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ANALYTICAL STUDY OF PASSIVE TECHNIQUES FOR MEASURING ATMOSPHERIC
PARAMETERS

The reliability of received radar signals at sea is dependent on
the reliable mapping of the atmospheric radio refractive index.

The major component of the atmosphere that produces the unpredic-
table variation in the radio refractive index is due to the water-
vapor distribution. This study was performed to determine the abi-
lity of passive infrared and microwave radiometry (using ground-
based radiometers) to recover both the vertical distributions of
water-vapor and temperature. Calculations are presented that in-
dicate that the expected recovery is sufficiently accurate to pre-
dict the radio wave trajectory in a marine environment. As a worse
case, the expected recovery for a water-vapor distribution contain-
ing 5 inversions and a temperature distribution containing 2 inver-
sions is presented. This technique utilizes a gradient method and
is applicable for distributions to 2 Km. Based on the calculated
recoveries, recommendations are made to design a system interfaced
with a microcomputer/controller that will be able to measure both
the water-vapor and temperature distributions in real-time. This
work was performed for the Naval Air Development Center in Warmin-

ster, Pa. under contract No. N62269-77-C-0058.
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I INTRODUCTION

The accuracy and reliability of data from microwave radars

can be improved if amplitude and angle corrections are applied i

to the received radar signals. Such corrections can be computed
if the radio refractive index profile along the various propa-
gation paths is available.

Naval studies have shown that the most difficult problem in
reliable mapping of the atmospheric radio refractive index is the
forecasting of the water-vapor distribution along the line of
sight between the target and the transmitter. Accurate forecas-
ting of the water-vapor concentration is difficult because of
inadequate knowledge of the water-vapor's distribution at any
given time and because of the difficulty in predicting vertical
atmospheric motions which, to a large extent, control the changes
in the water-vapor distribution. The verical motions that cause
major changes in the water-vapor distribution are usually small,
cannot generally be measured and must be inferred from large scale
horizontal flow fields.

The simultaneous measurement of temperature has been identi-
fied as a significant secondary parameter of interest to the Navy.
Present techniques for the measurement of water-vapor and temper-
ature in the atmosphere utilize radiosondes (ballon launched and
air dropped). In addition to requiring the use of expendables,
radiosonde techniques are deficient because they are volume and
direction limited. The volume of atmospheric coverage of radio-

sondes is not sufficient to perform adequate mapping of spatial




and temporal features important to radio meteorology. The radio-
sonde vertical profiles are too few and far between and do not
sample in real time the volume of the atmosphere for which re-
fractive index corrections are required.

Although currently, the Navy is investigating the use of Lidar
as a viable means of determining the vertical water-vapor dis-
tribution in the atmosphere, this study is addressed to the ab-
ility of passive infrared and microwave radiometry to extract
the same information.

The relative merits of active and passive methods are not the
sub- of this study; however, it is believed that ultimately
t ve system will be found to be less expensive and bulky

12 Lidar system while providing adequate mapping of the
water-vapor distribution necessary for radar propagation correc-
tions.

In order to assess the adequacy of the passive method, section
II analyzes the degree of spatial resolution required to adequate-

ly describe radio wave propagation.




II SPATIAL RESOLUTION REQUIREMENTS FOR DESCRIBING RADIO WAVE

& PROPAGATION

This section establishes the guidelines for determining the
spatial resolution requirements necessary to adequately describe
radio wave propagation through the atmosphere whose water-vapor
and temperature distributions are changing in time and space.
These guidelines are necessary to properly assess whether a pas-
sive system can adequately recover the water-vapor and tempera-
ture profiles. The degree of recovery required will be dictated
by the degree of recovery necessary to adequately describe the
radio wave trajectory.

Due to the variety and magnitude of meteorological variables
involved, we have made the following assumptions which are con-
sidered realistic:

(a) All refractive index gradients are normal to the earth's
surface and are a function of the radial distance only

(b) The verical gradients do not change with horizontal
extent (for distances to 10 Km; this is considered
reasonable for a marine environment)

(c) Radio wavelengths of 6mm or greater are being utilized
(d) The radio wave refractive index is affected by tempera-
ture, water-vapor and pressure only (i.e. cloudless)

(e) The radio wave propagation can be described accurately

by geometric optics
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With these assumptions in mind, we proceed to derive the radius
of curvature of a radio wave ray.

A. Derivation Of The Radius Of Curvature

The vector differential form of the path of rays in an inhomo-

(1)
geneous medium is given by,
d ar_ ) = Vn (1)
S (n %)

where s= distance along ray
n= refractive index, a function of r
r= radius vector
¥n= gradient of n

Expanding we have that,

-
dn.dr*_ng::__vn
s ds s?
(2)
We identify dr/ds= t(unit vector tangent to the s direction,
see Figure 1).
Consequently,
-
A dn 4 ndlE = UVa 3
t"Z‘s ds* o
For a spherically symmetrical medium in which ¥n = © dn/dr
(r the unit vector in the r direction),assumption (a) above,
we have that,
N -
t dn 4+ ndr - Pdn (4)
ds ds* r




~
We identify the term cfi:'/ds"with K, the curvature vector, whose
magnitude is ljo,} the radius of curvature and whose direction
is perpendicular to ol

After rearranging, equation (4) becomes,

= ~ an 2
dr s (&)
—
Multiplying through by K we have,
—
*_dn K- % K.a-'l.-d (6)
“\K\ “dr S
As ¥ is perpendicular to @, this becomes,
2 ~ T
n|Kl'= g K (1)

or

=98n .1 cos (8)
r 0 O/

L'

a
. A = -
w1th_/£ = the angle between r and K. Since n is close to one,
we have that,
i~ db_cos 8 (9)
P dr

From Figure 1, o(=/€ , where & is the angle the ray makes

with the local horizon. Finally we have that,

L~ 4dh os & (10)

¥ dar

For a spherically symmetric distribution, the ray is a part

of a circle whose radius is/O and is confined to a plane formed
by the initial ray direction. The derivation of the coordinates

of the center of the/o-circle is found to be,

o..-.f sin X (11)
bz'R-/COSO( (12)
5




Consequently, given & and dn/dr (constant gradient) with the
earth's center at the center of the coordinate system, the ray
trajectory follows the//D—circle whose center is at +a and -b
for a negative gradient.

B. Derivation of the Angular Variation of the Ray

The fact that the ray is confined to move along the arc of
a great circle allows the derivation of the relationship between
Y ,the angle the ray makes with the local horizon, and the known
variables using only geometric considerations. Referring to Figure
1, using the law of sines we have that,

x= Rsin 8 (13)
Sin

where cS= 180-€with €= &+ 8 Consequently,

x<RsnO (14)
s\n €
Similarly,
enT = (p=%) sin € (15)

Y

Substituting from equation (14) we have that,

sin Y= Osin(x+8) —Rsinb (16)

o

Expanding and substituting the expression for‘/o derived in

section IA, we obtain,

sinY = sinOcosa(1-RAD) + sinxcos & (193

As we are concerned with horizontal distances only up to 10KM,

then $\N O © snq Cos 6 =~ 1 resulting in,




iasn il L 4l Saate s 2

sinYs ecoso{(\""R%r—)*‘sm"( (18)

Equation (18) implies a negative gradient and will be used below
to calculate the spatial resolution requirements.

C. Derivation of Spatial Resolution Equations

Before equation (18) can be used to determine the spatial
resolution requirements, expressions for dn/dr must be derived
in terms of variations in pressure, temperature and water vapor
pressure.

The instantaneous refractive index can be written as,
n= ne + &(ny) (19)

where R = the refractive index of some reference set of con-

ditions (e.g. no atmosphere or a standard atmosphere with 60%
relative humidity) and 8(nJ= the variation from the reference.

Letting dn ®An we have that,
Anh= h,—-nN", = nz,o + 6(“3,0)—h»,o—8(nv,o) (20)
or,

AnNn= ANy + 6(Aho) (21)

However,{LnO can be expressed in terms of the refractive index

modulus N as used by meteorologists where,

ANy = ANy XK lO-" (22)
Consequently,

§(an)= & (aN.) x 1078 (23)

Substituting in equation (21) results in,

7
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AN= {AN° = S(ANO)}X 1o~é (24)

Additionally, as dr T A& H, the change in height, we have that,
{ANo + S(ANO)} " ‘0—6

dn an -
F&"—-ZH N (25)
6

We call ANO/ A Hx10 °, K , as it represents a constant gradient

or no gradient. Consequently, R dn/dr becomes,

R%—S—%‘—' RK + 6371 §(ANG) e
AR

(2)
where we use the average earth radius as 6.37lx106 meters 5

Substituting into equation (18) and expanding we obtain,

sinY=0cosx —-ORK COSOl—b-T"eZs:S%)-t-SmOQ (27)

As we are interested in the deviation of Y from a reference grad-

ient we obtain that,

A (sinY) = sinYg -sinTg= €37 eéoau SCANo)(Ze)

where,

Yo = ray angle with reference fixed gradient

Y6= ray angle with fixed and variable gradient
Equation (28) relates the deviation in Y due to a deviation in
N from the fixed reference. In order to put equation (28) in a
more useful form, we note that ©cos® = H cos®/R tan® of the

disturbance of extent H. Substituting we have that,

H §CaNJcos | -6

A(sinT) = pg Y T ]

(29)

We will call the expression H é(ANo)/A H, T, a measure of

the intensity of the disturbance causing the deviation from the




reference. As we are dealing with small changes in angle, we equate
A (sinY) to d(sinY) which equals cosYdY or cosYAY. Substi-
tuting in equation (29) and noting that cos ® = cos¥ we finally
have that,

¢ = aYtanx x 10° (30)
This relates the strength and extent of the disturbance to the
change in Y that can be tolerated and the angle of elevation of the
ray. Before equation (30) can be used to determine the spatial res-
olution requirements, an estimate must be made of T~ .

D. Effect of Meteorological Variables on N

Under assumption (c) of part A, the refractive index modulus

can be written as (3%

N=77.6P | 373,256 Py

._r:_ (31)
where,
P = atmospheric pressure in millibars
T = temperature in ©K
Pw= water vapor pressure in millibars
As we are interested in the AN due to these variables then,
AN:::%—';—AP 4-%_';‘71;1‘ +%%;./pr (32)

Carrying out the differentiation, we obtain,

AN= 116 8P _ [176P ,_1451511?\'4}“- & éE._’;_iéA‘Pw (33)
T T TS T

For heights up to 2 KM, the variation in P,T, and P are app-
w

roximately,




1020< P> 750

315< T 2 270 (34)
30< Pw> 3
For hot humid air,
ANz=.25AP +376 AR, - 151 AT (35)
and for cool dry air,
AN =.20 AP +5T1AR, -9 4T (36)

As we are interested in estimates of the spatial resolution
requirements, we average the two extremes and let the devia-

tion be represented by,

(ANY =27 8P -1 21 AT +44447%, (37)

This infers that the & N change with P,T and P, is constant up
to 2 KM. As the effect of pressure relative to T and P is small,
for the estimation of the spatial resolution we will use the ex-

pression,

(AN) = 4.44AP, —121 &T (38)

Dividing this by the A H in which this change occurs and mul-
tiplying by H the physical extent of the disturbance provides the
€ to be used in equation (30).

As an example of the calculation of the magnitude of =, we
consider an inversion layer. An inversion layer usually indicates
the presence of a humid mass under a dry one. The transition from

humid air to dry air air causes the largest change in N. For ex-

10




ample, a temperature inversion of 20/100 meters located near the
ground would produce a change of A&.Pw =-.3anda A& T = .02.
From equation (38), {AN» = -1.33 - .02 = -1.35/meter. If the phy-
sical extent of the disturbance is 200 meters (typical of the Med-
iterranean area) then 2~ = -270. The minus sign indicating the
direction of change from the reference. If more than one distur-
bance is present, the the effect is additive as the displacement
effect is negligible. Consequently, we consider a range of €= 1 to
T- 104. T = 104 representing very unusuall conditions and must
be considered atypical. If an acceptable AY is known, the spatial
resolution can be determined from equation (30).

E. Calculation of the Spatial Resolution Requirements

In Figure 2, we have plotted log T against & for three angles
of AY considered appropriate for radio wave propagation. These
curves were calculated from equation (30).

We consider first what spatial resolution is required to adequat-
ely determine a standard atmosphere with a 60% relative humidity.
Calculation indicates that the A N/A H = -.04/meter. If we
use as a reference no gradient (straight line trajectories), we
can treat the standard atmosphere gradient as the disturbance with
a physical extent of 2 KM. Consequently, T = so. Referring to Fig-
ure 2, if the tracking error is to be .01o or less, we find that
for an elevation angle of 250, the presence of the atmosphere does
not effect the straight line trajectory to within .01°. For eleva-
tion angles less than 250, the spatial resolution required will be
determined by & . For example, at X = 1°, ? = 3. Hence in order

to predict the trajectory to within .010, spatial measurements of

about 2000/80/3 or about every 74 meters is necessary.

11




For inversion layers and humid air masses where T could app-
roach 1000 or more, Figure 2 indicates that for a .01%rror and
a 45° elevation angle, the spatial resolution required is 1000/
1000/175= 175 mete. :.if the disturbance has a physical extent of
1000 meters. Other .  vation angles require different spatial re-
solution measurements to define the gradient.

F. Analysis

The examples cited above indicate that a single spatial
resolution does not suffice but depends on the angle of elevation,
the gradient caused by the disturbance and the error in refracted
angle that can be tolerated.

Additionally, for elevation angles 30° or greater with a
tolerable angle of .1° or greater; no set of inversion requires
any better spatial resolution measurements than are necessary for
the standard atmospheric gradient.

Unless trajectories close to the horizon are required, we
conclude that coarse spatial resolution measurements are all that
are necassary to adequately describe the radio wave propagation

for most applications.

12
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III MICROWAVE AND INFRARED TRANSFER EQUATIONS

In order to arrive at an adequate method for recovering both
the temperature and water-vapor profiles, we examine the atmos-
pheric radiation due to water-vapor in the infrared and micro-
wave regions and due to atmospheric oxygen in the microwave re-
gion and carbon dioxide in the infrared region. Although the car-
bon dioxide radiation could be used to determine the temperature
profile, it is not considered in this study as it is believed that
the infrared sensors at the carbon dioxide radiation wavelength
(above 15 microns) are not suitable as those at the water-vapor
radiation wavelength (6 to 7 microns). In addition, as the micro-
wave technology is so highly developed, it would appear that it
is a more suitable region of the spectrum to use in developing a
sensor for temperature and water-vapor. As both carbon dioxide
and oxygen can be considered to have a constant mixing ratio up
to 2 Km., either could be used to infer the temperature. On bal-
ance, for this study, we have chosen to utilize the oxygen rad-

iation for the temperature profile determination.

A. The Radiative Transfer Equation

The amount of radiation emitted by the atmosphere and received
by a ground-based radiometer can be determined by the intergration
of the transfer equation along the ray path. If we consider the
atmosphere to be in local thermodynamic equlibrium (for conditions
up to 2 Km of the atmosphere, this is considered to be valid

(4)

assumption), the radiative transfer equation can be written as ,

15




'pu----—n-n-»wr‘in-u

dI® _ _ 4 {I(v) —BVCT)} (1)
ds

Jo)= the specific intensity

s = integrating path
ky = absorbtion coefficient
By(T) = Planckian function at¥ and T

T = absolute temperature

The solution of (1), evaluated at the ground is,
-]
- N
1 =I,Me” + | B, (1) +, (e ds (2)
()

where, s
[ o =ka(s)ds is the optical depth

°
Under the assumption that thereare no sources lying outside of

the atmosphere, equation (2) can be written as,

I = /B, (1) +,( ¢ g (3)

Physically, equation (3) indicates that the received intensity
is the sum of each incremental layer emitting as B(T)kds atten-
uated by the intervening medium by'e-t.
Equation (3) forms the basis for all the inversion techniques
that have been used(S) Mathematically, equation (3) does not ad-
mit to an analytical solution as the variables involved cannot be
described analytically. Consequently, in order to reach a meaning-

ful solution, some constraints, as determined by the physics of the

atmosphere, must be imposed.

16




B. Microwave Radiation Measurements

Because of the simplification that can be applied to equation
(3), we treat the microwave case first.
In the microwave region of the spectrum, the Planckian function

B can be simplified by the Rayleigh-Jeans approximation(hwv<kT) as,

Bv (T) =2 RT ¥¥/c2 (frequency units) (4)

o
The relative error in using (4) is about 0.1% at 60 GHz and 300 K.

Substituting (4) into (3) we have that,

(o ]
_ S
Té»):/');(s) %, (e T s ot
o]

where,
Tb(v) = brightness temperature which compares the received
radiation from a given direction to that of a
blackbody at the temperature Ty
In the troposphere and the microwave region considered( 10 to

70 GHz), the principal atmospheric gaseous absorbers and hence

emitters are oxygen and uncondensed water vapor. The water vapor

absorbtion is due to a pure rotational transition at 22.2 GHz(l.35cm)

while the oxygen absorbtion is due to a band of rotational trans-

itions staring at about 53 GHz and extending to 66 GHz. An excell-
ent article on the spectroscopy of the oxygen transitions is to be
found in reference (6).

Before equation (5) can be further simplified, the nature and
height dependence of the absorption coefficient must be known.
Further, it would be desirable to integrate equation (5) to
some finite limit rather than to infinity and perferably to 2 KM.

1. Oxygen Microwave Radiation

From the work of reference (6) and (7) a cut-off level can be

&/

© e b Bk
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established by considering to what level above which the radiation
emitted does not make an appreciable contribution to the ground.
This has been done for oxygen in terms of the ground absorption
coefficient by reference (7). The cut-off level is chosen at the
99% radiation level; however, a more meaningful choice could be
made if the exact experimental capabilities of the radiometer in
use were known. For example, if the uncertainty in the measurement
were .SOK, then the height level corresponding to this value would
be chosen. However, the choice of 99% will not change the basic
conclusions.

According to reference (7), for a ground absorption coefficient
of 12 DB/KM or greater, the cut-off level is about 2 KM. As the
ground absorption coefficient for oxygen is about 14 DB/KM(6),
we conclude that at least to this level we can utilize a constant

absorption coefficient at the center frequency of oxygen band (60 GHz).

To further simplify equation (5), we recast it as ,

%
Tb W) =/'rp('t') e—’td'b' (6)
o

as dT = kds with T(s) expressed as T(?) and T is the cut-off
optical depth. Equation (6) can be solved analytically if we make
the assumption that the T (T) can be expressed as a Taylor series
( this assumption would mean a nearly linear variation of the

temperature with T ).

Consequently,
= 4l « T2 &l
T) = Te) + o 3 -a—.c-,‘z_"‘ (7)

Substituting into equation (6), it becomes,

18




Ze

Te
-T &
Ty (W= [T,(0)€ d® + jTZ‘: re e +l-d,c_t\bbﬂze i+ .;8)
(=)

Since d¥= kds and integrating the first two terms we have,
Te

< d*T .
Tp) = (o)(l 7 4 ‘kds }-.l r‘(’bd—l)]"“i"&;ds:[t'e d? (9)
[+

Within a given layer having a linear temperature gradient, the

second derivative is zero and (9) becomes,

T, =T, (-€%9 + T [l - e‘t‘(fcﬂ)] (10)
T=o

If we designate dT/ds as a and choose Z'(_to be 5 or greater so that
y G g : ; .
< < .01, we have that within a layer characterized by a linear

temperature gradient,

Ty = T, () + %t (11)

Since we have assumed that ’6;2_5 with a constant kg(up to 2 KM),
then Z’c = kosc defines the upper limit of s. If we include the
zenith angle as a parameter then t'c = kohcsec Q . Consequently,
the choice of e and ko determines the height level,h, that the
measurement evaluates. From equation (1l1l), a measurement of Tb
that is made for a {¢ = 5, with the ground temperature Ty will
determine the slope a of the temperature gradient. Assuming a
value of 14 DB/KM for the center frequency of the oxygen trans-
ition and converting to nepers/KM ( 14/4.3429), we obtain that

ko = 3.224. Consequently, hcsec 6 = 95/ 3. 228 O hcsec @ = 1.55 kM.
If the intial measurement is made near the horizon, say 5° elevat-

ion angle (@ =859) » then the effective radiating layer is about

155 meters. It is to be noted that this is not the spatial resol-

LY




ution of the passive method but the layer in which a linear grad-
ient can be ascribed. For most temperature inversions, this is con-
sidered adequate for accurately following the temperature gradient.
However, if a finer resolution is required, then taking in to acc-
ount the earth's curvature and working a zero elevation, spatial
resolutions on the order of 15 meters could be achieved.

To probe the upper layers, a second measurement is made such

that,

1 o) =Tl + 4 [1-e%ni] + €% [T 0-™) +gpfi-ePel]
where T+ Ty = T.. As a; has been determined from the initial
measurement, a ¢, can be calculated with T, = T, + a;hg of the

first measurement. From equation (12), the a,is determined. Again,
the combination of ko and 8 is usea so that ZL= T + T yielding
the a in the second layer. The process is continued until the ent-
ire 2 KM is probed. From the foregoing analysis it is seen that for
a single gradient, only one measurement is necessary. For two grad-
ients, two measurements are required and so on. Based on the fact
that 10 changes in slope is about the maximum number of changes that
occur, no more than 10 measurements are necessary to characterize
the temperature distribution of the first 2KM of the atmosphere.

th

In general then, the n measurement can be written as,

t=hn
g o nor =T
T, =Tol-€ + Q] @] +> e F o€ 13)
i = +Q, Ty +§
n (2] |1-€ (t.‘+l
where EE To = 5.
(A N

The expected spatial resolution will be determined by the mea-

surement errors and the number of meaurements made but has the

potential, at least in principal, of at least 15 meters.

20




2. Water Vapor Microwave Radiation

The behavior of the water vapor attenuation in the microwave

region near the resonance line (1.35 cm.) is remarkable as it can

8 ; e
be shown ( )that the attenuation is independent of pressure and

depends only on the fraction of water vapor present (i.e. mixing
ratio). However, even under humid conditions of the atmosphere
(i.e. over ocean areas), the absorption coefficient is not large
enough (~..66 DB/KM for/ﬁb= 21g/M3 at 1.35 cm.) to be apply the
method used for oxygen. Although the gross water vapor structure
could be determined, for a multi-jagged variation where high spat-
ial resolution is required, it is not the method of choice. Conse-
- quently, it is felt that the water vapor structure can best be de-

termined by utilizing the infrared water band at 6.2/4.

C. Infrared Water Vapor Radiation

In the infrared portion of the spectrum, the Rayleigh-Jeans

approximation cannot be used and equation (3) must be used as is.

Due to the fact that the water vapor attenuation does not follow
the Lambert law of exponential absorption(g), it is necessary to
cast equation (3) in a slightly different form. If the transmission
through a layer is t, then dt/ds expresses both the emission and

attentuation from the layer. Consequently,

dT(v) = B,(s)dt (14)

For a layer of constant B(s), then the intensity received at the

ground due to a layer at s is just,

I.m=By(s) ti-ta) (15)
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where,

t

1 transmission from the bottom of the layer

t
2

The measured intensity is just the summation from each layer. Then,

transmission from the top of the layer

I = B,(o)(t,,-t.) +B, )1, -t) + .- - (16)

where,
BV(O) = Planckian function for the ground temeperature
tO = transmission at the ground level equal to 1
tl = transmission from the top of the ground layer
t2 = transmission from the top of the second layer
Bv(l) = Planckian function for the temperature of layer 2

Before proceeding to derive the equations that determine the
spatial resolution potential of the infrared radiation, an ex-
pression relating the transmission tq/ow,is necessary. Although
the transmission cannot be expressed through an exponential att-

enuation coefficient, it can be approximated by(7),
5§
PR (ﬁ—)
ts e Wo (L7)

where,
w = optical thickness of water vapor in preciptable cms.
w°= optical thickness necessary to yield 50% transmission
In addition, w_ is a function of wavelength and can be expressed
as w%?i .337/ K(A )(9). The values of K(XA ) have been tabulated
by Green and Griggs (9{ Substituting the expression for ¥ into

equation (17) we obtain,

.§5
-1.90 W K
t= e ) (18)
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Now it can be shown that the equivalent optical thickness of

water vapor in terms of pressure and temperature of the atmosphere

(9)

can be written as :
Sa
B AT, 4
W = _-<__—) s
po T /N
S,

P = pressure in atmospheres

where,

Po= ground or local pressure
T = absolute temperature
TO= ground or local temperature

However;/o"can be written as,

% iO“smMP

SHC =

where,
m = mixing ratio (g/Kg)
R = gas constant
M = molecular weight of air

Substituting (20) into (19), we have that,
2

W = 'O.SMT_?__ .,.?:— mds

R'P° -r3/z

S
Within an isothermal and isobaric layer, this becomes,

1073 M T, > P(S)mcsy a5

wW(s) =
RP TV2(9)

Consequently,

Inserting the appropriate constants, we have that,

23

(19)

(20)

(21)

(22)

(23)

BTt s e . ‘




m(s)as = 82.057 X10® BT Y\ (as)
28.97 P*T,'"a

2.832 xi10%® T wias)

(24)

As T (s) is known (oxygen measurement) and P(s) does not
vary much and is reasonably predictable and with P, and T, mea-
sured quantities, a measurement of w(& s) through equation (18)
determines the product m(s)A s.

Returning to equation (16), it is necessary to limit the
intensity summation similar to way a cut-off T was used in the
oxygen measurement. The limit of the summation process will de-
pend on the error measurement on I. For the purposes of this report,
we will assume that the smallest variation is .01 although the
actual value will depend on the experimental capabilities of
the radiometer. As B(o) and t1 are known from ground base mea-
surements, we will choose a measurement at A. that produces
a t1 = .02. This in effect eliminates any term beyond B(l) since
tl) t2> t and assures that tz-t3< .01l. Rewritting equation (16)

3
at )\, we have that,

IO)= B)\,<°)(l‘t:) + B)‘.(l) ‘-tu‘t';)
(25)

or,

IO = 98By, (0) + By)[-e2-t,] (26)

The single measurement yields t2. In order to preclude the pos-
sibilty that t2 is also equal to .02, we will assume that the

mixing ratio never gets below 40% humidity at any level to 2 KM.
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This will correspond to a lower limit of about 2 g/Kg. This assump-
tion is considered valid over the ocean.

The choice of t1 = .02 and the ground measured value of ml,
produces a A s at a given wavelength through equation (24).With
the value of t2 obtained from equation (26) and the derived value
A s obtained from equation (24), the value of m, is determined.

The next measurement would be made at the )\zthat produces a

t1>.02 (calculated from A s and ml) and the t2 calculated from As

and m2 . Consequently,

IO =Byl -] + B, Wfti-ta] +BA3(Z)[t1't-"J (27)

From this measurement, t3 is determined from which m3 can be cal-

culated using the same value of As from t, and ty. This process

1
is continued until the entire 2KM of the atmosphere is probed. As
can be seen from this process, the spatial resolution will be de-
termined by the number of measurements that are made and the limit-

ations of the capabilities of the radiometer.

In order to assess, the potential spatial resolution of the pass-

ive method, we compute the spatial resolution that could be achieved
from a humid ground layer. From equation (24) using Po = 1 atmosphere g

and T_ = 290°K and m, = 10 g/Kg,

1

A5 8.21Z X10% W  (cem) (283
From equation (18), if this layer is to produce a tl = .02, then for
K(A) = 13 (peak absorption coefficient for water vapor occurring at

6.60/a) yields a w .035 preciptable cms. Consequently,&9= 2874 cm

l -
or 28.7 meters. However, since As =Ahsec & , the resolution is in-

creased at large zenith angles so that in principal, resolutions on
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on the order of 2 to 3 meters (e = 850) are possible. However,
as mentioned previously, this increases the number of measurements
that must be made to probe the 2 Km. of the atmosphere. Additonal-
ly, since the absorption coefficient of water-vapor in the infra-
red has a wide latitude (13 to 10_3) and in conjunction with the
zenith angle, coarse or fine resolution measurements could be
achieved.

Although the microwave radiation from atmospheric oxygen can
be used to determine the temperature profile with a potential re-
solution of about 15 meters, it is seen that the microwave radia-
tion from atmospheric water-vapor does not provide an attenuation
coefficient high enough from which a high resolution profile could
be extracted. Consequently, it is necessary to utilize the infra-
red radiation from atmospheric water-vapor to extract a water-

vapor profile.
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IV. MICROWAVE AND INFRARED SYSTEM SENSITIVITY AND RESOLUTION

In this section we analyze the expected system sensitivity
and resolution. We assume that the temperature profile has been
determined by the microwave method and examine first how many
meaningful measurements can be made using the infrared water-
vapor absorption band and what spatial resolution does this re-
present.

As we have shown by the previous anlysis, the answer is com-
plex and dependent on the profile and the existing ground con-
ditions. In addition, the spatial resolution, as will be shown,
becomes non-lnear which complicates arriving at a meaningful
answer. Although, using a spatial technique produces a non-
linear spatial resolution, the passive method is still a viable
method, as it will be shown in section VI that employing a grad-
ient technique removes most of the non-linearity. However, for
this analysis we show how the infrared radiation from water-vapor

will produce a non-linear response in terms of spatial resolution.

A. Determination of Radiometer Noise

Before pursuing this analysis, it is necessary to consider the
limitation due to noise of an infrared radiometer. A typical radi-
ometer consists of a Cassegrain-type optical system which focusses
the radiation onto a plane which includes a field-defining aperture.
After mechanical chopping of the image, the radiation is relayed op-
tically to an infrared detector. Solid state electronics amplify,

demodulate and filter the signal produced by the detector producing an
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output voltage that is an accurate measure of the received radiation.
In addition, detectors are interchangeable and specific filters are
eaisly interchanged.

The radiometric sensitivity given in terms of noise equivalent

radiance (NER) is computed from,

ER
g Dt Aw (1) "

area of the detector

output noise bandwidth (~ 1lHz) ;
area if collecting optics 5 (4
detector figure of merit ( cm(Hz) “/watts) i
transmission of the optical system
solid angle field of view (steradians)

where, AD

ﬁ'CL>4L

w
For a typical research radiometer (e.g. Barnes spectral-master, Models

12-550 or 12-660), we have that,

A = .lmm x .5mm (~2.5x10"3 cm?)

D* = 5x108 (immersed Bolometer at 325°K)
t = .4

A 90 cm2

-4
w = 10 steradians

Consequently, for this system, NER = 107°

watts/cmzco . We define
B(the blackbody radiance) in terms of watts/cmzw Cma) Where cma\
means centimeter wavelength interval. If we limit the radiation

received by the radiometer at particular height in the atmosphere,

we must have that,

B tA>\= NER (2)
max
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where,

P
I

transmission of radiation to the ground from some level
of the atmosphere

Bpnax = highest blackbody radiance seen by the radiometer (i.e.
highest temperature)

Ax)\= wavelength bandpass of the radiometer
If we further restrict the radiometer to .%/cwavelength interval

B
at 7/u(i.e.A)\= 10" °cm) we have that,

t = 1074
Bmax ( 3)

For a normal lapse rate, Bmax is the B for the ground temperature.

(o) / 2
At 25 ¢, B(25°C) = B ax 1S 7-16 watts/cm“W cma)\ at 74 . Consequently,

10-5. This indicates that the radiometer sensitivity is on the

order of IO—SBR‘a . However, this is necessarily too sensitive and we
ax

~

t

assume that by a suitable change of one of the parameters in equation
e -4 ; ;

(1) , we can degrade the sensitivity to 10 Bmax' We will call this the

noise equivalent blackbody radiance (NEB). Consequently, any signal

received can be written as,

Signal = SNR 10748 (4)
max

where,SNR is the signal to noise ratio.

B. Determination of Sensitivitv

According to section III,part C, the measured intensity or effective
B is given by,
I/AN = B (1-t)) + By(t=ty) + =+ B (t -t . .) (5)

n

We rewrite equation (5) as,
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I/ah - Byll-t;) = B,(t)-t ) + =, (6)

where, :Eu= summation of all the upper layers. If t2 is chosen such

that the Z, T 0 (i.e. t, = 10™%) then,
I/N = By(l-t)) = B,(t;-t,) (7)

The magnitude of the signal is given by equation (4). Consequently,

- - -4
B, (t-t,) = SNR 10 B (8)
or dividing by t2 we have that,
B
sr = 2 2 (% /¢, - 1) (9)
A Bhax
: -4
since t2 = 10 7,
B3
SNR = ( tl/t2 -1) (10)
max

i.e., independent of ts.

Before proceeding, we require a known temperature profile. As a
first case, we choose a linear gradient starting with 298°K at the
ground and decreasing to 288°K at 2 KM. For this case, the minimum

SNR becomes,

B(288)
(SNR) . = ———(t,/t, - 1) (11)
min B (298) 1)
or,
(SNR)min = .79(tl/t2 - 1) (12)

From section III,part C, we showed that,

4«59 59
-1.90Ksece w
t = e (13)

where fa = the zenith angle. Hence,
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. .55 .55
T ey L -w )
£/t = e 1 2 (14)

We will call Ksec@'r55 , ¢ , and write that,

.55 .55
e R O w;°2 - w07 (15)

In order for equation (7) to be valid, we also must have that,

.55
-4 -1.90
i RN d v, (16)
or,
(17 2/ in k10T (173
-1.90 w2°55

Consequently, a given W, defines @ . This indicates that any
combination of K and sec e .55 produces a given @ .. For the
purposes of this analysis we will assume that sec 6 varies from

g o
1 to 7 corresponding to e = ¢ %o e = 82°. For 6 = 820, we can

still assume a flat earth. The variation of K oces from a peak of
about 13 at 6.70/a and we chose a lower limit of K=1 at akout
7.50/4 . Consequently @ can vary from 1 to about 38.

A plot of @ versus w2 is shown in figure 3 according to equation
(17) . On the same curve is plotted the expected SNR for a given
( wiss - wéss’) = 5 . This was computed by combining (l2)and (15).
These curves indicate the expected SNR for a given difference of w
in a two layer system.

It is to be noted that in this method, we are always working in a
wavelength region where the radiation is optically black. Consequently,
the measurements in intensity at different @ , will only reflect the

changing B or the effective(B)

Before proceeding, we now require the ground value of the water vapor
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density/ow or its equivalent the mixing ratio. In addition, we
choose the spatial resolution required. The combination of measured
_Pwand A H produces W), the optical depth of Ow at A H .con-
sequently, for a given @ , the term B, (l-tl) in equation (7) is
defined which in turn defines B, (t1-t5).

The determination of @ to be used to calculate B, (tl'tz) in
equation (7) is obtained as follows:

The /Ow or w at any given increment AH must lie between Wg
( w at saturation) and some limiting value, say 20% humidity or .2 ¥,
This is indicated in figure 4. Plotted between them is the w for the
linear temperature profile given above and an exponential water vapor
profile starting at 20 g/M3 at the ground and ending at 10 g/M3 at 2
KM. This w curve was calculated at 50 meter increments. We use this
curve as a model to the determine the spatial resolution.

At a A H = 50 meters and a}0~= 20 g/M3, the w at 50 meters is .10
pr. cm. If we continue at 50 meter increments, the value of Wy at 100
meters for a saturated layer is .3 pr. cm. while for a 20% humidity
it is .12 pr. cm.. Hence expect that the measured value between 50 and
100 meters should fall between the values computed as follows:

wg (50 to 100) = wg(100) = wg(50) = (.3 -.15) = .15
W, (50 to 100)= w, (100) = w,q(50) = (.06 -.03) = .03

Consequently for the 50 to the 100 meter layer,
wy = .1(+ .15 25
o E LS
Referring to the w, curve of figure 3, this produces a range of

@ = 15.0 to ¢ = 10.2. The measured value of I/aAN - Bl(l —tl) can be

obtained as ¢ is scanned from 15.0 to 10.2. Each value of @ will pro-
duce a signal at a given SNR. However, the-6 values for saturation and

20% humidity are .184 and .043 respectively. At —8= .184 at ¢= 10.2,
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the SNR is 27 while at -6= .043 and@ = 15.0, the SNR is 2. Since
the actual value of w is .20, this would produce an SNR of about 14
at @ = 11.8. Scanning the @ from 15.0 to 10.2 would produce the SNR
that is consistent with the actual wj.

Once Wy is determined, the process is continued for the third layer.
Now t, represents the transmi ssion to the ground from the top of the
first two layers and the t2 from the top of the third layer. In each
layer, the limits of saturation and 20% humidity determines the range
of ¢>that is to be scanned and the SNR obtained that is consistent with
the —6 for each @ results in the value of w for that layer.

To obtain a measure of the expected resolution for this process
and the number of measurements that can be made, we examine the process
in reverse and calculate the minimum thickness of the atmosphere that is
necessary that will produce a SNR = 1, starting from the top of the
2 KM layer using the calculated w curve for the mode;/[)profile.This

is computed from,

6 _ 1n(2.27)
NRE = S e (18)
i -1.90
and from,
188
w, = (5+ wiss) (19)

The results are shown in Table I. From this we conclude that for a
nearly satured/ﬁ“ profile, neglecting the first 100 meters, we can
make about 17 measurements. However, the spatial resolution is non-
linear, being fine at the bottom of the atmosphere and becoming
coarser as higher layers are probed. As the course of radio waves are
affected by w rather than//kv, we believe that the coarse resolution

at the top layers is not a serious restriction of the method.
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TABLE I*
.55 D3

H (Meters) w2 @ 6 Wy Wy

2000 2.96 2.70 -.160| 1.66 o

1600 2.5% 2.92 -.148 1] 1.51 5 .12

1300 .13 3.20 -.135( 1.38 1.79

1100 1.79 3.50 ~-.1231 1.25 1.51

850 1.51 3.80 -.114 | 1.14 1,27

700 1.27 4.25 -.102 1| 1.04 1.07

580 1.07 4.70 -.092 .946 .904
480 .904 5.10 -.085 .861 .762
400 .762 5.60 -.077 .784 .643
330 .643 6.20 -.0696 .715 .543
280 .543 6.70 -.0644 .650 .457
230 .457 7.40 -.0583] .592 .385
200 .385 8.20 -.0526] .539 .325

; 170 .325 9.00 -.0479| .491 .274
| 140 <374 9.90 -.0436] .447 231
| 120 w231 | 10.80 -.0400| .407 .195
100 .195

E *Tabulation of W values for the model profile used to determine the
expected resolution (see text above) .

C. Microwave System

The microwave radiometer spatial resolution and temperature

sensitivity is a function of the requisite parameters for a via-

ble probe. For example, as the normal temperature gradient of the
] atmosphere is about -6.5 PK/Km (-.0065 °K/Km) and a spatial reso-
lution of 50 meters is required, then the microwave radiometer

o

should be able to resolve about .3 K.

The temperature sensitivity of the radiometer can be expressed

as,
1 w SAN-D - CTe 253
where,

. = root-mean square temperature fluctuation(minimum detectable
Mn  temperature)

noise figure

integration time

ambient temperature

constant between 1.5 and 2(depends on mode of operation)
excess receiver noise temperature

-
|

LI | | B | A |

m'—i OO'—JH'Z

For a sytem operating at 60 GHz (oxygen band), with an IF bandpass of 20 MHz
(typical), the Thin is a function of the excess receiver noise. Assuming an in-

tegration time of 10 sec. and a To of 290°K with C = 2, we have that,
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System Noise (DB) Sensitivity (°K)
20 4
157 2
10 37
8 .22
5 +09

Consequently, a system noise of about 10 DB is necessary to meet
this requirement.

In terms of the spatial resolution of the radiometer, the gain
of the antenna used determines the area over which the received
energy is integrated. Hence the beamwidth is a measure of the re-
solving power of the antenna. For a paraboloid antenna, the eff-
ective area, A, is about 55% of the physical area. A general re-
lation of the antenna gain G, is given by,

G: 4—TrA (21)
>\l
At 60 GHz and a diameter of the antenna of 1 foot, the gain

(55% efficiency) is about 40 DB. The angular resolution of the

antenna is given by,

G = A (22)
Do
where A = wavelength of the received radiation(.5cm)
Do = effective diameter of the antenna (D, = DYA55 )i

Consequently, the angular resolution is about .022 radians(~1.39).
At 2 KM (limit of the temperature probe), this represents a
physical area of about 44 meters in diameter which is consistent
with the assumed temperature spatial resolution requirement.

In practice, the antenna gain is determined empirically. For
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the stated requirements, a 1 foot diameter antenna with a noise
figure of 10 DB, appears to meet the needs of a viable probe.
Both system cost and complexity cannot be determined but must
be evaluated when the results of the error propagation analysis
is made.
As microwave radiometry is a well developed technology, it is
concluded that a properly designed system can adequately meet any

| necessary requirements.

D. Infrared System

The spatial resolution of an infrared system utilizing a
Cassegranian telescope as the receiver more than adequately
meets the spatial resolution requirements (due to much shorter
wavelength'VG.S/L). The sensitivity of the system to water vapor
concentration changes will be a function of the limits imposed
by the error analysis, the requisite requirements of the probe
and the ability of the radiometer to measure intensity changes.

The noise equivalent radiance (NER) of the radiometer can be

computed from,
|/’2.
'/1..
NER = & (af)
Te Aw (23)

where, X = detector area

Af = output noise bandwidth

A = area of the collecting aperture

w = solid angle field of view

D* = detector figure of merit

e = transmission of the optical system

For a typical system, we have that X= .12mm x .48mm, Af = 1 Hz,

A= 8.5 om®, W= ,0012 sr, D* = 10° cm(Hz)"

8 watts/cmz-sr.

/watt and e = .4. Using
these values NER = 6x 10
To translate this into an equivalent sensitivity for water

vapor concentration, we proceed as follows:
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For a given radiating layer, the emitted intensity is IL::

BL(tl = t2) where the symbols were defined in progress report #2.
As t2 is the transmission from the top of the layer to the ground,
it can be expressed as t2 = trty where tg is the transmission
through the layer. Then IL = (tl

intensity due to a change in the transmission of the layer from a

s tLtl)BL’ A change in the emitted

change in the water vapor concentration and assuming a constant

temperature in the layer results in AI_ = —tléltL. As it was

L
shown in section III, part C :that tg is related to the optical
thickness w through, -

_qut<Q)w‘%

(24)

a change in tL due to a change in w becomes,

59
ﬂquKOOhr: _.45
Atﬂ.: —1.90 KN e (-55>W a (25)

In terms of the mixing ratio m, the w is in turn related to m

through mas = 8.50x 105w, assuming a P = & atmosphere and a To
= 300°%k. Using a K(A) = 13 (peak of the water vapor absorbtion)

and substituting into equation (25 we obtain that,

5N.45 T
2 P = 8.50 %10 L300 (26)

&% &, B (seye 2V ew

If we assume a spatial resolution (in depth) of 50 meters as

pefore and a typical value of w = .01 pr. cm., with ti nearly 1,

we have that,

~ 1O D d

D

We equate the A I_ to the sensitivity of the radiometer and

L
obtain that the sensitivity in terms of the mixing ratio is,

Am = IONER (28)
-~
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The By, is the blackbody radiation at the bandpass and wavelength
of the radiometer. At 6.5 microns with T = 300°K and assuming a

bandpass of 0.1 microns for the radiometer, B, = 4x10-4 watts/cmz—

L
steradian. Substituting the calculated value of the NER, we ob-
tain that,

~ -2
Am = 10 9/Kg _

Although this is an approximate value, it indicates that, poten-

tially that the method has a sensitivity that exceeds any reaso-

nable requirements for a probe.
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FIGURE 4. CALCULATED VALUES OF W FOR THREED/DPROFILES VERSUS H

(SEE TEXT)
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V. EFFECT OF VISIBILITY ON PASSIVE PROBES

In order for a probe for water-vapor and temperature to be
useful, whether active or passive, it must be capable of opera-

ting under varying degrees of visibility. The effect of visual

range (i.e. visibility) of 1 to 10 Km on both the infrared and
microwave passive methods is evaluated in this section.

As visual range is a subjective parameter while the proposed
passive methods are objective measurements, a criterion must be
established to relate the two. Visual range, as defined, depends
on the ability of an observer (i.e. the "standard" eye) to dis-
tinguish an object from it's background light (contrast). In its
most general form, the reduction in contrast for an observer, un-
der different sky brightness conditions is given by(ll),

B -B,; -’=('BO—TB<',>€3-G;P (1)

where, B, and Bé are the inherent luminances of the object and

background respectively, BR and Bé are the reduction in luminance

at the distance R of the object and background respectively, Gp the

extinction coefficient for a homogeneous layer of the atmosphere

and R, the optical range:; defined as the equivalent horizontal dis-
tance which produces the same attentuation as the actual range R.

Calling the inherent contrast Co' we have that,

Co=BazBe @
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and the apparent contrast CR as,
/i
C—R: BS__.—___B—E—
N T /
Be (3)
we have that equation (1) can be written as,
o — LR '
€. 2, (B Jee) e (4) |
Due to the fact that the eye contrast threshold €, depends on
the angular subtense of the object and that for a particular ob-
ject this in turn depends on the range and that the resulting
contrast depends on the luminance of the background, equation (4)
admits to a range of values. Nomograms for a variety of luminance
values and object sizes are available to determine visual range
for a given set of conditions (l%)However, for the purposes of
evaluating the passive methods, we utilize equation (4) for the
case of an object seen against the horizon sky. If Co is greater
than € , then equation (4) becomes,
— G

e= (€ (5)

where, V = visual range
€ = luminal contrast.

As we are concerned with the evaluation of O, we assume a black

object (CO = -1) and equation (5) can be rearranged to,

I _'_)
\/ - O_; ,th(e I (6)
Before G,can be evaluated, a value for € must be assigned. If we

use the meteorological range as the criterion for visibility, then

€ = .02 and equation (6) can be written as, |
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C.= 3.912 /7, (7)

where, V, = the meteorological range. Consequently, a meteoro-

logical range of 1 to 10 KM produces a value of C,0f 3.912 KM_l

to .3912 kM 1

. This range of extinction coefficients must now be
related to some power law with wavelength in order to assess its'
effect in the infrared and the microwave regions.

The most general form of G can be written as,

-4
G= N & S A (8)

where, < and c, are constants, X the wavelength and the second
term reflects the Rayleigh extinction coefficient for pure air.
As for pure dry air, the visual range is over 350 KM (l{)we
are justified in considering only the first term in equation (8)
when dealing with a visual range of 1 to 10 KM. Consequently,
ﬁ o= C.)\n where the exponent n must be evaluated on the basis

of the type of scattering and absorbing particle involved.

In order to evaluate the exponent n, recourse is made to the

Mie theory of scattering in which the cross-section for extinc-

tion can be wriiten as,

K 3
S = N1mTr*K (9)

number of particles em™3

where, N
r = radius of the particle
K = efficiency for extinction
K is ratio of the extinction coefficient to the geometric cross-
section of the particle. From the Mie theory, the K is a function
of X, the size parameter, equal to 2Tr/XN. For a dielectric sphere

(i.e. a water drop) with a refractive index of 1.33, K is about 4
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when OKC = 1. Above &= 1, the K fluctuates about K = 2 and
approaches 2 for large values of X and eventually approaches 1
in the geometric region. From equation (8) and equation (9) we

can write,

-n
NTriK= ¢ (/)
(10)

Taking the log of equation (10) yields,
)Oqf< +- loq(NlTYﬂ‘:‘oq C,-—rw‘oq (*/x) (11)

Consequently, for a given value of r and A , K can be calculated
from Mie theory for a given refractive index, allowing the deter-
mination of n. This has been done for water spheres (m = 1.33) and
completely absorbing spheres (m =09) by reference (11). For water
spheres, the value of n = -4 for very small spheres (Rayleigh ex-
tinction), becomes n = -2 for r about )72 and n = 0 for r = A\ .
It then becomes temporarily positive and oscillates about zero as
r/ X\ increases. For completely absorbing spheres, the transition
from n = -4 ton = 0 occurs at r/ X\ = .2. Although the Mie theory
predicts an oscillating value for n for large values of X, these
effects are not observed as atmospheric aerosols are mainly poly-
disperse resulting in a dampning of the oscillation in n. Consequen-
tly, depending on the value of m, a critical value of r is reached
where the extinction becomes independent of wavelength.
Accordingly, the extinction coefficient for atmospheric aerosols
can be used to determine the value of n. Empirically it has been
found that (13)

Vs
=2 3
nN= 585x10 \/,_ (Vo in meters) (12)

Although this equation has been evaluated for a range of 1 to 5 KM,
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for the purposes of this calculation, we will assume that it is
also valid up to 10 KM. Combining equation (7) with (9) we have

that,

(ND = 2218
LT <> K@) (13)
where the brackets indicate the average value. As equation (12)
permits a determination of n which in turn defines both K(cK) and
r, ( using and average value of A= .%/Lfor the visible ), permits
and estimation of {( N)from equation (13).

Assuming that water droplets produce the reduction in visibility,
(reasonable assumption for open ocean areas), a range of 1 KM pro-
duces an {r) = .43/4and <N F 2.2% 109/m3, corresponding to an n =
.59 and K ¥ 3. For a visual range of 10 KM, n ¥ 1.26, r/»=65,{=
33 u, K = 3 and {N)¥ 3.8x 108/m3. Consequently, we are to assess
the effects of water droplets in the range of 4x 108/m3 to 2x 109/m3,
varying in size from .4 to .3« for the infrared and the microwave
regions.

Before addressing this problem, it is instructive to compare
the obscuring power of rainfall with that of haze considered above.

(11)
It can be shown that i

i -6 -1
s =5.2x 10°X (cm) i

where X = number of raindrops/cm2

-sec and the drops are large
enough for K to be 2 (greater than 10 N). From equation (7) and
noting that 7, the precipitation rate (cm/sec.), is Xv, where Ve

is the volume of a single raindrop, we have that,

7 (¢™/sec) = .75 X (0% v, (MY (1%}
V, (em)

Assuming a raindrop size of 1 mm radius, we have that,
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WA 0%

Z(cM/sec> == VZ(CM) e

Consequently, for a V2 of 1 KM (loscm), 2 =T x 10—2 and for V2 =
10 KM, 2 =TT'x 1073 cm/sec. As rainfall seldom exceeds 2 to 3" /hr.,
we conclude that rainfall can have less obscuring power than haze
(i.e. greater visual range). These results will be used when consid-
ering the infrared and microwave regions.

In order to assess the effect of haze in the infrared and micro-
wave regions, we utilize the general form of the extinction co-
efficient from the Mie theory. For an absorbing particle with a

complex refractive index ( water in the infrared and microwave),

the scattering coefficient for values of X <1 is given by,

2 b 2
Qs=§1>; o [kl (17)

where k =(m? - IMmz + 2). The absorbtion coefficient is given by,

2
G- i\r o T B~ (18)

-

where Im is the imaginary part of -(m? - 1)/(m2 + 2). Equations
(17) and (18) combined procduce the extinction coefficient per
particle and can be related toGof the visual range by multiplying
by {N) calculated above.

For water droplets in the infrared, the complex refreactive
index at 6/¢is,

L

2= |, o ol &
m* = L5304 (19)

For water spheres with <{r»> = .35 «,X= .37. From equation (19),

(m*)2 = 1.69 - .26i and k = .18 - .08i with k2 = .04. Accordingly,

Qg = 7.8x 10716 n? ang 0, = 4.64x 10"14 n2. consequently, .. 4.7

X 10’14m2. From the visual range, the maximum { N) was found to be

-5 -
about 2x 109/m3. Hence O= 9.4x 10 m L or O = .094 kM~1. 1n
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terms of optical depth used in section III, part A, even at 2 KM,
the effect on the T due to water droplets is not significant com-
pared to the C of water vapor. Consequentlv, we conclude that even
with a visual range of 1 KM, the effect on the infrared measurement
is not significant. In the case of rainfall, the effect would be
about the same as in the visible asx>10 and the extinction coeff-
icient is nearly the same for absorbing and non-absorbing particle.
For the microwave region for haze particles, as the value of X
is so small ( ~ 10-4), only Rayleigh scattering prevails and the
effect on O of the oxygen band (~5mm) is even less than the infra-
red region. However, for rainfall, where the drop size is comparable
to the microwave wavelength, equations (18) and (19) can be used.
The values for IHZ and Im (-k) for water at .62cm has been tabula-
ted(14)and the attentuation coefficient per mm rainfall/hr. has

(15{ At 60 GHz ( oxygen frequency), the

been calculated by Medhurst
maximum rainfall attenuation coefficient measured is about .85 DB/KM
per mm/hr. From the previous calculation utilizing the visual range
it was estimated that a visual range of 10 KM corresponds to a rain-
fall of about 10 cm/hr. (a rate only occuring for a short time at
frontal regions). If we assume a rainfall of 1 cm/hr. (correspond-
ing to a heavy downfall), then it is expected that there will be an
appreciable effect on the microwave method as the ground value for
oxygen absorbtion is about 14 DB/KM.
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