i t h i n  th e -  map and others disappear . Added to these comp lications ,
we have a -- gi-ounc i c l u t t e r  pa t te rn  due to echoes from hills  and towers , that does
n m - i  move but may  o,sei l lat e  in i n t e n s i t y . ]3lackmer , et al ’6 tackled this  problem
t h r o u g h  ri p rocec iuc -e-  that  n i ,er gc - s  values above a cer ta in threshold (about 40 dB Ze

)

t ’ -  form echo “ r l u st e ’r s . -- T I e -v  then no a H -h  clusters at successiu-e t imes  and use a

16 . H l ; o c k u m c e r , U. I ’. . Duda , H. U. , and Rebah , H. ( 1973) A~~~I I m a l  ,, n c oh  I ’ a ! t e ’ o - r c
I c - c - i gni t i o n l e ch n i ~~~cs f c , r - _~~ g~t lzed Radar ,  I-’inal  1 I c - j c i n t  - 

(~ - - n i t r - :c - t
1— 3 - ( i 7 ~~, n _ t a n f o r d  Res. I r i - t .  , Menlo Park , C a l i f .
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e n -  — s  — - c c r r e l a t i on  techni que t c c  d e t e rmine  the  N and I n l i s p lacer c ient  I t a t  p m o r l u c e - .-0

$ t i o -  t i e - s t  co rn - e l a t i con .  I-~ach - l u s h e r  is t rea ted  independent ly  and p r o - m i n u s  n n c t i i , r r

u C o - t , - n 5 are  used as a f i r - s t  guess in the match ing  Ic roc ess .  ~;ie~ i :el kcgic is used

t -  — t rea t  n e w ly  developed and d isappear ing  cells , and g roun d -c lu t t c -r  problems are

I c ’, k-d by i gn or ing  d a t : o  mc - i th in  a 3~ km radius of the radar .  Austen  and Bellon 17

h a m - ,- al.s , used a technique ’ t h a t  involves cross-correla t ion.  They f i r s t  match echo

pain -s from s u c i - e s s i v e  maps , then make a f i r s t  guess motion by co mput ing  the mhi s-

placement of t h e  center of mass , and then compute a more precise d isp lacement

1w m n n x i m l z i n g  the c ross -cor re la tion .

One objective of our project  was to develop techniques tha t  could be used in

m e a l - t i n n : e  on the 11W DDP 324. While the techniques of Blackmer, et al t6 and

Au s t e n  and J3elIon 1 ’  have been wel l  tested , the  F O RT RA N  l i s t ing  for the former

indicated larger cone requirement  than is available on our computer .  Thus we

t u r n e d  t , -  developing an a l te rna te  technique . The f i r s t  thoughts  were to t ry  s imple

erc cedures and introduce modifications as problems arose. Tracking echo edges

became the s t a r t i n g  point. Figure 15 i l lus t ra tes  the procedure for identifying

leading and t r a i l i ng  edge for a part icular  pat tern . Radar  intensities from three

ad i : ccen t  rows have f irst  been averaged to produce the values one sees , and the

ed ges are identif ied as the positions of the non-zero values fu r thes t  to the left  and

to the right .
Track ing  the two edges will provide informat ion  on the larger scale motions .

But it would also be desirable to have informat ion on the motion of smal ler  patterns
contained w i t h i n  the edges. A s t ra igh t forward  technique is to make a harmonic

analy sis  of the pat tern between the edges and store the phase angles of s ignif icant

ampli tudes.  A m p litudes and phase ang les would normal ly  be computed  from the

following formulat ion

A~ -
~
-
~~~~~~~ R~ s i n o

~~~~~~~~~~~~~~~~~ ~ LIJ

17. Aust in , G .L .  and Bellon , A. ( 1974 )  The use of digital weather radar records
for sho r t - t e rm  precipitat ion forecasting, Quart. J. Roy. Met. Soc.,
l00~t~~8—6 64 .
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Figure 15. Technique for Deriving Position Parameters

2 2 1/2
c~~ [A + B ]

A
- 

24~~-ar c tan  
~~~~~~~

A and 13 are tw o component s of wave number  n in the in terval  I = 1, 1, wi th  roi l
a m p l i t u d e  

~~ 
and l o c o m o t i o n  of peak a mp l i t u d e  at ‘

~n ~~ is the radar a m p l i t u d e . The
po-ogram requires t h a t  I he at least as large as 3, and harec-nonics are onl y computed
for :m a m-e numbers  up to and including 1 3 . W i t h  some waves bu o .sed on a s m a l l
number of po m ’on t - s  more representat ive  A and B values are obta ined if one i o m e - sn n
Integrated values  of sine and cosine n -es follows

I i ’ l 2
A - . -~--~~~~~R i J  ~~~~~~~[ ? ~~~~~1] di

i ’l  i — I  ‘2

f t .  cons E-2~- - 1 / 2 ) ]  - cos (I 1/2)] ~
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~~om [2 . 10 ]  Ii
i h r - l  2

1 H~ { - s c m  [2_ n  (i 1 / 2 ) ]  — s in [?~~!! (i — 1 / 2 ) ]  ~

( W h i le  t h e - in t roduction of s i n e and cosine func t ions  in to  this  pm-ob lern might

- l i k e -  an ur id e .-s in-abl e  c e m n i n p l ic : ot i c~ n , the  lu is ic  radar  pr- ograr -ni  alr- ead y contains

~ine a n t - h  u i ’~ ine tables for use in l Ice ’  coordinate  conversion r- ou t ine .
This ana l y s i s  provides the lo c at i o ,n s  of ed ges and peaks in harmonics , which

wh e-n m a t c h e d  wi th  corresponding locations at a la ter  t i m e  wi l l  yield d isp lacement
c e t , ’ r s . P r ( V i i i t i -J V , w e  noted t h a t  more reliable vectors are obtained icy us ing

longer t ime  i n c r e u r o - n i t s , but , if one w a i t s  ve ry  long, echoes appear and disappear
and -,h id e  fr -on -n one row or column to the next .  An in te res t ing  solut ion is to use
m - e - r v  s l i m - n - f  t ime  in te rva ls , one or t w o  minu tes , and s imply  disregard d isplacements
t I ~~c h i nd ica te  speeds greater thai -n 40 rnps. These discarded values would be caused
by d isp lacements  of 4 g r I d  i nc remen t s  ~‘r more and would l ike l y he clue to cell
development or dec :ov , and not n--cal mot ion . This procedure was tes ted on a fast-
n r i c v ing  (non- severe :)  shower  s sterro and a 2 - m m  tin-ne interval was found adequate

for the  1-km map.-, . The components did contain son i c- undesirable  short  period
f lu et u a i i ’, n s , but these  can be largel y rem oved by taking ~ - min  averages . D u r i n g

these test s , the w e a k e st  h a r m o n ie s  were  found to have poor coherence, so , har-
monies w i t h  a m p l i t u d e  less than 1. ~‘o dB are ignored. Also , to focus at tent ion on

the s tronger echoes and those w i t h  short  wavelength , and therefcure s trong  hori-
-zont a l  gradient , the following weight ing func t ion  was formulated

~ 
1 / 4

“ n 1 ~ n2 
- 3 dB) 1 — (-f-- ) 

-

1- , , r  the weighting funct ion  of the edge displacement, the ampl i tude  of the zeroth

ha rmon ic  is used , w i t h  the constant 0 .22  in place of the factor  (n 1) 1/4 .
In u s ing  the f ine-scale  maps , the  problem of ground c lu t ter  becomes very

in-ni por tant , as we cannot afford to simply ignore all data  w i th in  the range of the

farthest ground r e tu rn .  During fa i r  weather  we have noted high s t ab i l i ty  in the

re tu rn  f rom the ground re turn , presenting a possibi l i ty  that  It might be mathemati-

cally removed from the maps . Since the radar value is the logarithm of the signal,
we cannot s imp ly subtract out the f a i r  wea ther  value at each grid point . On the
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other  hand , mc i t l o  va lu e - ,r as coarse as the 1 —d B st e p - i  c c - ed  I ce re , it  is not neces.s n - cx - v
to co n v e r t  back to Z value , sub t rac t  and re-convert  to n ll3 Z. In~ t eai l , if the gr id
va lue  is equal to on less than the normal  ground c l u t t e r  value , c c nc echo, value  is

;o .s.s oj n oed . If the value is 3 d13 hi gher , then 3 dB i.s su b t r a c h o - d . If the  v ; o i u e  i s  6 dJ~
or more g r e a t e r , no change is made. This procedure is qui te  e f f e c t i v e  in removing
the  ground r e t u r n s  frc , nc ,  the  hil ls  beyond 8 km , but leaves a sc i n t i l l a t i n g  p a t t e r n

c loser  to the radar . For tuna te ly , this  residual pa t tern  is r a the r  spot ty  ann dis-

organized , and appears to have l i t t l e  effect  on the  motion vector rout m oe- .
This motion vector rout ine was programmed in l- O B T R AN  and checked u n i t  ecn

the  AFGL CDC 6600 , using a s tor m case from May 1974 . It was d u r i n g  t h i s  check-
out procedure that  the 2 - m m  interval  was chosen and the wei gh t ing  f o r m u l r o t e d .
The f i r s t  independent test of the program was a squall line of 19 Jul y IJ’7- 1 . ( urn-

puted west  and south components of motion are shown in l- igune 16 , including
indtvidual  values for every minu te  and the 5-mm mean as m v e l l .  About  2050 GMT

a large s t o r m  was moving off the right edge of the grid , and the opera tor  sh i f t ed
the  or ig in  of the grid to continue to follow this s torm , which  accounts fu r  the short
gap in -u data at that t ime.  The storm itself hit Hanscorn AFB at 2105 GT°.IT rend
li ghtn ing  s tr ikes disrupted the computer - radar  sys tem for several minu tes .

The motion vectors from this routine are for use in simple extrapolat ion fore-
casts, and it is important  that they be stable throughout the forecast  period. As
seen in Figure 16, the components obtained from sing le pairs  of ni -naps contain some
unwanted high frequency fluctuations that are fairl y well smoothed out by t ak ing
5-mm means. The vectors based on single pairs of maps differed f rom the 3-hr
vector mean by ±24 percent , while the 5-mm means differed by ±17 percent and
10-mm means by .i: 14 percent , Obviously the longer the averaging tin -n e the n -n -none
stable the vector , but wai t ing 10 minutes  or more before making a forecast  m ay

not be pract ical  when echoes f i rs t  appear. Aust in  and Bellon ’7 noted that  spa t ia l
errors in forecasting individual echo disp lacement were about ±1 8 percent .  h a d
we -~im i ) a r l y forecasted and verified individual  cell motions using the 10-mm

m o t i c r n  vectors , the errors would have been larger than the ±14 percent depar ture
from the mean , as individual cells often move d i f fe ren t l y than the average over the
whole grid , and so the techniques are probably very s imi la r  in accur -ac\ .

6.2 Objeeti..e Foretnasts of Radar Intensit)

Given the speed S and the direction D from which radar echoes are moving,
the task of predicting radar value as a function of t ime at a given point is relatively
simple.  One s ta r t s  at the forecast location, using the latest digital radar map,
and looks In the direction D a distance SAt to find the radar intensity that wi l l
arrive at At later. There are but two small worries.  F i r s t , the ec lu cce s  may
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he v P l m , l c  o c r  decay dur ing  the t ime period leading to a poo r forecas t , and second , the

e ’ i - h i c , c ’ .s may move in a direction d i f fe ren t  than the overall  motion. The question of

development  is a d i f f i cu l t  one and wil l  he treated later when moore cases have been
collected to serve as a basis for new techniques. For the present we wil l  assume

trans la t ion  wi thout  change in in tensi ty .  Compensation for uncer ta in ty  in the motion

vector can be made by examining the radar values at points surrounding the po

i t m a t  wil l  arr ive at the forecast station At la ter .  A procedure for this compensation

looks at a 4-row by 6-coluirin array surrounding the ups t ream point , as shown in

Figure  17. and weights the r ada r  value by the following fac to r

w = exp [
~~ooo~.2 

](SAt)

a-here r is in krn , s in m ops , and At in minutes . This formula t ion  gives the outer-

most points of the a r ray  the least weight , but the relative contribution inc reases as

the fo r e - i - ~o .-, I  t ime  increases, consistent with a ± 15 percent to ±20 percent uncer-

t a u n o t ~ In the motion vector. To compute the weighted mean forecast value Z and
standard deviation a~, we use

47 

~~~~
-_

~~~~~ —-~ -

-4



N

t

. UPSTREAM POnNT

-~ -

POoNT

Figure 17. Illustration of Procedure Used
f cc Forecast Radar  Values Given the Tin -ne
and Motion Vector

- 

~~~ W i zi

16

“

W i

1 216

~~ 
-

16

~~~w i

The forecast program that was developed moves out at 1 -mm steps for 90

minutes , * or until the edge of the map is reached, computing Zat each step.

Samples of three such forecasts prepared from the 2038 GMT radar  map are shown

in Figure 18, along with the radar values that  were later observed. These are

typ ical of what  we find in that some fairl y impressi ve forecasts can be made for

d r a m a t i c  changes in the 2- to 20-m m forecast period , while  forecasts for longe r

periods are more apt to show the effects of echo development or decay.

the forecasts verified in Sec ’ticon ( . 4 only, a 6 0-m m period was used to avoid
inconsistency when some steps would have passed the edge.
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6.3 Fo rerasti ng ~tei ,’o ro Io~t iu ’al Pareeme’ter ~.

Converting the minute-by-minute  forecasts of radar intensi ty produced by the
previously described routine into probabili ty forecasts compatible w i t h  t I c c ~ -a

shown in Figure 8 requires some addi t ional  work. For the probabi l i ty  of ex t i nc t i on
coefficient  greater than  40 v 10~~ m~~ dur ing  a specific t ime period we must  com-
pute a joint p r o b a b i l i t y  based on the forecast radar values. For the probability of
90-rn in precipitation greater than 15 mm , we can convert the radar  forecasts  to

ra in fa l l  using the  Z-R relation and sum , and then compute probability based on
pr obahle error . The gust probabi l i ty  required development of a p r e l imina ry  rou-
t ine based more (in in tu i t ion  than on recorded data.

6 .3 . 1 EXTINCTION COEFFICIENT PROI3AI3ILITY

Let the probab i l i ty  of ext inct ion coefficient  greater than 40 ‘ ,O~~ m~~~ at a
given time be P1.. A relation between and dBZe was obtained 

by u s i ng  d a t a

s imi la r  to that used in F’igure 11 and construct ing a cumulat ive  f requency diagram
with increasing radar i n t e n s i ty . The curve could be r e a s o c r o a b l y approximated by

the funct ion

1
E 

{1 e tanh (0. 13 (dBZ
e

_ 4 • ) • 5) I } /2

which  was used for convenience as TANII i ava i lable  in the FORTRA ’. compiler  of
the A F G I ,  CDC 6600. Al ternat ive ly, we could have used a probabi l i ty  funct ion  polv-
nomial  approximation or even a table of values to obtain P F wi th  su i ’ficient ~ ne -
cis ion for our purposes.

N e x t , w e  must obtain the probabil i ty 
~~E that  h - > 40 — l0 4 m~~ at anyt ime

during a period of n minutes .  Firs t , let  Q a 1 - 

~ E’ If all of the n values are
independent , the jo in t  probabili ty is given by Q . . Q3 . . . . .  Q .
Thus -~ I - t~ . However, the values of 

~ E only a minute apart are not indepen-
dent , as the  au tO -c  ~, r c - e - I a 0 c m o  is u:~call y quite high.  If we knew the auto-correlat ion
funct ion of P1~, we could e i ther  remove the interdependence or else take values of

at su f f i c i en t  t i n i c e -  lags such that  the expression for ’ ~ would be valid. At  this
point , we have n d  s u f f i c i en t  data  to define a general auto-corre la t ion, much less
one tha t  v a r r e d  w it h  -eca le - o - ’e and shower speed. As r o t emporary  measure,
in i stead  of m u l t i p ly i n g  the  series out In the form • . .  . Q1 .. . , where

~~i — 1  ~~I • ‘ ‘ 
~~~- l ’  we- use

[i — °~
° i — 1  

— Q : 1 2  ( 1 — Q)J
This p r n n - e d u n e  e ffe  l i v e l y  I n c l u d e s  a d d i t i o n a l  values only if they d i f fe r  f rom others ,
and thus reduces the e f f e c t  of au to-cor re la t ion. As more data  are collected , a
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more rigorous expression wil l  be sought. We must also check to see if a prob-
ab i l i t y  based con the maximum radar intensity forecast for the period might be
su f f i c i en t ly  accurate .

; .3. 2 R A I N F A L L  PROBABILITY

A 1-rn in ra infall  can be obtained by app l y ing the Z-R relation to the 1-mm

forecasts of radar intensity , which expm’essed in dBZ is

B - exp ((dBZ - 51)/6 . 8 1

The predicted 1-mm values are then summ ed over 90 minutes to obtain a forecast
of t c m t a l  rain fall. For rainfalls of more than a few m i l l i c n r e t c r . s  an hour , t he errors
in predicting rainfall will  be proportional to the ra infa l l .  If R0 is the oobserved
ra in fa l l  and El f is the forecast, we would expect [ln H0 

- in R f ) to be n o r m a l ly  dis-
t r ibuted .  To compute the probability that the observed rainfal l  is greater tha n

some threshold R T, we again need a cumulative frequency function.  Appl yin g the
tanh approximation we have

P(R Ø < R,~,) ~~[l 
- tanh (j  (ln H f 

- in R T))] / 2

Introducing the exponential relation for tanh , this reduced to

B°
P(R > R ) -o T

f T

With  a set of 3, the distribution would correspond to forecast ing with an erro r of
t50 percent . The uncer ta in ty  in converting radar measurements to ra infa l l , as
indicated by the ,catter in Figure 10, is about ±50 percent and the error in fore-
casting the radar value must also be added. On the other hand , the  integration -we r
90 minutes wi l l  reduce the errors som ewhat , and the figure of ±50 percent would
bc- a reasonable f i rs t  approximation .

3.3 Gu — ~r PROBABILITY

With  very l i t t le  data for guidance, a s imp le routine for tc’ax imum gust was
formula ted .  Phys °”al l y, thunders torm gusts appear to occur when a i r  aloft  w i t h
high wa te r  c c , n t e - n i t  (rain , snow , and ha i l )  descends , cooling by evaporation and
melting, rind spreads out upon reaching the ground . The horiiontal  acceleratIons
tha t  resul t  in gusts are a result of densi ty  gradients , p r ima r i ly  due to temperature
gradients . Since the downdrafts often reach the groun d with a temperature near
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the  ambient  dewpoint , t h e  gusts  should be related to the ambien t  dewpoint  ~~p r o - a d .

In rodc i i t i o f l  we w i cu l d  expect the gusts to be related to radar  i n t e n s mt \  as an indica-
t m o r  of the  mass of preci p i ta t ion  that  descended, and a l so  to echo speed , as the

downdra f t  should main ta in  some momentum of the winds a lof t  t ha t  is r e f l e c t o - m I  in

the echo speed . Co n i bin i ng  these thoughts , the fol lowing re la t ion  for peak gus t

0 w a s  fo rmu la t ed

G~ (20 + S)(3 4 T - Td)(dBZ - 25)/ 800

where the st o r m  motion S is in mps , the ambient dewpoint  spread T - Td is in
Celsius and the r maximum radar value is in dBZe • The relat ion to dBZe is

largely based on two storms tha t  affected mesonet stations earl y in 1973.
To obtain the probabil i ty that the gusts will exceed a given threshold GT at a

ne twork  station , we assume t he model is accurate to ±33 percent and fol lowing t h e
same procedure for rainfall probability we find

G 5
PIG > G,r ) =  rY

Gp T

6.1 I e— t 01 Objerti~ .’ Forecast ~ids

The previously described routines were designed to make p robab i l i ty  forecasts
identical  in form to those made by the rea l - t in -ne  severe weather  forecas ter, as
described in Section 4 .3 . The routines were run us ing data from the squal l - l ine
case of lP  Jul y 1974 , and comparisons were made wi th  three  types of forecast  —

the rea l - t ime or subjective fo recas t s , the objective forecas ts , and c l i r i c i t c c l o g i c a l
forecasts . For each forecast a -- P score was computed , defined i cy :

P — 
~-~~~ (P~ - P0)

1
2

where  Pf is the probabili ty forecast  and P0 is the observed probability (0 . 0 if the
condit ion did not occur and 1.0 if the condition did occur).  A s k i l l  scor -e represent-
ing  Improvement ove r cl imatology was also computed. The result ing verif icat ions
for the three types of forecasts are shown in Table 2, based only on times and
st ations for which subjective forecasts were 

available.2
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4 ~~. 8 ~I) ~ih - U .1~111 % III)\

If l I c e  r a d ar  i-c t o  t o e -  u efu l as a f o  a s t  t o c c o l , t h e  signal i n o t e n s c t y  and l I c e

p o o s o t i n o n  i n f o r r r : o l  i d - n i  r o o s t  be c o - l i a b l e .  The si gnal - ; o I c l o n - ; o t r o nc errors a n o n - S I Ice kept

s r i i ; m l l  c i o n c i p r o  r e - m i  w i t h  the  u n e e r ’ l ; c i n r t ~ ’ in re la t ing  radar  -~i gi-na1s to  W c - ; o t  o c r  par -am —

c - t o - ,  ~~. In p o - n r o ’ n a l , c i  t h e  s i gn a l  c - ; o l i l o i ’ ; o t i o n is a c c u c ’ ; o t  t c o  2 cil~ , then l i r e -  v a r ’ z a r o r - e

- I c r . -  o -~ignaI  0 0 0 0 c r ’  wi l l  he a b c c u t  10 l c d - i - c - c - r o t  of t i-ne spec i f i ca t i on  c - r i - c o n , The p cc -c i t ton

i n f o r n i ;o t  i d - n c  - n o - c o r - s  n n u s t  h c o ’  c - t m )  -c na I l  compared w i t h  (lie so - r o l e  ~ i7.c ’ of t i c o ’  ec hc ,) c- .s.

l o ; j o o - o t r c n i t  p p i t ; o t i o o r c  p a t i o - i n s  a re  u s u a l ly  5 km or l a rge r , but o l e t ; o i l . - o i  — r t i ’ c r o t c c n o -

.s u t - I i  as hai l  s h c ; o f t s  r c r a ’+- la a k i l o m e t e r  c i ’  b- — m s across. - i n d c . -  the f o r c e  s c ’ r d c -  c ap- ,

h a v o -  a r - .- so lu t i o n  of 1 kr ci , t he re  is no point in ; o o s k c n i p  i c r  a ccu racy  much l o - t t o - r

b , an 1 km. ~ o r -  r ; c n c g c -  S i l t t o o  00 k n i c , this would r e q u i r e  a z i m u t h  accuracy of ~0. ‘I

1.-p s and r ar ip t ’  acc -u r - a c i ’+ - of ±700 m. A f u r t h e r  point is tha t  w i t h  t h o c  1. I ;  — o l e g r - - o ’

t o o r o n n t v o  tu t u  of ( h o e  l- I° :~ 77 , it would be d i f f i c u l t  t cc  detect a z i n - n u t h  e r - r - c m r ’ s s t r i a l  b - i ’

i t c  I i . n -  n I e - p r ees . W i t h  3 00—n range bin i s , 700—i -ni  range e r - r o n r  would 1 + -  o’a .s oI ~-

- l , t  . r ’ t r o l o l e ’ .

I “ -u g r ia l  , c h u h r , u t u u u n

7 . 1. 1 H E !  A l  lV l - ~ CAl  IBI I AT I  iN

t-~in ice  ( I r o n , -  a re  0(0 i n t e rna l  checks on t h e  t r a n s m i t t e d  p0cc-i - i- and the n - co o- cver

- m o -  i . s i t i v i t v  in I ~
- o -  l- P’-’~— 7 7 , cone n h c  c -  vi oi-ry tha t  th e  sy s t  em ca l ib ra t i con  r o ar  d r i f t

av ~ - o r  f rom th u no n c c r a l , as c o m l l c o m - n i t  s age . For tunate ly ,  \c c. have found that t i c -

radar’  n o - i  u r n s  f rom n~r ; u n o \ -  of t h e  t c o p o n g r a p h i c  f o n t  i c r - e s  (hills and small  moun ta in - c )

are ~t a I n 1 o - , so t h a t  in  f a i r  a e a t her  ice oh-serve n e a r - h r  t he  same values appear ing on
the d i g i t a l  clia n i s  f i c o n  o n t o ’  map to the next  and corn -  da~ to  the next .  Thus , a pro—
ce - du o -c -  was sc - I  up to mon i to r  the r ’ o - Ia t iv e  cal ibrat ion hr checking  the r e tu o -n s  f rom
s o - v t - r a l  p c 0 0 0 c r c r l  n o n - g e t  -c , ‘l en grid l o c - r m t  i c o n — , were s e l e o - i c i n t  c d i i  t i -nc - c - c o a r s e  -r r n o l o -  rn -cap,

in I t o . ’  \V~Pot0 
- , and NI -~ d i r e c t i o ns , at n oroge-s f r o m  S to 80 km. A series  of four

(or n o o n - )  maps are o b t a i n e d  on fa i r  weather  days and a r c  average of the 40 i c r
more) dB values is calculated . In d iv idual  v al ue s  ha ca-  a c c - s o l u t i o n  of o o n i l V  3 t ] ( ,
lout  the average of ftc n ’ t y  or mc one  I c o i n l t - , has a co -s l u t  i m  cc i  of t en ths  of a - l i t . ( a u  —

b r a t  I c o n - ;  ce t t u - r t o p t c ’ - l  Ic -, ti -nan mc i  hour  a f t e r  a r ain s t o o r , o ,  u i c r m l l \ -  producc- no v ( - n a p -  -

2 or 3 - I l l  a l - ny c  the normal  38 (il3 Ze~ 
( T i t ~~- 5d m n 0 ~~~~’~’ due to wa te r  d z’ c n 1 c  r emain ing  on

trees r in d  rocks)  and are ncc t  o - o o i . s i t ’ered valid.
ri l c c ~~t of the c a l i l c r ’ a t i o r o  runs made ar -c  w i t h i n  2 , 0 dli of the normal  value, but

- , r d o -  c o o ’ t w i c e  a o t t o , a value more than 2 dli too I c o w w i l l  be found and a f u r t h er
check of t i r e -  system is m ;cn l e .  ‘ l I r o -  o s )  ‘-or l imon t rouble is with the receive r

C n - v s t n i l , and is easil y o - o ~ r r ’ , - c ’ t  ed h simple r e - p l a o - c ’ c n e n t . The sy s t e m  r I c e - c  Is is
o i o n o d c ’  v J t t ;  a s igna l  p c - n r o - c ’ c t -  - r - , a nn !  r o t  11cc  5 :00 cc  h u r t -  no - t i c - o k of the log c a c n o v o - n - s  i c o n
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is also made.  i- or P t i o l o o - l  r ange-normal iza t ion, the  la g  s t r i p  m ust  be kept  c h u m s , ’

to  j~ c o  i f i c c o t  i n  nc - s  and t h e r e  has I c - u - n o  no d i f f i c u l t y  k e e j o o r o g  -0 v t t h i n  ±0 . 5 d i t .
i b i s p u - occedure  for m a i n t a i n i n g  n - c - l a t i v e  c r o l i h o ’ a t i c o n o  i i  roo t m c - n f ( - ( - t  as I ) Ot Cn—

t i a l l v  se r ious  c a l i b r a t i o n  d r i f t s  ( b o e v c c n c i  2 df l)  h~o y e- h i - u - n  de t o ’ r  t o - c t  on oC( ’a, -m ion -os

when it was  not I , - ;  sible to u c m n o k e ’  i m m e d i a t e  c o n n e c t i o n , and as c i c a n c ’ ’ -  would have
it  - tO s t c c i ’ n i c  fol lowed soorc a f t e r w a r d s .  In scc -h eases , c ’ o o n c - c’c - t i o n S  up t c ,  4 dii l ; ;cv ( -

1 - o - o - n r  app l r o - o l  to the  r t ; o l a  der ived f rom a rch iv , -d  S p i t ; 1 m a f m s , I n s o - - I  on ca l l - r a t i o n

o t r o ’ ks b e - fore  and a f t e r  the  - s t - n - r n . if m o n o -  than - -lH is r o , - e d e d , the c l - o t t o  a o - o -  rn ,t
n c~~. - n t , as I l - c  n c  mar  Ice .- problems due c o  th re shold of d c - I c - c t  i - t r .

7 . 1 . 2  A iy ~( ) l , l - T1-: ( ‘A l , l l l I ! . -\ T h

\\ it  t rc -c i t  no n ai -ct Iute cal iho-at ion , the radar  — w c a t  Ir e n - n c - I r o n  i - o n - i - - c h i r p - , n I t  VO 1 0 0 1 c c -c l

f r  zr - this s~ s b -  -c cou ld  not lie app l i e r !  to o ther  radar  s y s t e - t o  ~ . -k v c n a l  a t t e c c c p t , -,

r o t  - c l - s o l u t e  ~c I  t h r a t  m o d  hoc-c toe -en  a t t e m p t e d, including the t r ack ing  of m e t a l  5 101cc nc-s

I t n o r i c e-ci  I o n  t ’ n o 1 S o t o n ~~o as well as (he placing of portable e q u i p m e n t  w i t h i n  the radar
t e n o n ; . But due Ic , a v a r i e t y  c o l ~ d i f f i c u l t i e s , n cu  ~ L ’ e-mpt  has been ~s u c ’ c e ’ s - n ful . The
Ir e  -,t  t ha t  we - have been able to do is to a senib le s imu l t aneous  radar r e tu r n s  and
rn o in f a l l  r a t e .  and compu t i -  Z—R re la t ions . By sc o l r t r a c t i n g  20 dl i  f rom the radar
v ; r l u u - s , we fir -nd a r easonab ly  good fit  to the re la t ion f r m r r r i u l a t e d  by ~c l a r s b i a l l  and
Pa lmer  from data  collected n i t  M o n c r e n o l .  ~\ l & - t e n r r - n o l o o p i c a l1v , t he  r a in s t o r m s  ( of
‘c l a - c - , a r b o c i - , e t t s  and Mont rea l  are s i m i l a r  and t h e r e -  is reason to h e l ic - v - t h a t  t h i s

( o n -  o c e -n iure  has produced an n o c r e p t a b l e  absolute  ca l ib ra t ion .

— J  1~,, 1014011 ( .o u ! u b r a t u o u u

W h o e n r  the  f i r s t  d ig i tal  maps w ore produced liv the I n n  Pr am RA DA R I , smal l ,
consp icuous ground t a r -ge t s  w o re noted in n i o o t qu a d r a n t s . ~t -vc - r ro l  of these fea-
tures  c-ould be unambiguous !  i d e n t i f i e d  as p a r - t i c -u l n o r  mounta ins  or l o w c - n s , and a
c l o -ck w i th  available c n n d p s  assured us that  I I r o -  h o c c ’ , c o n t n c l  p o s it i on in g  was correct
to at S-n o - s t  ±2 k t i o . I)uring the  fol lowing t w c o  \ u - n o  n ’s , there were mechanica l  r ’epairs
made to the r ’n o d n o o -  dr ive -~~- st c r n , and a f t e r  h o c ’  l a s t  r e p a i r s  we- noted a change in
the  ground , o n m t t e r n  c)n t he  di gita l  m a p s . A sma l l  r out ine  i c - n o - s  then w r i t t e n  to d o ’ i n n
out a s t r i n g  of any 29 c c c - c o - o - i c t i v , -  r ange-b in  values , c-ye n -v 11 .4  degn ’ o - o -  of a z i n n o u t h
over  a 24 — d c - g r e- c sec tor .  W i t h  11cc pulse i n - I  d-Ldration set t o o  a m i n i m u m , th i s  nc )I,nt Inc

allows precis e po s i t i on ing  cd t ( o a - c - r s  and s I o a r - ~c s t o n c i  i c c  i t s , such as Or ’and Mon acb n nc c -k .

~~~ then  found t o n o l  t h e  a z i m u t h  was off hr 3 degrees , and w e -  al so  found I l oa t  t i o e
range was off by 0:0 0 c o , e t e r m , due to a r n i s u r o d u - r s t a n d i n g  about the fo r ’n iat of the
data  ~ t i - e n o o n  produced in the d r o t n o  t r an s m i t te r  s y s t o - i n o . ~~h i l c  ( t o o -  -e  ( - n rc - n - s  c e o - n . ’

r c - 1 Ia  n p , - , s o - y e -  n n m l  c a s o - ;  were r e — r u n  w i t h  post l ion  corr’ecb i o nc -- ma d e, and i ’ .  fo o i c n o n ’

no changes in the r a d a r - w e n o t t i , - r  n c - P o t i o n s .  In Oct  - I r o n  l l~7 - , an ad justment  - ‘n ’s
made in t l o o  sy n c h r o — t o — d h gita l  ( c o n v e r t e r  t o o  give e c r  n i e ’ c  t a ’ r r o c t h , w h i l e -  a small
modi f ica t ion  was made to RADA R II I i -  correct t I c . -  range p r o b n l e - n o .
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The elevation n o n o g l e ’  has not been I t i . c i c o u g h l y -alibrated . We had hoped that by

t r a c k r n i p  a sp here a t t c i e - I o u ’ o l  t o o  a balloon both toy  radar and double theodolites a

c a l i b r a t i o n  could he obtained , but two a t tempts  fai led.  The onl y assurance we have

tha t  t h e  e l e - v n o h i o n  angles are r -ea sonalclv correct , is that  the vertical extent of dis-

‘ an -i t t hun rk - r s t e -n i -m s  (180 km c or  more in range) appear reasonable, which would not
be the  case -  if the  elevation angle were off by more than one or two degrees.

8. “-I M%1~~Ifl

/s c-cr sa t i l c ’  r ada r -compute r  system wa s  instal led at A F GL  late in 1972 to

answer the question of the utility of digital radar information in short-range
n o v i a h i o o n  forecasting.  Computer  programs were wr i t t en  to provide digital  maps to
I-c  used on r e a l - t i m e  forecast experiments and to archive data for development of

forecast  aids . Prel iminary studies of several wide-spread heavy rainstorms have
produced in te r - i -e -la t ionsh ips  between radar re turn , ra infa l l  rate and extinction
coeff ic ient .  Var iat ions  in drop-size d is t r ibu t ions  appear to reduce the capabil i ty
of the radar in specifying extinction coefficient (ground level) and rainfall rate to
an accuracy of about ±50 percent.

A technique has been developed to provide forecast assistance in the form of
objectivel y determined motion vectors and guidance forecasts of severe weather

pa ramete r s .  On the f i r s t  te st , the forecast  informat ion appears to be useful and

guidance forecasts  were s imi la r  in accuracy to manual forecasts.  However , more
te s ts n ccu -c t be conducted before f i rm conclusions may be drawn .

Da ta collected during snowstorms will soon be analyzed to investigate the
a b i l i t y  of radar to determine snowfall  rates and the ex t inc t ion  coeff icient  in snow.
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