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CHAPTER 1

INTRODUCTION

The microwave apparent temperature over the ocean measured by a
radiometer includes contributions from (a) the surface, (b) the intervening atmosphere
between the surface and the radiometer, and (c) radiation from the atmosphere above
the surface and any signal source that might be present, which upon reflection
by the surface falls within the beam of the radiometer antennas. If the atmosphere
consists of scattering particles such as the precipitating raindrops with size
comparable to radiation wavelength, this will further complicate the problem.

A complete understanding of the microwave apparent temperature from the ocean,
therefore, requires to know the sea surface characteristics and the atmospheric
conditions that account for the total apparent temperature.

The apparent temperature contribution from the sea surface, or the microwave
brightness temperature of the sea surface as usually called, depends on the surface
temperature and the surface emissivity. The surface emissivity, in general, is
related to the surface roughness and the percentage sea foam coverage. The sea
foam coverage especially at high wind speed, say 20 m/s, should be properly
treated. The investigations of sea foam that affects the surface emissivity can be
found elsewhere (Dobplemon, 1970; Hollinger, 1971b; Stogryn, 1971, Porter, 1971).

It is our purpose here to pursue only the surface emissivity that relates to sur-
face roughness effect and assume that the sea foam effect is negligible or can be
properly accounted for when situation requires, With this perspective, the surface
emissivity depends on the differential scattering coefficient of the sea in an
integral form defined by Peake (1959). Thus, an assumed scattering model for the
rough sea also serves as a model for the surface brightness temperature. A satisfactory
sea model will, therefore, be capable of predicting both the scattering and the
emission characteristics of the sea surface. This being the case, the roughness
parameters of the surface which appear in the moédel may be studies by examining
either the backscattering coefficient measured by a scatterometer (Bradley, 1971)
or the microwave apparent temperature measured by a radiometer (Hollinger, 1971a,

1971b) or by both (Claassen, et al., 1971). In the case of apparent temperature



medsurément in addition to sea foam effect the atmospheric. contribution obéye the
_sea surface should also be considered. Since atmospheric contribution under clear
sky or éven cloudy sky conditions at low frequencies, say below 15, GHz is
relcmvely small and constant and sea foam effect can also be properly accounted
for, (Hollinger, 1971b, Stogryn, 1971), both scatterometer. and radiometer can be -
employed to detect sea surface roug'hqess .. Thv_eﬁ sea surface roughpess in gene‘rcl
depends on the wind blowing over the ocean. Thus scatterometer or r;::digmeter data
can be inferred to wind speéd over. the ocean. "
Several investigators have reported radiometric observations over wind
driven seas. Hollinger of NRL (1970, 1971a) has conducted radiometric measurements
at three microwave frequencies, 1.41, 8.36, and 19.34 GHz, from a tower
located in 60 meters of sea. His measurements for horizontally polarized emissions show
(1) a linear rising trend with wind speed, over all incident angle (2) an increasing
" sensitivity to wind speed with frequency, and (3) a small increasing sensitivity to
.wind speed with incident angle Vertically polarized emission exhibited little
sensitivity to wind speed except at 19.34 GHz, and large incident angles where a
declining trend was observed. . In processing his data Hollinger removed the effects
of foam from the apparent temperature. Atmospheric confriybufio'ns were dlso removed
from the measurements, so only surface geometry affected the measurements since the
. surface water temperature was nearly constant .. Nordberg et al., (1968 1969, 1971)
have also reported the dependence of brlghtness temperature on wind speed at 19.34
GHz.. Their observations were conducted from an aircraft over the North Sea and
the Norfh Atlantic Sea. They report selected data whlch indicated that the
bnghtness fempercfure at nadir increases with wind speed from 7 m/s to 2‘5'm/s‘af
a rate of about 1.2° K/m/s. : ‘l | o | |
On the other hand, past theoretical mveshgahons of the mlcrowave brightness
‘temperature from the sea surface either c;sumed a single sur_Face model| A_.for computing
the differential scattering coefficient excluding shadowing ond.'mdv.l'riple “
scofter_ing (Stogryn, 1967; Fung.and Ulaby, 1970) or including fHese_ effects but
employed one-dimensional model (Lynch and Wagner, 1970) or employed a facet
reflechon mode|- (Surouman, 1967; Shnfrm, 1969). AII these mveshgchons
except Fung and Ulaby's physncal ophcs model Falled to predlcf the observed wind
dependence at nadir reported by the above measured apparent temperature data.

Though the physical optics model proposed by Fung and Ulaby (1970) predicted good
| 2



agreement with experimental results, the parameter in this theory appears as a
product of the surface parameters which cannot be easily isolated and related to
wind speed. " For practical applications it is necesscry to calibrate this parameter
versus wind speed ‘experimentally . '

In view of the above deflaen‘cy and a closer description of the sea surface
consists of small ripples, namely capillary waves, riding on large gravity waves
(Pierson et al., 1971), it appears reasonable to ¢onsider a two ‘scale model (small
irregularities superimposed uppn‘lnrg'e' undulations) for examining the emission and
scattering characteristics of the sea. It has already been noted thatf such a two-scale
mode! allowed closer description of the backscattering cross section of the sea as a
furiction of the incident angle. Its wiad dependence remains to be investigated. It
is the subjéct matter of this study to further generdlize the two-scalé model for
predicting both the surface brightness temperature and the bccksccHermg cross section
as a furiction of both wind speed and look angle. ' '

In the following chapter we shall discuss certain aspects of the séathat have
significant effects on the differential’ scorrerlng coefficient,  In particular, we shall
“consider the surface geometry and the electrical properties of sea water, The
" electrical properties in turn are related to salinity, sea water temperafure by the

‘complex relative dielectric constant. : R
In Chapter 3, a detailed development of two =scale non=coherent scattering
" theory extended from S:(:emyonov's paper (1966) for computing the differential scattering
~ coefficient is given. Under the non-coherent cssump’rioﬁ"f'he differential scattering
coefficient can be shown to consist 6f a sum of two terms: the first term represents
the main contribution by the large undulations; and the second ferm the ‘main
“contribution by the small irregularitiesi: The theory dssumed Gaussian surface
height distributions and Gaussian correlation functions for both scales of
: robghnéss. “The differential scattering coefficient is shown to bé dependent on the
rms slope of the large undulohons, the standard devidtion of the small irrégularities
andthe correlation distance of the small iregularities.  The wind dependence for

the rms slope of the large undtlations is treated in accordance with Cox and Munk's

" measured data.' The sfondard devmhon of the small irregularities is correlated

to the wind grow coplllory wave specfrc proposed by Pucrson et al’, Good agreement

with measured chcracferlshcs and better agreement than fhe single surfc:ce model

[

are demonstrated.



In Chapter 4, the effect of clouds and rain on the microwave apparent
temperature over the ocean is presented. Various cloud and rain models investigated
by meteorologist have been employed to determine the rise in the microwave
apparent temperature when viewing downward through'these model atmospheres.

A horizontally uniform stratified model atmospheres is assumed for both cases with or
without the scattering term in the solution of radiative transfer equation. The
attenuation, absorption and scattering coefficients are corﬁbute‘d by:l;s‘ing Mie
theory for some representative precipitation rate. With the scattering term included
" the finité difference method proposed by Germogenova (1962) is employed for
solving the ‘radiative transfer problem. Comparisons of the ‘computed apparént tem=
";;erofﬁre?;are also made between the two cases with or without the term when the
"sky condition ‘is assumed to be under heavy rain. It is found that the apparent
temperature contribution by the sccrrerlng ‘effect is 5|gn|f|cont Hence, for heavy
rain case, the opparent temperature compurahon should include the scattering term.
- Emphasis has also been placed in correlahng the temperature increase resulrlng from

clouds ‘and rain with atmospheric attenuation. Details are given in Section 4.4,



CHAPTER 2

CERTAIN ASPECTS OF THE SEA

2.1 INTRODUCTION

A naturally occuring ocean surface is characterized primarily by the salinity,
the temperature of the sea water, the surface roughness, the foam coverage, the
white caps, and the sprays. The salinity and temperature of sea water specify its
dielectric properties at microwave frequencies in the range 1 to 300 GHz. At
frequencies below microwaves, say 100 MHz, sea water is a good conductor with
very high conductivity due to its dissociated salts (Neumann and Pierson, 1966).
On the other hand the surface roughness, the foam coverage, the white caps, and
the sprays are developed, in general, by winds blowing over ocean surface. Since
dielectric properties of sea water and sea surface geometry are responsible for the
surface emissivity and backscattering cross-section of the sea, it is appropriate to
have a brief discussion of the dielectric properties and wind roughened surface

characteristics of sea water.

2.2 SALINITY, SURFACE TEMPERATURE, AND DIELECTRIC CONSTANTS OF SEA
WATER

The sea water is such a complex solution of salts that it is impossible by
direct chemical analysis to determine its total content of dissolved solids. The sa-
linity of the sea water has, therefore, been defined as "the total amount of solid
material in grams contained in one kilogram of sea water when all the carbonate
hos been converted to oxide the bromine and iodine replaced by chlorine, and
all organic matter completely oxidized." Since the relative amounts of all the
major constituents are virtually constants in the different parts of the oceans, the

salinity of a water sample can be computed by determining the amount of only one



of the major components. Chlorine is present in relatively large quantities and can
~ be determined easily and accurately; for this reason the determination of the chlo-
rinity of the sea water has been standardizéd. The empirical relation between
salinity and chlorinity is (Neumann and Pierson, 1966)

Salinity = 0.03 + 1.805 X chlorinity. (2.1)
Both salinity and chlorinity are expressed in parts per thousand, or "per mille", for

which the symbol "o/00" is used. Table 2.1 gives the major constituents of sea
water (McLelland, 1965). '

Table 2.1
PRINCIPAL IONIC CONSTITUENTS OF SEA WATER (34.4 o/60 SALINITY)

Amount (g) Molecular Percentage
Species per Kg of or Atomic ' of Total

Solution Weight Salt
cations o
Sodium - 10.47 22.997 30.4
Magnesium 1.28 24,32 3.7
Calcium 0.41 40.08 1.2
Potassium 0.38 39.096 0.05
Strontium . 0.013 87.63
Anions
Chloride 18.97 25.459 55.2
Sulfate 2.65 ' 32.06 7.7
Bromide 0.065 - 79.916 0.2
Bicarbonate 0.14 0.4
Borste 0.027 10.82 0,08

From Table 2.1 it can be seen that sodium chloride (NaCl) is the major contributor.
The specific gravity of a normal solution of NaCl is unity; thus, there are 58.45 grams
_ of sodium chloride in 1,000 grams of solution. With this as a basis, the salinity, S,

may be expressed in terms of normality, N,as (Porter and Wentz III, 1971)
S = 58.45N o/ 0o - (2.2)



Table 2.2 lists surface salinifies.during the Northern Hemisphere Summer (Sverdrup,
et al., 1942).

... Sverdrup, et al., (1942) also furnishes data on the average monthly ocean
surface temperatures. Table 2.3 lists this information for the months of February

and August.

A : Table 2.2
SURFACE SALINITIES DURING NORTHERN HEMISPHERE SUMMER

QOcean Region . Salinity (o/00)
Minimum Maximum

North Atlantic 34,0 37.0
South Atlantic 34.0 37.0
Caribbean 35.0 _ 36.5
North Pacific ’ 32.0 35.5
South Pacific 34,0 36.5
Indian Ocean 34.0 36.5

(to Southern Australia)

v Table 2.3
SMOOTHED AVERAGE MONTHLY OCEAN SURFACE TEMPERATURES

Ocean Region Temperature (°C)
February August
North Atlantic -1 to 27 0to 29
South Atlantic -1to 27 -1 to.25
Caribbean 26 to 26 26 to 29
North Pacific : =1 to 27 0 to 28
South Pacific -1 to 28 -1 to 28
Indian Ocean 20 to 28 15 to 18

(to Southern Australia)

On the air-sea boundary three different conditions exist: the stable condition when
air is warmer than the sea surface water temperature, the unstable condition when

the air is colder and the neutral condition when air and sea temperatures are the same.
There are different wind roughned sea surface characteristics under stable, neutral

and unstable conditions (Cardone, 1969, Figure 2.4).



Many investigators (Lane ond Soxton, 1952, Hosted, et al., 1948, 1958,
Grant, et al., 1957) have made measurements of the dielectric properties of ionic
solutions of water at various normalities,temperatures and electromagnetic wave-
lengths. They employed Debye's (1942) formula for comparing theories with
measurement. The data of Grant (1957) and Hasted (1958) seemed to indicate that
the Debye expressions for the dielectric constant was in slight error. The data
could only be explained by a slight spread of relaxation time, as proposed by

Cole (1941).

Porter (1971) investigated various parameters that influence the correct ex-
pression of Debye formula by summarizing all previous results. Following Porter's

result the complex relative dielectric constant, € r, is expréssed in the form

€ = ¢’ — j¢&’ : (2.3)

, (e -48) (14 (Ma) (wx107%)]

e'= a8+ i 2 (2.3a
| + 2(7‘5/,\)'98(1rx|o‘2)+ (AS/A)’ ( )

e - (€s-28) (A )°'98' : 4 8¢
1+ 2 (Ap )20 x107F) 4 (e )" @
Where
€s = 87.8-15.3N-0.363T # Se, ,
As = 3.38-0.1IT +0.00147T°+0.0173 TN - 0.52N ¥ $»,
O = S5N+O0I2TN+0.04T t §_ mho /meter

A = wavelength in cm  same as oA
£ = frequency in GHz -
N

= normality



. ©
T= temperature in “C

be, =
§,,= 0.025
5, = 0.004

0.1 is the average deviation for corresponding experimental values

Table 2.4 shows a set of computed dielectric constants at.two frequencies,

four temperatures and three salinities.

Table 2.4
COMPLEX RELATIVE DIELECTRIC CONSTANTS OF SEA WATER

T oK 284 288 292 296
Fr e' €" €' e" €' e €' e"
GHz 33%° 52.75 | 39.47 | 55.06 | 38.16 | 56.66 | 36.85 | 57.53 | 35.72
9.3 35 52.54 | 39.60 | 54,80 | 38.33 | 56.34 | 37.06 | 57.17 | 35.99
37 52.33 | 39.72 | 54.53 | 38.49 | 56.02 | 37.28 | 56.80 | 36.27
. 33 . 39.93 | 39.30 | 43.18 | 38.93 | 45.83 | 38.21 | 47.70 | 37.35
13.9 | 35 39.84 | 39.33 | 43.04 | 38.97 | 45.62 | 38.26 | 47.43 | 37.43
35 39.75 | 39.35 | 42.89 | 39.00 | 45.42 | 38.31 |47.17 | 37.51

From Table 2.4 it is seen that the change of sea water temperature affects

the dielectric constant, while the effect of the change of salinity upon the dielectric

constant is insignificant at the above frequency range.

Figure 2.1 illustrates the graphs of the real and the imaginary part of the

dielectric constant with respect to varying frequencies ranging from 1 to 20 GHz at

35 o/0o0 salinity and temperature at 292°K.

Figure 2.2 illustrates the graphs of the real and the imaginary part of the

dielectric constant with respect to varying temperature ranging from 276 to 296°K

at 350/ 00 salinity and frequencies at 9.3, 13.9 and 19.34 GHz respectively.
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2.3 WIND ROUGHENED SEA SURFACE CHARACTERISTICS

If the ocean were filled with o completely motionless homogeneous water,
the idea sea surface with a boundary adjacent to the atmosphere would be a level
surface geologically and a plane conducting surface electrically. The sea surface
is, however, not of such a simple idecl‘nature. It varies all the time due to the
changes of the forces of external and internal pressure and méinly of the wind
friction stress at the sea surface.

Any given wind structure is, of course, not uniform over an unlimited
region of the sea, The length of the path over which a substantially constant
wind blows is known as the "fetch". At any given fetch the wave amplitude in-
creases with the length of time that the wind has been blowing. After o cerfqiﬁ
time a steady state is reached at which the wave height remains constant. It is -
called the "fully developed” sea. The time that it takes to reach this state of
equilibrium, known as the "minimum duration", increases with the length of the
fetch and the wind speed. If the wind blows for a time shorter than the minimum
duration, the wave height does not depend upon the fetch but only upon the time
ond wind velocity.

In the case of a fully developed sea there is a unique relationship between
wind and sea state. Table 2.5, which is an abstract from a compilation due to
Wilbur Mark of the David Taylor Model Besin, shows some useful relationships.
Note the wind speed is given in knots in'the table (1 knot = 0.5148 m/sec.).

Waves of the actual ocean are very complex phenomena. A detailed
description of waves characteristics of ocean can be found elsewhere (Pierson, 1966,
Pierson, et al, 1971). Since sea surface characteristics responsible for surface
emission and backscattering cross-section from the large structures can be described
in good agreement with experiment by using the slope distribution of the sea surface
measured by Cox and Munk (1952), the wave spectrum analysis of the large structure

* gravity wave is not considered. On the other hand, the description of capillary waves,
which is also responsible for both surface emission and backscattering characteristics,

will follow the wind grow wave numbers spectrum proposed by Pierson (1971)

12



Table 2.5 _
WIND AND SEA SCALE FOR A FULLY DEVELOPED SEA

Sca— General Wind Sca”
Wind wind | Waveleight (Feet) | yini | ainie
Sca - Force P Range | -Veloc- mum | mum
Statc Description (Bcau-. Description (knots) ity Aver- | Signifi- | Avg % | Fetch (Duranc.
fort) (knots) age cant | Highest | (nmi) | (hours,
Sca like a mirror 0 Calm <1 0 (] 0 0
0
| Ripples with the appearance of scales are formed; 1 Light Air 1-3 2 0.05 0.08 0.10 5 |18 min
but without foam crests :
Small wavelets, still short but more pronounced; 2 Light | 4-6 ] 0.18 0.29 0.37 8 | I9min
1 | crests have a glassy appearance, but do not break Breeze
Large wavelets, crests begin to break. Foam of 3 | Gentle 7-10 | * 8.5 0.6 1.0 1.2 9.8 1.7k
—] glassy appearance. Perhaps scattered white Brecze '
horses. 10 0.88 1.4 1.8 10 2.4
2, S -
Small waves, becoming larger; fairly frequent 4 Moderate | 11-16 [ 12 1.4 2.2 2.8 18 3.8
white horses Breeze
3.5 1.8 2.9 3.7 24 4.8
3 14 2.0 3.3 4.2 28 5.2
16 2.9 4.6 5.8 40 6.6
Modcrate waves, taking a more pronounced long 5 Fresh 17-21 18 3.8 6.1 7.8 55 8.3
.4 | ferm; many white horses are formed. (Chance of Breeze
some spray.) ‘ 19 4.3 6.9 8.7 65 9.2
20 5.0 8.0 10 75 |10
5 ] Large waves begin to form; the white foam crests 6 Strong 22-27 | 22 6.4 10 13 100 |12
are more cxtensive ceverywhere (probably scme Brecze
spray). 24 7.9 12 16 130 |14
' 24.5 8.2 | 13 17 140 |15
‘ 26 9.6 | 1s | 20 180 | 17
6 .
Seca hcaps up and white foam from breaking 7 Modcrate | 28-33 | 28 11 18 23 230 | 20
——1} waves begins. to be blown’in streaks along the Gale
dircction of the wind. (Spindrift beging to be 30 14 22 28 280 | 23
seen
30.5 14 23 29 290 |24
? 32 16 - 26 33 350 | 27
Modcrately high waves of greater length; edpes 8 Fresh 34-40 | 34 19 30 38 420 ) 30
of crests break into spindnift. The foam is blown | . Gale
in vell marked streaks along the direction of the 36 21 35 44 500 |34
the wind. Spray affects visibility,
3 23 kY 46.7 530 |37
38 25 40 50 600 | 33
40 28 45 58 710 | 42
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2.3.1 Slope Dlsfrlbutlon Statistics oF Sea Surface

Cox and Munk (]9540) had made surface slope measurement by optical

: reflection method on the Hawaiian sea at wind speeds up to 14 m/sec. Due to the

method of meosurement, the small scale copillary waves, white caps and sprays

were ignored in their analysis. To account for such a small scale roughness riding
‘on the, large undulating surface a different-approach is. made and it is presented in
the next,section. - .. . . - o :

¢ These authors found the slope d|str|buhon of the sea surface to be nearly.

~Gaussian with small corrections.expressed by a few terms in.a Gram-Charlier series
which represents skewness. and -peakedness.. The principal axes, x and y, were found
to lie. cross wind cnd, parallel to the wind respectively. Cox. and Munk expressed the

slope distribution function in the form. o _ .
P(Z"z’)Z(Z'n'o;ory)-'exp _%(Ez-‘.vz))x{' CZl(E |)7Z.-
L Cos (=370 +2= C ce‘—eisz¥3>+ (2.4)

2-C,, (B Y(n22 )+ CO;"(774—"§617'24'3' ) }

o : ‘ T 3E '
Where E = %#x/zy and 7 = z5'/0 ,  Zx =_W , zu §§ . The mean

square slopes O'X + U'y regcrdless of dlrecflon were found to depend Ilneorly on the

1wmd speed (mecsured cf a helghf of 4] fee'r ‘above’ sec Ievel with sfcble sea condmon)
t

The regresswn llnes ond correlchon coeffucnenf r hcve been computed by 'rhe mefhod

of Ieost squcres

Cleon surfcce A '

LA

:"’o—‘x "=,3o.003'+ 192 x |o 3'w‘= i'o.o.ofz . 'r = 0,956
0% = 0.000 +3.16 x 10 3w +0.004 r = 0.945 (2.5)
o+ 0,7 = 0,003 + 5.12 X i0o™*w *o0004. r=0.986
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Slick surface

o’,‘ze 0.003 + 0.84 X IO-S w o002 r< o718
0. ' -3 + 0.002 . 0.7
0y = 0.005 + 078 x 10 W =0 r (2.6)
6f+ 0'; = 0.008 + 1.56 * 102w 1 o0.004 R 0.77 -

Where W is the wind speed in meter per second. The indicated error refers
to the standard deviation of observed values from the regression lines. Actual values
of the ratio a%; were found to vory from 1.0 to 1.8 with a mean value of 1.34,
These variations are due to fluctuations in the wind direction. Values of this ratio
‘close to 1 are expected for gusty winds while steady winds lead to higher values.

The regression lines for the skewness coefficients C2] cnd C03 are given by

C2'=ool-oooaew1-003 '

_ (2.7)
C..= 004~ 0.0033 W % 0.12

o3

A large scatter in the dcto is evndent from the indicated standard devncmons.
The peakedness coefﬂcnents were found to hcve the values
c4o-o4o 0.3 | |
Cop = 0.12; 0.06 4 _ - : (2.8)
Cos = 0.23 = 0.41 '
independent of the wind speed. Cox cmd Munk state that the measured peokedness
is barely above the ||m|t of expenmental error. The observed values may be due to
" either a variability in wind speed or to systematic errors in their experlment. ‘

This data shows that deviations from a Gaussian distribution are not large.
Therefore, the sea surface will be assumed to be Gaussian. Because of this assump-=
tion, only:the medn square slope =05+ C_T; ~given in Equation (2.5) or (2.6)
is needed in the applicarien that follow this chapter. ‘

2.3.2 Empirical Wave Spectrum of Capillary Waves on the’ Ocean

The Capillary waves are presumably caused by very local eddies in the wind.
They are comparable in size to the radar wavelength. Recent investigation in radar
return and microwave emission from the ocean surface confirm that these ripples are

responsible for both backscattering and emission from the sea. .-

15



Oceanographers have been interested in the longer wavelength pcr-rs of the
spectrum, for these are the oneu that represent sizable energy transfer, and affect
ships. Published spectra for the sea almost always are based strictly on the gravity
wave region. Only recently interest has been generated about the capillary waves
since their growth has been found to be related to the wind speed.

Measurements of capillary waves on the open sea are extremely difficult
since they are riding on swells many orders of magnitude larger. Consequently our.
knowledge of capillary waves is bosed on both theory and measurements in a wind
tunnel. Recent work by Pierson et. al. (1971) has combined the data from several
investigators so that the variation in the capillary spectrum with wind speed can be
determined. The empirical wave spectrum of capillary waves, following Pierson's

(1971) proposed model, may be written in the form

-3
4,05 x 10 D
S(K) = K4

Where K is the wave number of capillary waves, D is the wind dependent constant.

2.9)

The wind dependency of D is carried by the friction velocity, U, defined by (wind

stress/water densiry)]/2, in the form

D(Uy)=[l.247+00268 U, +6.03x 107" U] ]2 (2.10)

when Ux  islarger than 12 ¢m/sec.

The results of comparing wind-wave tank data by Toba (1970), SAufh_erlcmd
(1967) and Pierson et. al. (1971) are shown in Figure 2.3. The equation shown
there is a best fit to the observations and indicates an increasing rate of spectral
growth with increasing friction velocity. Scales are shown both the Uy and U]9.5,
the wind speed measured at anemometer height of 19.5 m for a neutrally stratified
atmosphere. For friction velocity below 12 ecm/sec. the capillary waves die away
extremely rapidly and is of no importance for both radar return and surface
emissivity.

The relation between the wind velocity measured at 2z ‘m above the mean sea
surface and the friction velocity at the sea surface is expressed in the form ‘
(Pierson-1971) - . A
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[DWY] = 1.247 +0.0268U, + 6.03 XI0~> U,
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FIG. 2.3 The Wind Dependent Constant,D, of Capillary Waves
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F1G. 2.4 Theoretical wind profiles in the marine surface boundary layer for
a surface stress of 1 dyne/cri? and neutral (N), unsteble (U), and

stable (S) stratification.
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(2.110)

WI(U,) = Uy /0.9 log 2/z,
z, - 268% . 4 .gxi0 *yl-a43x10"
Ux (2.11b)

where both W and U, are in m per sec.

Cardone (1969) demonstrated that the air-sea temperature conditions
influence the wind speed measurement at a specific height, and under the same
atmospherié temperature condition the wind speed varies with respect to the height
where wind speed is being measured. To make wind speed consistent with real
surface roughness, ‘hamely friction velocity on the surface, every wind speed
measurement is needed to specify the temperature conditions, namely stable, neutral
or unstable, and the height of the anemometer. To compare two measured wind
spfaeds of.'different origin a correction factor is needed to bring two situations
consistent with the same surface roughness conditions and the correction factor
‘depends on the anemometer height and temperature conditions.

Figure 2.4 illustrated the graph of wind speed variation with respect to the

height of measurement under three atmospheric stratifications.

2.4 SPECULAR EMISSIVITY OF SEA WATER

T sp .
For a plane sea surfuce, the specular emissivity, € (0), isre lated to

the Fresnel reflection coefficient, Ri(e) , in the form

sp _ 2 _ R
ff o) =1 — | R;(0)] j=%, v [(2.12)

where © is the incident angle. The Fresnel reflection coefficient, Ri(G)’

for an air-sea boundary, in turn, is expressed in the form

cos B8 -6 — sin’®

e e e

__ € c0s 6 —,le,—— sin? @
RO = e e i e —nte (2.13b)

where €, is the complex relative dielectric constant of sea water.
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Since the complex relative dielectric constant of sea water has been “
discussed in the previous subsection, the specular emissivity can be computed
by using (2.12) and (2.13). The computed results are shown in Figures 2.5 and
2.6. Also shown in Figure 2.6 is the specular surface brightness temperature which
is the product of specular emissivity and surface water temperature. In Figure 2.6
the specular emissivity at 4.455 GHz is almost temperature independent. Such
. a characteristic may be employed for designing a radiometer as a good sea water
temperature sensor once the surface roughness effect and the atmospheric attenuation

are removed or compensated.
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CHAPTER 3

<

" A THEORY' FOR MICROWAVE EMISSIONS FROM THE SEA

3.1 INTRODUCTION

The microwave emission charccteristic of the sea has been measured by several
investigators (Nordberg et al., 1969, 1970; Ross et al., 1970; Hollinger 1970, 1971a).
These investigators have compared their observations with predictions from the
geometric optics theory (Stogryn, 1967b) which uses a single=surface model and
found some but not satisfactory agreement between predictions and measurements.,

The wind dependence of the geometric optics approach was based on measured rms
sea slope data presented by Cox and Munk (1954). However, the theory failed to
predict the observed emission characteristics near nadir and fitted only loosely for
nadir angles of 30 to 70 degrees. The failure of the geometric optics model to
account for wind dependence at nadir was first reported by Nordberg, et al. (1969),
and was verified by Hollinger (19714q).

In view of the above deficiencies, an investigation is necessary to seek a
more adequate model for microwave emissions from the sea. The emphasis in this
investigation is oriented towards using a composite=surface model which better reflects
the roughness characteristic of the sea. Since several lengthy numerical integrations
are required to yield the emissivity, the more adequate model must not be so compli-
cated that it makes numerical calculations prohibitive. With this perspective, a non-
coherent scattering theory of the type described by Semyonov (1966) is extended to
yield the bistatic scattering coefficient. Since an acceptable scattering coefficient
for predicting the microwave emission characteristics must also be acceptable for
predicting backscattering, backscattering is examined to provide a cross check on
the model . 4

To compare with experimental observations, an isotropic surface characteristic,
although it is not realistic for the ocean surface, is assumed. A justification for
this assumption is based on the observed directional insensitivity of emission from
the sea (Hollinger, 1971b). The two-scale rough surface model is also assumed to

have Gaussian surface height distribution and Gaussian surface correlation for both
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"‘s’cdle’s' The dielectric constant needed in the colculoﬁons is based on the data
reported in Chopter 1I. "
The wind dependence of the surfoce parameters in the composite maodel is

introduced in accordance with rms slope data measured by Cox and Munk for the
Alorge undulations and Sutherlands (1967) results for fhe small wregularuhes. Detolls
' for the theory and the choice of surface parameters are g|ven in later sections.
Comparisons of the computed brightness temperature and bockscortermg characteristics
at two different wind speeds are made w1fh both meosured data and the predictions

of a single surface model .

3.2 SURFACE BRIGHTNESS TEMPERATURE THEORY

32] Formulotfon of the PrdEle}n o

. The basic theory of apparent surface temperature was. developed b}/ Peake
(1959). - The study that foflows concerns only the contribution .to the.apparent
surface temperature due to thermal emission fromthe sea surface; contributions due
to sky radiation reflected from the sea are not considered. The relationship among
the surface emissivity, the surface femperofure and the'ooporenr surface temperature

(or the surface brightness temperature in this case) is as follows:

Ty @)= & Ty j=+h, v
where Taj“’) is the brightness temperature; ¢;8) the emissivity; Tg the surface
temperature; h is the horizontal polarization and v is the vertical polarization.
Note that the azimuthal angle ¢ needed-together with the nadir angle © to ‘
specify a direction has been chosen to be zero without loss of generality.
" The connection between the emissivity and the differential scattering coef-

ficient of the surface, Y, (9 8s, b5 ) is

L2
. ' s
o) = 1 — L )3(9,95,%)5'"950’95"4’5 (3.1)
o ‘o

where 6, , and ¢ are angles defining the direction-of scattering corresponding”

to a wave incident at an angle 6 .
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. The basic formulation of the problem indicated ubove shows that the differen-
tial scattering coefficient is thc quantity that defines the angular chovrqcteriéfic‘s of
the brightness temperature of a given surface. Consequently, different brightness
fémperctufe theories are also distinguished by the different models assumed for the

differential scattering coefficient,
Under the non-coherent assumption Y (9 6, 4’5 can be shown (Semyonov,

1966) to cons:sf of two terms,
Y508, 6:,40)= (8,65, h) + (Y, (6,0, %)) (3.2),

where Y. (9, 8, ¢ )denotes the main contribution by the large undulations; and
<y (8, 8,, a)>denotes the differential scattering coefficient of the small irregularities
averclged over the distribution of the surface normals of the large undulations.
Detailed derivations for Y °Ce, o5, ¢, y and (yJ (8, 65, ¢s)) are given in the follow-
ing two sections.

Since the backscattering cross—section is a special case of the differential
scattering coeffiéienfs, it can be obtained from the known differential scattering

coefficients, (see Figure 3.1) i.e

633 (6) = cos § - Vi (8, 85, %)

es=9
or equivalently
o [} °
Gg; (8)= 0y, (8) + (0550 18)) (3.3a)

with o .
Ogj(9)= <058V (0, 0., 4, )|, __
C =T ‘ (3.3b)

(0g;,(8)) = cos B -(y}.’(e, 6s, 45) )

\

5=
*=T (3.3¢)

Detailed derivations of Ggé(e) are given in the section on backscattering cross

sections.
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3.2.2 Derivation of v.’(8 6, &)

To derive Y{W, 6, ¢5) we begin with the vector<cattered field due to a
plane wave incident on an undulating surface to which the tangent plane approxi-
mation is assumed applicable. Such a field expression is, in general, rather
complicated. To simplify results, the stationary phase technique will be employed.
An expression for Y °(s, 85, 4 ) not indicctin‘g explicitly the effect of the small
irregularities will be derived first, This expression is then clarified to reflect the
small structure effects by computing the explicit forms of the modified Fresnel
reflection coefficients. As pointed out by Semyonov, such a computation may be
performed for the more general finitely conducting surface in accordance with the
work of Rice (]95”. ;

1

(i) The Scattered Field )

The far zone scattered field in the direction 24,2 due to a plane wave polarized
along & impinging on an undulating surface Z(x ¥) can be shown to be (Fung,
1967)

Eas ':'thX,J‘[[('“RP)(Q'L)(VI&X*U +(\-<R,,>)(&-é')(n. ni)t)

+3}zx[(\+<R,,>)(g-ﬁ)(§x~t)+(\-<Rh>)(&'§_)(!.l.'3.')¢_]}

- E, exP[—jﬁ(I&z—‘ﬁO'i] ds. (3.4)

where atime factor of the form ¢“*has been suppressed; K = -jk C_J,{Rmng), R s
the distance from the origin to the field point, k is the wave number; <Ry> <R,y are
the modified Fresnel reflection for horizontal and vertical polarization respectively;
E, is the magnitude of incident field, and . is the normal to the surface z(x, ¥).
The set of orthogonal unit vectors (1, t ,d,) serving s the local coordinates
for evaluating the local field on surface is illustrated in Figure 3.2. The unit vectors,

t and d relate to X and 2, as follows
4 E=

i o | (3.5)



T

Flgure 3.1 The sets of orthogonal unit vector (-1,, &, , ¥;) and
. (n " 4., ¥) for expressing the polarization states-of
the tncident and the scattered field.

o X

Figure 3.2 A set of orfhogonal unit vectors (7?- ., 2 ,4d )serving
as the local coordinates for evaluotung the local field

on the surface.
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where ® may be written in terms of the partial derivaties, z_

along x and y axes as follows

' . . : 2 2
1,::(—in—lzy+£9/(l+zx+ZJ)'
(£ 1, L) are the unit coordinate vectors.

To simplify (3.4) by the stcrionory phase approximation, let § = T.— s

and 9§, 11 , 3 be the vector components of i . Then the phase factor in
(3.4) is '

Fr=f it HEyp (3.6)

The stationary phase assumption requfres that
2 ) |
sx(§ - r)==3(31-x)=0
It follows that
-2"=f?‘-/§} - : o
2=~ H/% : 3.7)
= £/11]

The significant result indicated by (3.7) is that all surface slopes in (3.4)
can be written in terms of the incident and scattered propagation vectors
quently, the integrand in (3.4) except for the phase factor,

‘be moved outside of the integral sign; i.e.,

-3
l

. Conse-
exp[-jk§-X]can

Eas =E K m: X {(ﬁ;g)*ﬂ& x( & +2>}JQXF[5&(1,-£,).I]43

Ao
(3.8)
with
A= +<Re>)(a-2)(nxt)
B=01 —<r>)(a -d)(n-n)t
' (3.9)
(1 +<R )) )(I’:. 1) .

=
D= (\~<R >)(a t)

28



The local coordinate vectors, two other vector products in (3.9) cnd the dif-
ferential surface element in (3.8) can all be written in terms of the propogahon

vectors,

Y= (nixn.)/t mexeomal

A

2 d _ (n. Y. ) 'ﬂ‘ - 2};11'.’ 3
Ann {3 x mo ;
Xt = (e~} (ot Ra)
nom= TEemml (3.10)

= (lme-20/9;) dx dy

To express the polarization states of both the incident and the scattered
field, it is convenient to introduce a set of orthogonal unit vectors (~ T, i, 4 )

for the incident field and another set ( @2, y., &,) for the scattered field (see

’

Figure 3.1). In view of Figure 3.1, explicit expressions for these unit vectors may

be written as
=My = —~sm 9 L + cos®
. P had o . .

%
My = .cos @ L + sinb .k

‘ 3
f= g e
h, = gin § cos ¢s~‘.‘. ~+ Sin 6 S‘\V\-‘?s 3 -+ Cos G; %
Bi= - cosfcosdy § — €056 Sindy § « sin 8, &
R~ sin o L ~ Cosdy (3.12)

For hornzonta”y polorlzed |nC|denr wave, (2= f,), the polarized and cross

polar)ized scattered fields are given respectively by
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B = sz'g'ﬁ,s . S A
- & (A nex{lac= B+ Bex (G o)) eebiktzana]ds
: Ao
(3.13)
Bgo=2a Eis ‘

=B R %R X (A= By 2aX (Cop Qﬁ)ﬂiuf[ﬁ&(!}:-&‘)-x]ds

o

where Ai-':—”\(\ *<Rﬁ>)(31'1‘,\z)(&l*ﬁz)

By= 15101 = <RI (£, 1) (X Re)
€ = =WV + <ROI(F- 1) ot 22 )

Ehz (1 = <RI R )( B X Ra)

i = \“ﬂz‘ Q\‘/z\&,.x o |2

Similarly, for a vertically polarized incident wave (&= Y1), the polarized
and depolarized scattered fields are

Evh = .ﬁ'z ’ Ev,s

— e k[ ez x (AR T I x (Lo + DO}

J expl jR(B= ) X ] dS

Epp= L2 “Eus (3.14)
:~EOK[U1 - Rz x{(.&u" BT 7y % ( ~C-°.;+ ~D.\V>}]

'L'exp[jft(l’;l“&\)'I] ds
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where A= 1F1 O+ <Re>Y (A ) (me+ 1)

Eozlf\ (1= <Rpy) (v, m)(Xx )

=)+ <RDI( M- )+ D)

in

v

D= W = <Re>)(H e )X %)

These field expressions can be simplified further by using the vector

identifies

Thus,
Egp= Co ( —Rgybe + <R,>df ) I
Epo= Co ((Re) bf +Ry>dec)T
Epg= C, (—<R>d¥f + <Rv>b;)I
Evo= C, (ARgY> dc +<RyIHF) I

i (3.15)

where

-8R

— =ikEe a el
2T RV x |2

-]

1 =J; eXP(aﬁzx)dxdy

1x= sin 8 cos ¢, — sin @
?3 = Sin Q¢ Sin g

%5= cos B + cos g
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b = (v,-m,)= Sinb cos B+ Co50 5m b cos by

C.= v, LL‘):—_— ~snm B cos § cos . — cos G sin B85
d = ( ﬁ‘ *RL)= Sin B sin ¢
= (4 -n)= sin® sin

a, = |n, =13/ 2='1 + Cos 6 cos fy — Sin B Sin pg cos'Pys’
TS

lrex ma)? =(c* 5 {2) = (b + d?)

Note that by expressing 1, in terms of the orthogonal set ( ., ¥, Ay )
it can be shown that |2 X & [*= b* + d*. Similarly, by expressing 1, , in

. 2
terms of the orthogonal set ( M., ¥, f,) it follows that | v x 1, 2= 2 £°,

I3

(ii) The Differential Scattering Coefficients
The differential scattering coefficients related to the scattered fields computed

in thg previous section (Peake, 1959 and Storgryn, 1967q) are of the form

*
ra E.L. E,'( ) ) .
Ll <ch - 2 (3.16)

yz, ¢ (9/ 95/ q>5)=

where the symbol ¥ denotes complex conjugate, and <~-- > the ensemble average.
The subscrlpts 3, C denote the polorlzohon stctes of the |nC|dent and the scattered
fields respechvely Ay is the |||ummcred area,

Upon subshfuhng (3.15) into (3.16) it follows that |

Ye (8,6, 4 )= Ve (6, 8, 9:) + %y (8 8 %)

o (3.17a)
£iaf [I(RQI b* + IRQI d ]_<JI;2>
T TA, cos8 47 b + d? |
YO (6, 65 #s)= Vo5 (6,85 i) F ¥, (8,0, )
(3.17b)
__ gl [.‘5_& SE B Rl 1<m >
T OmA, Cosb[ b +d’
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For an isotropically rough surface with Gaussian height distribution, <{1l* >
simplifies to ' A ’

Py = 2rtA,J° Tolks tg+ g9 ) exe - ';%; TOee] 3 Ay g

where J;¢ )is the zero order Bessel function of the First kind; c%and PLS) are
the variance and the autocorrelation coefficient of the surface respectively.

An approximate solution for (3.18) consistent with the stationary phase
approximation is ‘

<(I‘z> — ?WA./(ﬁ' §; m*) exp [—(?1 + %; )/(?-?; mt)] (3.19)

, " y.
where m=C[0c*p ] *is the rms slope of the surface.

3.2.3 Derivation of < v.' (6, 65, .)>
] ¢

The scattered field due only to the small irregularities has been derived by
many investigators (Rice, 1951, Valenzuela, 1967, and Barrick and Peake, 1967).
As was indicated in the previous section, when the scattered field expression is
known, the scattering coefficient can be computed. To account for the interaction
between the small irregblorities and the large undulations, the expression for the scat-
tering coefficient of the small irregularities is averaged with respect to the slope
distribution of the large undulations. ‘Tfhe resulting expression is the desired

scattering coefficient, < Ya'( 6,6, &)). -

(i) Differential Scattering Coefficients

The far zone scattered field of L -polarization along the direction defined by
the angles 6, and &/ due to a plane wave of 4 -polarization with unit
amplitude impinging on an irregular surface s$(%, §) along the direction defined by
the angles 9§’ and ¢’  has been derived by using the me thod of small perturbation
(Barrick and Peake, 1967). The ensemble average of the magnitude square of the
scattered field, < IEJL (87 ¢ 65, # )12 can be shown to be (Barrick and
Peake, 1967)

As

4
& (000, 00,00 )y = £ cag?o” coste; Ml WP g ) (3.20)
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where
incident and scattered polarization respective, either horuzontol

i, =
or vertical polarizations,
- Ao = illuminated area,
R = distance from the field point to the suface, and
M”\ - : (€, = lz)’C(;/S (¢~ 4’:) —— '.,
[Cose + (€ ~ sin8)) 2]{ Cos Bs + (€ — s’ g/ )K]
Myp = Le,—n?ssntt;—4>’)(€.—/sin‘9£ﬁzl —
[ s 0"+ (& ~ sin”8") ‘][er cos B + (&~ sin” 6,) ] (3.21)
— (& =1 ) sin (®/~") (& - sin B V%

Mot = Te s 8 (e~ sinTp )" J[ cos By + (g = sinTg )" ]

M., = — (g —1)[cos (R'= D&~ sin?8) % (6.~ 5?9 )% - g, 5inb/ sin B']
™ T e cos 9'+(er4st'n’9’)‘/z][e, cos B+ (& — Sty ) 4]

,

in which € is the complex relative dielectric constant,
W(E ) = surface roughness spectral density,

P=~Ff0Usin 6 cos(d/— ) -~ sn0")
§= R Shelsin(d/~a)

Note that the surface roughness spectral density W (p, ¢ ), is related to its

correlation function R(x,4)by

I“S W (P, §) exp Cipx+jiy)d dpdf

-Da ~bo

Rix. y>= :‘f_
For an isotropically rough surface, it reduces to
Ry = T [ wt) T cary ¢ dt

and
Wity = 7,2-} R() T (tr)rdr

For a Gaussian spectral density, it is expressed in the form

2,2
W(t)=°l7r—1 exp [- B5)°] (3.22)



where

A
t=(r*+§7)"
0. , £ =standard deviation and correlation length of the small
irregularities respectively.
From (3.16) and the relation
Y-’(o;, ¢’ 9, ’ — ! ’ ’ .I 4 ’ 1 7 ’ s
/ r %, ) = %,f;(@l‘?/es,‘f’s)*“);,,(0,%95,4’:')
we get ' '

) ) ’ ., 4 2 2 ’ ,
)3 (6;%; 8 ¢')= 4k o, 4 cos @& cas’% [] ‘] +)M4v}]exp[ ﬁ)}

- | iz
o (3.23)

(ii) Averaging Procedure
To account for the tilting effect of the small irregularities by the large
undulations it is necessary to average  V,' (€ ¢, o , & )  with respect to

the slope distribution of the large undulations (Semyonov, 1966). That is

i
<'(8,6,,4)) = ff y(s¢a,¢,)P(Zx Y(1+2i+zt)tdz.dZ,
T (3.24)

where 8 is the incident angle and 6, and ¢, are the scattering angles.

To evaluate the above integral, connecting relations between the surface
slopes  Z, 23 and the lozal angles, 8’ ¢, 6/, &’ are needed. To find
these relations let us first express Zx and Zy in terms of the azimuth and the

elevation angles, ¢ and 6, , which represent the tilting effect:

Z — cos 4>'n. tan en
X

27 = sin ¢, tan On (3.25)
From (3.25) it follows that
(1+zj+z;)y2:—, sec O,
d 7 == |02 Z4) (3.26)
2. dZ, \a(on aL| do. ds,

— sec’ 9, s g, d6,. de,
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The local angles ( o ¢, o, , ¥, ) can now be related to the azimuth and the

elevation angles ¥, and ©. by connecting relations derived below.

In Figure 3.3, the two sets of coordinates (x, %, 3 )and ( X', ¥/, 37)

are related in terms of the angles 8, and %, s follows:

<’ cos B, cos &, cos B. Sin aw O, x
a' = — S P, cos Pn o '} (3.27)
JI - Sin e“ cos ¢,‘. —_3in 9'\ s;nq’n cos 9,‘_ }

Hence, for ascattered field point, P, located at a distance, R , from the origin,

the coordinates of P may be expressed either in terms of the angles 8¢ and &’
or the angles 6s and <

’

x’= R sin 6, cos ¢

u'= R s e_c,' St 4’5’ - (3.28q)
3= R cos 6 -

X = R S;V\. 65 cos ¢s

i = R Sin 05 sin ‘F’s

(3.28b)
3 = R cos B¢ ¢

Substituting equation (3.28) into (3.27) we obtain the connecting equations for
- the sets of angles as follows:

sinB, cos .’ cos B, Cosd,  COS, Sind, sin B, T8 8 cosdy
S B sin R | = ~Sim & cosd, o Sin O Sin o, (3.29)
Cos g, - Sin 6, cos &, ~sSin 8, s, cos 8y, Cos 8,

If we take the angles with a prime to be local scattering angles, we see
“from (3.29) that the local scattering angles may be expressed in terms of the scat-
tering angles 65, ¢, and the tilting angles 6., <, , i.e.

cos §, = €os 0, cos B — Sin G, Sin O Cos (P~ by )

(e (3.30)
sin B = st sin(B P ) (1~ ces™ )
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Figure 3.3 The azimuthal and the elevation angles P and G
connecting the two sets of coordinates ( x , ¥., 3 )

and (X, ¥°, 3').
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Ina similer fashion, the local incident ‘ongle,s can also be expréssed in terms of
the tilting angles 6,, ¢ and the incident angle, 6 . |

’.
o5 B = Cos B ws B + Sin O, Sin 8 cos <h,

Sin ‘ﬁ/n — 3in & 3n <¥>“(|_ COSZQ’)“/Z . (3.3])

When the connecting relations between the local angles and the surface
" slopes are known, (3.24) can be ‘evaluated by assuming a form of Pz, 23) K

For a Gaussian surface slope distribution it may be represented as

. . L
{ 2 2 -
Pea,g) = m{ew(—(&*i': 3/ 2m* ) (3.32)
or equivalently
\ Looa 2 L .
C Pre ) = s exp (= TeniOn/aet) (3.33)

where m, the rms slope, is assigned according to Cox and Munk's slick sea data.

Since m® is usually sufficiently small for the sea and since Y; (9, ¢, 6, 4)
is insensitive to 8, for small values of 8., the integration with respect to 6,
given in (3.24) can be evaluted by the method of steepest decent, the result being
expressed as ' ' ‘ ‘

Y2

o gy = [ [lelele e

+ ¥ (8] ¥ 80,90 NRKLS
L d =~ tanlm)

1y, g, = Taw (™)

(3.34)

324 Modified Fresnel Reflecl’ion Coéfficienfs

As was mentioned earlier, the Fresnel reflection coefficient should be
modified to account for the presence of the small irregularities Rice, 1951,
Semyonov, 1966). The method for computing.these coefficients has been discussed
by Rice for horizontally polarized waves. Following Rice's o}aprocch Valenzuela
(1970) derived the modified reflection coefficient for the vertiéolly pélcrized waves.,
However, there appears to be an error in his results, since they differ from Rice's
o(riginol work by a cosine factor in one of the terms. The corrected modified

Fresnel reflection cocfficients calculated by Rice's method are
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[ ad

<R3”> = Rj(@)[1~%&cu®£‘ L W(uw—ksn®, V) Fj'(u,'v')ddev—]

. = ‘e.l ’U’-
1 (3.35q)

Y ¥ v?
FQ(H,U)—“- (g~ sm®®)% — (c-b)() ~ W % ¥ + be )

F'u(u-, U') ==

wip )k _ 2%k sin@®u (3.35b)

u* 4 v* +bc
— _(__‘5_.5_)..__ co2 2 — —
W+ Uidabce (sin '@{b¢+ w/e} - “z)] Ce—&)
where '
Rg(‘m) ~ s ®~(6-sinzp)h
Cos@ + (.- sin*@) 4

B(0) w 0= (esii0)h (3.36)
v € cos® + (€~ sin> @)

Cos @ =

Fe3 (1 +'co.56 ces Gy — S @ sin gs cos 4,5)}5
. . .

3 . N
in which €, is the complex relative dielectric constant and where

e = [Re~ (u*-t-v-")]}i

. (3.37)
b= [&*~ (u*+ uz)] 2

For the purpose of this paper the surface roughness spectrum in the above
formula is chosen to be

: I S
W(u—‘k5lk @,'V‘):T'T-' QXF[—T((L fU_zftus;"®+ﬁls;'\2@)]

(3.38)
3.2.5 Backscattering Cross-Sections . ‘
Substifufir}g 6,= © and € = T into (3.36) we obtain
- (e }/1
R‘.ko) =1 Ev(o) _-= { ") (3.39)

low (e Y '
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From (3.17), (3.19) and (3.3b), it follows that

Tr0©) = T exp (~ oo famt) (3.400)
° 2 2 2
Cpvp (8)= __l;_ﬁi&’lz_lé exp (~tan B8/2m )
mocos (3.40b)
To find (o';}|'>,.,noté the following l:w.o‘points:’
(1) Substituting ;=8 and &= T into (3.30) we obtain
cos & = cos 6 = cos 6, «°s 8 ¥ 8 §, cos §, =n b
PN e T . " . (3.41)

Siw ¢sl = — S P’ = Bin (¢,+'TT)

or

B = e’ P ‘PSI = ¢’ 4T

(2) Since 6,=8  ‘and H = T i imply b= $+m and. G =0  ,
from (3.34) it follows that .

. . “/Z N ~ .
! " [ S RV PR ) ’ . Vg @ ' d¢
. (8 $, == = Y. ) . + Y. (8,4 6, %
(YJ (0.8, S.)>\9s=9 z"f { / (9'.‘? es'.%) Bu= o' (m) i “ 9:*&:‘0«)1} "
Cok=w - TR ' ‘ 0 =6’ | 6/=5"
o " K= deT 4= '
3.-.:&,1! (3.42)
Thus from (3.3c) and (3.42), -
‘ o. L e 1 % co ’ L ' .
<°'B‘x(9)>="‘j °’~'(9')\ + o (e’)\  lae '
i 2“‘% { B 1o =4allm) Bj1 6= ez ) & * (3.43)
j =4, U
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where

o AT , ’
T ((0) = cos 07 Y, (8] ¢ 8 4 )!¢s,=¢,+1r

. o . =0 ( (3.44)
. 4 2 g2 4 ' s 2 2,3 oA y
= 4% 078 ws® 8| R6D| exp (- K2 viw* 67)

. Ond H o
G,O (e,): cos 91 Yl ’ ’ ’ ,
BV v (8, .0, & )I‘Ps'=4>'+7r
8, =9

(Er "')[(Gv—‘l)S\u e’ —t—e,] 2 el B
(e, cos, 9’+(€ - Sin* g% ]z{ QKF( f{ﬂs &)

e (3.45)

= a®to] g cost o’

e -

The complete bcckscofl‘ermg cross-section is, of course, given by (3 30) that is

the sum of (3.40) and (3.43).

3.3 SELECTION OF PARAMETERS

The surface parameters that appear in the above theory are the rms slope
of the large structures m , the standard deviation of the small structures O
and the correlation length of the small structures £ . This scattering model can be
adopted to predict sea returns by noting that rhe rms slope can be based on |,
measurements by Cox and Munk (1952) and thot the cssumed Gaussmn specffum for
. the small lrregulcrmes can approximate the hlgh frequency part of the sea spectrum
BK 4, where the Bragg scatter condition applies, i.e., K= 2k sin 8 . In view
of the requirements of the composite:surface theory it is reasonable to choose the
oil slick sea measurements by Cox and Munk, since the small:irregularities have
been suppressed. The value of m is thus assigned. The value of ki is assigned
5o that the correct angular behovonr of the Gausswn spectrum approx:mated BK
well over the angular range, 30°< & < 70 €., BK " is opprox:mcted by
0 o <P (-K°8/4) where K = 2k sin © the Bragg scatter condition. This
approximation is achieved by noting that when k& = 2 similar behavoir is realized
(see Figure 3.4). The factor 35.3 appears in the Gaussian approximation to
bring the levels into agreement at 8 = 60 degrees. The value of B must yet be

assigned.
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Figure 3.4 Comparison_of the angular voriations ofsin-4@ and 35.3
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Oceanographic investigations indicate values of B in the range from 4.6 x
1073 10 3.26 x 1072 (Cox and Munk, 1954, Pierson, 1970, Phillips, 1966). This
implies that k&, should lie in the range from 0.084 to 0.24 when BK—4 is equated
to & 0% exp CKU%)at. 8 = 60 degrees. These values of k o; are consistent
with the assumptions of the small perturbation theory, an encouraging result. The
recent reports by Sutherland (1967) and Pierson et al. (1971) indicate that B is a
function of the wind speed. Thus, the surface parameter ko; must also be o
function of the wind speed. It is noted that the horizontally polarized emission
characteristic for nadir angles from zero to thirty degrees is very sensitive to ko,
and hence the parameter k o; can be estimated by fitting the predicted emission
characteristics to-the measured data. (It appears that the wind sensitivity of B may be
assigned by this technique.) ,

With the surface parameters established in the manner described above, both
the emission and backscatter characteristics may be computed and compared with

reported measurements.

3.4 COMPARISON WITH EXPERIMENTS

The parameter kal is estimated from horizontally polarized emission character
istics at 8.36 GHz associated with two distinct wind speeds. The emission characteristics
are based on an average of several of Hollinger's experiment runs ~under similar
wind stress conditions (Cardone, 1969)., The data reported by Hollinger are in the
form of surface brightness temperature . Effects due to foam and the reflected sky
radiation have been removed (Hollinger, 1971a). The vertically polarized emission

characteristic is computed from the estimated ko*l . These results are shown in the
graphs of Figures 3.5 and 3.6. The dielectric constant is based on data reported by

Saxton and Lane (1952).

Comparison gf the predictions of this emission model indicates a significantly
improved agreement-over that predicted by a single-surface model . Better level and
trend agreement is evident for both horizontally and vertically polarized emissions.
Sensitivity to wind speed is evident at nadir which is not noted with the single-surface
model. The sensitivity at nadir is carried by the modified Fresnel coefficient (see

Equation (3.35)).
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The adequacy of the composite=surface: fheory is further demonstrated when

«.fhe predicted backscatter characteristics ‘are compared with measured characteristics.
-Data at 8.91 GHz: reporfed by Daley, et al., (1971) at snmulor wind stress conditions
were chosen as a basis for comparision:, - The diélectric constant is changed to

reflect the influence of the slightly different. frequency The comparison of predicted
and meosured characferlsflcs are shown in Flgure 3.7 ro 3.10. These results indicate
reasonoble cgreemenf with measurements and |mproved agreement over the predictions
of the simple geometric optics approach (single-surface model). It is noted that the
best agreemenf.'wifh measurements occurs primeriyly at larger angles and for vertical
polarization. There is some uncertainty in the accuracy of the measurements near
nadir (Daley et al., 1971) so lack of agreement may be anticipated there. The
discrepancy at large cngies for horizontally polarized cross sections may be attribu~
table to receiver noise at these small cross sections. This statement is, however,
speculative. ' e

The leve!l of NRL data which® are bcsed on the statistical median had to be

raised by 6 dB to realize the agreement. Valenzuela et al., (1971)- indicated that the

average cross section wos about 4.6 dB above the median based on exponential

statistics assumed for the retums. As a consequence, 1.4 dB remains unaccounted

for. Perhaops the remaining 1.4 dB mcy be partially associated with the biases

disclosed by Claassen and l'-:ung (1972).
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Figure 3.5 Comparison of surface brightness temperature between the measured

data and theoretical calculations using the composite=surface theory .

-and the single~surface theory (after Stogryn).
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Figure 3.6 Comparison of surface brightness temperature between
the measured ‘data and theoretical calculations using the
composite=surface theory and the single-surface theory
(after Stogryn). ' o
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Figure 3.7 AComporison of backscattering cross-sec.fion betveen the
measured data and theoretical calculations using the

composite=surface theory and the single-surface theory
(after Stogryn).
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Figure 3.9 Comparison of backscattering cross=section between the
measured data and theoretical calculations using the
composite-surface theory and the single-surface theory
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Figure 3.10 Comparison of backscattering cross-section between the
measured data and theoretical calculations using
the composite=surface theory and the single-surface
theory (after Stogryn).
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CHAPTER 4

THE EFFECTS OF CLOUDS AND RAIN ON THE
MICROWAVE APPARENT TEMPERATURE

4.1 INTRODUCTION

High winds over the ocean are usually accompanied by clouds and rain
(Claassen, et al., 1971). These meteorological conditions influence radiometric
observations over the ocean primarily because of atmospheric absorption (emission).
In the particular cose of heavy rain fall, radiometric measurements are affected
also be scattering due to rain drops. It is the aim of this chapter to discuss these
meteorological effects on the measured or computed apparent temperature as observed
by a radiometer.

In clear sky the contributions to the apparent temperature are mainly due to
the absorption of the molecular oxygen and water vapor present in the atmosphere.
The absorption ot these constituents can be calculated by using the well developed
formulas (Meeks and Lilley, 1963; Staelin, 1966) and the model atmosphere which
describes the temperature, the pressure and the moisture profiles (Valleys, 1965).
Hence, in clear sky the apparent temperature due to the.atmosphere is reasonably
well defined.

In cloudy sky, the liquid water content of the cloud absorbs and hence emits
microwave radiation in addition to the effects of the molecular oxygen and water
vapor already present under clear sky conditions. Furthermore, different kinds of
cloud with various spatial distributions may be present in the atmosphere. Con-
sequently to investigate the cloud effect on the measured apparent temperature is a
mich more complicated problem than the clear sky case.

In rainy sky the raindrops not only can absorb but also scatter microwave
radiation in all directions. If the size of the rain—=drop is much smaller than the
incident wavelength, it has been shown (Kerr, 1951) that the scattered energy is
negligible as compared to the absorbed energy. The terms representing scattering
etfects in the radiative transfer equation can therefore be ignored. However, when

the size ot raindrops is comparable to the incident wavelength, the scattered energy
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becomes signiticant and the scattering etfect has to be included. In the later case
. a mathematically involved formulation is needed to solve the problem.

The apparent temperal’ure‘ contribution to the surface brightness temperature
by clouds and rain have been reported by Singer and Williams (1968) at 15.89 GHz.
Additional observations at 19.45 GHz were reported by Conaway (1969) and Kreiss
(1969). On the other hand, theoretical investigations of cloud and rain effects,
except for the efforts of Kreiss (1969) and Porter (1971) have largely been limited to
cases in which only the sky temperature is computed (Stogryn, 1964; Shifrin, 1969).

Other radiometric measurements have documented the effects of clouds and
rain on the sky temperature, i.e. looking upward. For example, Haroules and Brown
(1969) in a comprehensive set of measurements have measured sky temperature and
inferred atmospheric attenuation. The attenuations and sky temperatures of various
cloud and rain conditions shown in Table 4.1 are an excerpt of their data. Other
extensive measurements of this type have been reported by Sfric.qund (1970),
Crane (1971), and Ippolito (1971) in conjunction with the ATS-V communication
satellite experiments. From these results the apparent temperature when looking
downward may be qualitatively described. -

Radiometric measurements conducted over clouds and rain will experience
an attenuated surface brightness temperature plus a cloud or rain contribution in
excess of the clear sky temperature. When the attenuation due to clouds and rain is
sufficiently large it is possible for the radiometer to lose contact with the surface. The
greater sensitivity of the rodiometer to clouds and rain can be employed to correlate
the increased apparent temperature with attenuation when clouds or rain intervene.
This attenuation measured from the excess apparent temperature, in turn, can be
used to calibrate scatterometer measurements and to determine when scatterometer
data should be discarded due to the presence of heavy rain. Although the relation
between al;m‘ospheric attenuation ‘and apparent temperature has been studied for
upward looking radiometers, and measurements have shown that the expected
temperature enhancements do indeed occur for downward looking radiometers, this
is believed to be the First study aimed specifically at determining the relationship
between brightness temperature and attenuation f'o'r. the downward looking radiometer.
Apparent temperatures for various meteorological conditions are computed by
employing the models postulated by meteorologists. Comparison of the apparent
temperature with attenuation has justified the general idea of the use of radiometer
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| TABLE 4. |
ATTENUATION AND BRIGHTNESS TEMPERATURE OF CLOUDS AND RAIN

One~Way Attenuation Tsky

Cloud Type "8GHz  15GHz 8 GHz 15 GHz

dB dB oK oK
High Level .02-.05 .03-.07 7 15
Medium Level .03-.12 .08-.13 ]0v 21
Low Level .10-.25 17-.40 14 30
Light Rain .15-.25 .20-.60 16 38
Medium Rain .80 3.2 20 43
Heavy Rain 1.5 . 5.4 70 - 140
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to calibrate the scatterometer. The surface roughness model needed in the

computation is based on the composite surface model developed in Chapter 11,

4.2 THEORETICAL APPROACH

4.2.1 The Radiative Transfer Equation

To study the radiative transfer problem ot the planets, astronomers have
formulated the equation of radiative transfer. By solving this equation the intensity
of radiation from the planets under specific conditions can be obtained. A down-
ward looking radiometer at an altitude 3 above the ground surface receives the
intensity of radiation from the ground surface as well os the intervening atmosphere.
‘Hence the radiative transfer equation can also be applied to compute the intensity
of radiation received by the radiometer. The radiative transfer equation for radio-
metric temperature computation hos already been formulated (Stogryn, 1964;
Shifrin, 1969). In radiometric temperature computation, the apparent temperature
at any point is defined as the temperature of an equivalent blackbody which
emits the same infensity as the existing radiation intensity at any point. Thus, at
microwave frequency, the apparent temperature Tojt 4,8, #) is related to the

radiation intensity ~ T; (3.8 %) in the form

(3,0 %) “4.1)

2
Lo )= L2 T,
where j represents the polarization state either horizontal (&) or vertical (V)
polarization; K is the Beltzman's constant; 2 is the propagation frequency; c s
the velocity of light, and 3, 8, ¢ are the coordinates that specify the point
of interest. :

In what follows we shall assume a uniform horizontally stratified afmosphere
and choose a coordinate system with the 3 axis normal to the earth surface and the
origin at the earth-atmosphere boundary directly below the point in the atmosphere
under consideration (Figure 4.1). By expressing the apparent temperature at point

3 and in the direction 8 and ¢  os T“JU' 6, ), and assuming (1) the
mechanism of raindrop scattering to be a random function unitormly distributed

trom 0 to 4 * steradian for both polarizations, and (2) the radiation grocess to be
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Figure 4.1 :fhe coordinate system in the atmosphere for expressing the
incident and scattering of the polarized apparent temperature.
dominated by thermal radiation, the radiative transfer equation may be written in
the form (Stogryn, 1964)

wsg__&—;T‘.(}’G'd’) + [0((}‘) 'f‘ﬁsc(})] Tq,z (}'» e, P) = O(LJ)T"'"’_(}’)

2w M
+ psc(})j Y ( cos®) TV(}’ o, $s) Sin 6,dg dopg
j=F er V2

where Ta3( 3, 6, ¢ ) is the apparent temperature with 3 polarization at an altitude
of 3 andin the direction 8 and <P . The first term on the righthand side
of (4.2), namely o G) Ty, (3), is the source function due to thermal radiation. o« ()
is the total absorption coefficient of the atmosphere, Tair (3 ) is the thermometric
temperature profile of the atmosphere. The second term on the righthand side of (4.2)
is the source function due to particle scattering (for instance, rain drops) of the
incident radiation from all directions into the direction of interest. B:<(3) is the
~scattering coefficient of precipitation per unit volume at an altitude F ; Y (cos ®)

is the scattering phase function of precipitation per unit volume with

cos @ == cos O cos Bs T sin @ sin B s (b -&Ps)

—_—

(4.3)
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9,¢= observing angles
&, 4, =scattering angles.
A detailed analysis of g (35> and Yy (ces-®) will be presented in the following

section. -

4.2.2 Apparent Tem.pero'fure Thebry with B;. Neglected

Under clear sky, cloudy sky and light to moderate rain conditions the effects
of scattering by the atmospheric constituents may be neglected for observation
frequencies less than 20 GHz (Porter, 1970). Under these conditions, the source
function in (4.2) consists only of the thermal radiation term and (4.2) reduces to
. the form:

d Ta3 (%, 6. P)
cos e %Li + d(})T"J(}’ 6, > = (F) Tai-(3) (4.4)

: For umformly sfrclhfled otmosphere bounded below by an |sorroptc surfcce there is no
czumufhcl varuohon For this case (4.4) becomes A

PR

cos 9%%7’(}"9) + Ty (3,0 €)= Tair(3) X(F) (4.5)

Equation (4.5) is o first order differential equation. It con be solved with
appropriate boundary conditions. The solution for a downward looking radiometer
situated at an altitude 3 above the ground has been fophd to be (Stogryn, 1967)

Taj(3.0) = L(} e)[os(e)Tat + Ty (e)Ja-\mL} e) (4.6)

}—'ﬁ. ov-U

where Tag(é 8) = apparent temperature af an altitude 3 , and nadir angle ©
L3, 9) = transmittance
exp [— sec SJ ol (W) d W ] ’ (4 70)

i

®(3) = total absorption coefficient of the otmosphere at an altitude 3 .
éj(e) = surface emissivity (see explanation in Chapter 1)
Tg¢ =surface thermometric temperature

Tatm3,8) = atmospheric temperature
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v ¥ -
= sec 0 T 3> x 3 exp[- sece.f}/d(u) au] a3’ (4.7b)

Taidd) = thermometric temperature profile of the dir
TrJ (8) = reflected sky temperature
LA
= ;—_F‘_J’j}/(g 6s, ¢5)TSHJ(9>S'“9 desd‘?s (4.7(:)

)f‘:L‘G, o, ¥s)= polarized differential scattering coefficients of the surface.

Ts&, (85) = sky temperature

= Sec st Tain (37) < (3) eXF[—Scc Ssj}xm.)du] d}'.(4.7d)
(-4 . ;

As shown in (4.6) and (4.7) the apparent remperarure contains the attenuated
surfoce brightness temperature, §©) Tg , os well as the direct and reflected
temperature contributions from the atmosphere. To compute the apparent temperature

Tq& (3. ©) , we use the surface roughness model devel oped in previous chapters
and assume sea water temperature to be 290°K. To account for the temperature
contribution from the atmosphere the ARDC standard atmosphere which describes the
temperature, the pressure and the water vapor profiles and the absorption coefficients
of various constituents due fo different weather conditions are needed. The weather
model proposed by meteorologists that describes the spatial distribution of liquid
water content and precipitation rates needed in the apparent temperature computc'fion
will be discussed separately in the following section.

. For an ARDC standard atmosphere, the temperature, pressure and water vapor

profiles with altitude are given by:

T (3) = g - 653 oK for 3 S 11 km

= Ty = 7.5 k. for F > AL km (4.8q)
PiE) = PZ exp—aila3 3] (4.8b)
(4.8¢c)

(’.L}) = €3 axp [~-3/22]
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where,
Tg = sea surface temperature in °K .
Pg =seasurface pressure in mm of Hg.
f’g = sea surface water vapor density in gn1/m3.
% = altitude in km,
For multiple constituent atmosphere and by linear superposition, the total absorption
coefficient ®@) in (4.5) and (4.7) can be written in the form

A(F) = Hes (F) + Lt (F) + Kypain (F) (4.9)

where
%s )= clear sky absorption coefficient
o14(3) = cloud absorption coefficient
%ran@) = rain absorption coefficient
If there is no cloud or rain, the total absorption coefficient o(3) is due to clear
sky absorption only. The same kind of argument can be applied to the other weather

conditions.

A) Clear Sky Absorption Coefficient

The two major contributors to the clear sky microwave absorption spectrum

are oxygen and water vapor, thus, the clear sky absorption coefficient is

A (3)= o(oz(}) + Ly o (3D Pk (4.10)

A.1) Molecular Oxygen

The oxygen molecule absorbs microwave energy through the interaction-of its
magnetic dipole moment with the electromagnetic field. This phenomena was used
by Van Vleck (1947q) to develop expressions for the absorption spectra of molecular
oxygen in the microwave region. Oxygen has a series of absorption lines near 60
" GHz (often referred to as the oxygen complex) and a single line at 118.75 GHz.
Using 60 GHz os a central line, Van Vleck derived an approximate expression for
the absorption by the oxygen complex valid for frequencies outside the 50-70 GHz
region. The dependence of the oxygen absorption on temperature and pressure was

further investigated by many investigators (Hill and Gordy, 1954; Artman and Gordon,
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1954; Zimmerer and Mizushima, 1961; and Meeks and Lilley, 1963). The mere
recent results for calculating the microwave absorption by oxygen (outside the

50-70 GHz region) may be summarized by the following expressions:

o, (3D = Kgol¥) =+ g (¥) nepfim  (4.11)
where, -
L 2 ' A
Leo (¥) =Ky o ¥y 7 [(60_4;’)’2+Mz + (eof;f)uwz + V1+Ayg](4.120)
ne (F) ne ¥ [(llﬂ.?S—V)z+A7'" T Bas+ vy 07/2] (4.12b)
7 = frequency in GHz
Keo = 83,50
Kug =1.20
— oz P3)
Y = a0
. P&) 293 % o
2y =15 ( -reo) ( Tarld)) (4.13)

P(3) = atmospheric pressure in mm Hg at altitude 7.

Tcir(}’) = atmospheric temperature in °K at altitude 3.

A.2) Water Vapor

Though water vapor has only two dbsorption lines in the microwave part of the
electromagnetic spectrm'n, at 22.23 GHz and 183.3 GHz, the cumulative effect
of the large number of submillimeter water vapor line can be significant.. Using
a low frequency. approximation for the line shape factor, Van Vieck (1947b) derived
an approximate expr‘eséion for the residual effect of all the major water vapor
lines whose resonances are higher than 30 GHz (fheréby including the 183.3 GHz
line). These expressions were later modified by other investigators (Barrett and
Chung, 1962; Chung, 1962; and Staelin, 1966) to include the dependence on
temperature, pressure and water vapor density using experimentally determined
values for the line with parameter, 247, Thus water vopof absorption can be

d as:
expressed as X ol¥) = o, (3) + &, (}) (4.13)
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°.‘.22‘Z')' = Ky ¥, V* [ ! SET ST R J (4.140)

(22'23)5—2’)14— ap? (22235 + S ay?

Kiesl¥) = Keee V2 oy __f G) '
) : ()] nep /e o (4.14b)

kéz = 43.2
{

kres = 2.55x10 .
—_ ] (3’) TQ:P(} 2
Y= P ¢33 (1 + o L8 Teiel) y [y ] @,‘F[- 6o/, ,u,)] (4.14c)

-3

AV = 262(| +000] -ﬁ%%‘dﬂ ) P&/ 160 [T.;;,(s)/ms] | 2 (4.14d)

P(3) = water vapor density in gm/m3 at altitude ¥.

B) The Absorption Coefficient of Cloud and Rain
Ryde and Ryde (1946) were the first to calculate the attenuation of clouds

and roin based on Mie's theory (1908), and their result has been the basis for much
of the subsequent works. By using Laws and Parsons(1943) drop=size distribution of
various precipitation rates, they calculated the theoretical,of-fent;uorion coefficient
of rain directly in terms of eight different precipitation rates with eight wavelengths
from 0.3 to 10 cm ot 18°C. For temperature different from 18°C, the correction
factor is tabulated from 0 to 40°C at 10°C interval .

For non-precipitating clouds with drop radii much less than the wavelength,
- the familiar Rayleigh scattering equation was used by Goldstein (1951) to calculate
cloud attenuation. ;

Gunn and East (1954) not only reviewed Ryde's development since 1946,
but added the backscattering cross section calculation fdr clouds and rain which
has been widely quoted in radar meteorology. The dielectric constcnr of ice is
very much different from water. Consequently they colculcted the attenuation of
ice and water clouds separately, and the temperature effect was also included.

Medhurst (1965), using Rydé's theoretical op'proach,‘ re-calculated the |
cttenuo:tion for rain with five precipitctiéﬁ‘-rctes and sixteen v'vcvelengths from 0.3
to 15 cm at 20°C. He also collected rain attenuation measurements from 1946 to
1962, and compared with his theoretical result. He used a set of theoretical
maximum and minimum attenuations for rain to compare with meosurements and

' concluded that the agreement wos not entirely schsfcctory There was o tendency
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for measured attenuation to exceed the maximum possible levels predicted by the
fheory But recent measuremenrs by Brown and Haroules (1969) at 8 GHz to 15 GHz
indicate that there is no tendency for measured attenuations to lie above the
theoretical maximum values. Hence theoretical calculations seem to provide a
reasonable basis for the prediction of attenuation by rain. :

Benoit (1968) interpolated Gunn and East's discrete data with respect to
frequency and temperature and have come out with one simple empirical equation
very ‘convenient for computation purposes, particularly when the temperature varies
conl’inuodsly with respect to height in the atmosphere .

Following Benoit's result, the absorption coefficient for clouds is expressed

in the form
XaeG) =M " expa) | L (a5)
M == |iquid water content of clouds in gm/m3
== propagating frequency in GHz
b = frequency index '

i
b, = 1. 95 for wofer cloud

b, = 1.006 for ice cloud

a temperoture coefficient

1

a, = —esee [\ 4+ 00045 (Taul3) —275)J

a,= ~8 26\[1—1767 X107 ( Taiel3) ~ 273) 4374x|o4(n.rl}) 273)]

‘Figure 4.2 shows Gunn and East's original duscrete data and the strclghr
lines were drawn by Benoit usmg the interpolating equation (4, 15).

Presenl’ly available absorption coefficients for rain are all expressed in terms
of attenuation in db/km. If the scattermg effect is ignored, the attenuation |s
momly due to absorption and we ccn use attenuation coefficient to calculote the

appcrenr I'empercfure. Here we use Gunn and East's empirical expreSSIon

]

i (1) = a[Pep] @)

to relate the oHenuchon to the prec:pltohon rate. ®rain@) is the ottéﬁuorion' in

db/km and p is the precipitation rate in mm/hr. The porameters a and b are
61
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frequency dependent constants. Referring to Ippolito (1970), the a and b

arameters are obtained with Laws and Parson's distribution at three fre uencies:
P q

a=0.008 b=1.32 at 8.9 GHz
a=0.0125 b=1.25 at 11,1 GHz
a=0.026 b=1.18 at 13.9 GHz

Ippolito has shown that the attenuation colculcfed by this formula is berween

Medhurst's (1965) theoretical maximum cnd minimum attenuation.
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4,2.3 Apparent Temperature Theory with B, Included

Under heavy precipitation a large percentage of precipitating particles
exhibit diameters comparable to wavelengths at frequencies in the range 10 to 15
GHz. As a consequence scattering cannot be neglected in considering the transfer
of radiation through heavy precipitation. The physical effects are clear. The
radiation from the surface not only encounters absorption but also scatters in all
directions on its upward course. The addition of "collision" on its upward course,
as a consequence, attenuates the surface radiation and reflections more effectively,
Similar physical process describes the propagation of the inherent radiation of
the atmosphere.

To compute the apparent temperature Taj(1.0.¢), the radiative transfer
equation presented in the previous section should be employed and is rewritten

be low
cos e—g—ﬂé—‘}' & 4 (v +ps] Toy (18 )= oL (@) Tarel@) ¥

aMe ™M )
+ F’scu')Jj YCLOSQ)‘TqéL},GS/¢S) Sin Bg desdd"s
o =4 or U (4.2)

A close form solution of (4.2) such as the solution of the first order differential
equation presented in the previous section is unwiedly complicated and impractical.
A finite difference method that simulates (4.2) as closely as possible at the net
points is employed in this study.
Letljpg M = cos & Box (¥ )= (%) + Bsd3) , w(FY = Psc(w/(s.,((})
T = _f Bue (3) 43 (where T is called the optical depth of the atmosphere).
We may express (4.2) in the form

- . ,‘P
M j:a(TM ) + Ta.a(?. ad) = (L=73F)) Tan (T) ¥+

™M | (4-]7)
+—w‘(‘c)j JY(C°S®)Taé(T. My, Ps) s d g
. -1 ‘}:‘R or U
With cos @ = u s + JT720 [ToaT cos (= b,y (4.18)

The direction cosine of A, _u, and the azimuthal angles ® and ¢5 s
presented below (Figure 4.3).
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optical thickness for expressing the incident and scattering
of the polarized apparent temperature. " - Co

The scattering characteristics of precipitation represented by the function B ( T) ,
B (), (T, and Y(cos @) in (4.16) are also discussed below.
' Equation (4.17) consists of three variobles T , w , & . To further

simplify it, the scattering phase function Y (cos @) , can be represented in a

finite series of Legendre Polynomials (Shifrin, 1969). A
N ,
Y(Cos®)=12:° Y, T, (os®) (4.19)

where [ is the Legendre polynomial of order ¢ . Additional simplification will

result when the following iaentity is employed.

R (cos @) = Py [wms +/ T JT -z cosca—4,))

L (hm)t o™ " '
=RHuww Rw)+2Z 21;,:))_, Py P sy cos m(d=ds)

. (4.20)
where
P;(‘ y = associated Legendre polynomial of order ¢ degreé m
We thus have
Y(cos @) = Y (u, ¢, uy s ) -
N . -4
:f?; A [ Fuo Py + 2 Z 55;‘,—,’—?,—,@’&» Pl ) cos mce=¢. )]
N, : . - (4.21)

';m" A cos m (P-db)
64

i
<]



where m N m ™ -
AT = (2- So,m)['Z A ﬁw)\i(,us)}

f=m
(4.22)
(2= --,N, OS™M=N)
80, - = 1 V€ wm=0Q
o other Wi sP .
™ (£-m)!
‘Yz = YL (£ +m)!
Equation (4.21) suggests that we expand T‘é( T, #4, ¢ )in the form
Ta.'(?;/“,?):.NZ T.M(T M) cos md .

¥ map G 7 (4.23)

When equations (4.21) and (4.23) are substituted into eqbation (4.17), the fo‘llc;wing

independent équations result:

3
+ G- uoc:).) "\"'a‘.' ()

dT: (7 ) - : L w&) ! '
~Z 3 _- " A\ — ™
: 1

(4.24)

(m=m0,1.-- ,N).

The boundary conditions for a rough surface bounded below and the atmosphere

extended to infinity may be approximated in the form

T T, M) = &) Ty + [ - & w0 | T, ma) w0
‘T} (o, «)y= o . A £ 0 (4.25)

where <, is the total optical depth of the precipitating atmosphere . t_?a( A ) is the
rough surface emissivity and TJ is the surface temperature.

Let us assume (1) the rough surface is isotropic, and since (2) there are no
sources above the atmosphere, and (3) the thermal radiation in the medium is also
isotropic in nature. Then the solution of equation (4.24) consists of one term (m = 0)
only and it becomes a function of T, ut , and independent of + .
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A) Method of Finite Difference for Solving Radiative Transfer Equation

In order to obtain the function T, (T, a4 ) numerically, the approximate
problem is formulated by confining ourselves to (N =) 5 terms in the expressions
shown in eqatuions (4.21) and (4.23) and requiring that equation (4.24) and boundary
condition (4.25) be fulfilled at the points u,, Myy von g My in the interval (0, 1)
and AL, Myrenee M in the interval (0,-1). The integrals are here replaced by
quadrature summations. L

A system of ordinary differential equations of the first order with N boﬁ'hdcry
conditions at T =0, and another N conditions at T = T, is obtained for the 2N
unknown functions TJL(T)= 7:] (M ), (¢=1,2,...,N,-1,-2,...,-N) of this
approximate problem.

We introduce a difference net in < in such a way that the boundaries of the
different substances in the points of discontinuity of the coefficients of equation
(4.24) are points of the net. A finite difference system is obfclined by integration
over each step of the net (7, , ,,) of the system of differential equations for the
functions ’T3 (7) on the assumption that these functions can be interpolated lmecrly
over the step. For N =35, the system of equations with the subscript 3 removed,

represented as follows:

a,' ' ‘
(‘Em T+ 3 (T * )= G —wa) T, (o) +

4 Twiw) 5 T
> = 4 [ A(m, M )(Ta+«+—r )—\-A(Ml,ut)( “"*'_1; )]

C =i

]
A}

(4.26)

( ﬁ-H T )_\_-L(T—Q“—“-T )N(\-W(TI))T‘“Y(T’Z)-—}-

Tw(a) <
2

+ =« (A (s, ) ( “.“rT[)*A(M;,—/t‘c)(Tllf'*T;')]
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A - -
(- T )+ 3 (e Tl ) = (1= w r) Taer () +

Twig) &
+ 52 = (A, A«)(T T )+/\u - )T+ T >]

! 4.27)
. —‘-”’:(Ta ~ T+ 5T, +TQ*,>=c\—w(r.>)Tm-,m+

Tw (%)

( + 2@ 2 a, [Aws, x) (T +T“.)+A(u,, ~u; )T T )]

Note that

f S an ——j fuor + fear] aun

~

_i% a, [-fLM?)-k-S:(M)] (-4'28).

a = 0.118'?16,@_2 = 0.23931, ag = 0.28444, a, = 0.23931, 9 = 0.11846
py = 0.04691, o = 0.23077, p3 = O.SOOOO,_}J4 = 0.76923, k5 = 0.93509

where aa-'s are the weighting factors and ,ua. s are elements of the domain of
T when a five point Gaussian quadrature integration technique is employed.

Equivalently this can be written in matrix form as:

- +
AT, =+ BT, + C (T, +T, )=F
+ 4 - - (4.29)
QLCTH‘ —+ TQ ) -+ E:'gTu—\ -+ A_Q \ - Fﬂ.
with

7! L 1
TQ-‘- = ,: TQ:- = :& F;P: FQ_-: (\- wm))T“"'u” :
) R ! 1
TQ > —1:_5 3 1
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(4.30)
B = 4 R - ML L . T W(T) . N
, =1L 7} '(;-ua ( 7;"2)&} > A(,ubl,a’-)a]
C, =1[ cy } c T w@)
S;- = 1 g,-.-:}

3- ’
{ o] otherwise

The boundary conditions of equation (4.25) imply: '(o) on the rough surface

+
T‘('?o) =T§ 6}"’ -+ {CI] _ 6‘3+}‘T—(T")

. [ < (fu)
€. = .

where

? ¢
Ea‘ (s )

~ (b) with no incident radiation above the layer L

T ) = (o]
(c) an invariance principle is based on the general reflection and emission properties
of the layer ,
+ A -
T, =T, ¥ (4.31)

with

A . + _. . +
— - & —_ )
s, (1] ;. =T €

where { 1 } is the unit vector, €3+ is the emission vector of the rough surface, and
6'2 , T, are the reflection and emission vector of the lcyér (%, ). When

equation (4.31) is substituted in (4.28) and solved for. 3& , and ™,

, we get

| 89+\ =~ 62_' [ Cy — (Bt%z + )"(C&Sl';"/\tz Y‘ Bl]

M= Fa:, - B W “(Bm,%?'* C (o +/h)§l(ﬂ~«‘\ - C-a T )]
& = A= (8 + (¢ §+A ) ¢c, (4.32)
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It is also known from the transmission: properties of the layer that

A
T = 4T +SL_4 : . (4.33)

where
¥, = attenuation coefficient of the layer

g

) = emission coefficient of the layer

i

From equations (4.33) and (4.28), the following expressions result.
A - ‘ ’ A
Y(=‘(CLS—Z+A1)|CCLGL+|+BL)

The matrix functional equations shown in equations (4.28) to (4.34) which represent
the original finite difference equation are applied to'solve the integral differeniial
equation with two boundary conditions given in equation (4.25).
. Computationally, the coefficients aé . 5\; y Moy - 8}2 .are first found for -
£=0,1, ...,L, using o =[11- E;; W, = A e;' , and the recursive relations
given in'equations(4.32) and (4.34). These coefficients do not depend on
With these coefficients calculated at every net point, equations (4.31) and (4.33)
therefore enable us to find the solutions T;' and T,  for all values of ¢ . To
increase the accuracy of the numerical computation, the number of nets for . and
T, can be increased. Under the assumption that the emission induced by scattering
contains equal probability for both polarizations, the system of difference equations
presented in equations (4.28) through (4.34) is applicable for either horizontal or
vertical ﬁolari;otidﬁ; the bnly difference is the_sprfccq.reflection and emission

characteristics, no'mel); 8", =[11]- (:;’*,' m= Ta' E;} where 3 = or U

B) Scattering Characteristics in Precipitation

The microwave scattering characteristics in precipitation consists of the
extinction coefficient, the scattering coefficient and the scattering phase function.
Although the extinction coefficient has been computed - for various precipitation
rates in radar applications (Ryde ond Ryde, 1946; Gunn and East, 1954; Medhurst,
1965), the scattering coefficient and phase function are still llccking. In what
follows these coefficients will be derived first for a single drop and then the result
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will be extended to a unit volume of water drops using an appropriate distribution

function.

(i) Single Drop Characteristics

Tt will be assumed that the precipitation particlés are spherical in shape so
that Mie's theory of scattering by a dielectric sphere is applicable. A detailed
analysis of Mie's theory can be found elsewhere (Mie, 1908; Stratton, ]941; Van De
Hurst, 1957). Here, only a brief outline is given.

j €~ . . .
e? (e ﬁ;«) with unit strength, time

Suppose a plane wave E = x
dependence eéwt, propagation constant & , and polarization in the 3 direction
is incident in the 3 direction (Figure 4.4), then the scattered electric field,’

due to a spherical particle situated at the

origin, at large distance R is given in the

A% spherical coordinates by
s
s/ 5 &
...?' R
— s - € (4.35q)
A x Eg = TER A©) Cios P
7 | s SR o .
a = - B(6G) sin .
2 i i #% (4.35b)
Particle
2
Figure 4.4 The scattered electric field due to a spherical particle.
where _
1.
P (cos 63 d P, Ccos8)
(=) " v (Cos 8 s n (Cos
pe) = = N el SR T b T ] (4.360)
1 ]
oo 3 s d P (eeso) s Pncwss)]
B (e> = g_; flz(’::.';’ﬁ [ Qe ——1;—9--— b"- sSn O
) (4.36b)

' . .
B, c¢cose) = associate Legendre polynomials
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@S o Salf) Sy (mp) = ™ Bplp) Snlmp) (4.370)

* P, (P SS(mp) ~ mcpn’(lp) S, ()
bS = . Swlp) SL(mp)— S (P)S.(mp)
7 B(p) Su(mp)~ B () Sa (P  (4.37b)

S, = [TX .

RO =PF Ty

b, (x) = sn(z)—'-jcn(z)
Cn(x) .—_—_c—r)"'-’;—" Ty (%D

7, (x) = 7 * order Bessel function of the first kind
P. = normalized radius | o
= 2me/3
= wavelength
- @& = particle radius (in the same unit as A )
= square root of the complex dielectric constant of the particle
= (€ -j€") 2
=71 -7

The prime symbol in (4.37) indicates differentiation of the function with
respect to the variable shown in the argument.
The power scattered by the particle into a unit steradian in the direction

(6,®)is

. L , ‘
Ceo @y = % [|A®1 cos* o ~[RE3]? sinig (4.38)

For a randomly polarized beam, the scattered power may be obtained by

averaging <(© , ¢ )over P, namely.
L) =< ¢ o
SO Tl e = s e+ Be)) ] (4.39)

The scctrering cross section §( ™, P ) defined as the radio of total power

scattered by the particle in all directions to the incident power can be computed

by using (4.39) as
-

g(m, )= 27 [ L8) sine dB (4.40)
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The scattering coefficient Koo (m , 4 ), in turn, defined as the ratio of
the scattering cross section to the geometric cross section of the particle, can be
computed by using (4.40) ond (4.36). It is expressed in the form

. - ) i (M : — . .
Kse Cm, f):? ‘g,“*;{—e_)— = —-g— = Can+ ) (lal 12 +1b3)?) (4.41)

Similarly, the extinction coefficient is expressed as (Van de Hurst, 1957).

1

R . oo s - ’
Ken (™ €3 =, — Z%“*"Re(““*" ) wa

rz ne i

The scattering phase function, f(8) , is defined as the ratio of the
scattered power directed into a unit solid angle in the direction 8 to the scattering

cross section. It is expressed in the form

_ le) 1A+ 1BE)|?
1) = $ (m, ) 2w ? kg (m, 0) : (4.43)

From (4.43) it is obvious that -

2113' $i8) s\ms de '="‘1',’
Equation (4. 41) through (4. 43) are- the formulos from whlch the scattering
characteristics of .a single drop can be calculated. :

oy

(ii) Unit Volume Characteristics
_ Under the assumption that many particles of different sizes are randomly

distributed ‘in space within a unit volume of precipitation, the-macroscopic scattering

characteristic can be computed by integrating the 's'irzmgle drop characteristics with

a known ‘drop size distribution function over the entire size distribution tange. The

scattering chardcteristics of precipitation for a unit volume moy thus be expressed in

the form

"rJ a* ¥, f)NmA« - : (4.44)

foe = T[] @y N@AR (.49)
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oo

X(@) j a? kSC(m,fJJ;(G).N(d)dq_ . (4.46)

PSC

where

Pesx

extinction coefficient per unit volume of precipitation in neper/cm

1

Bsc = scattering coefficient per unit volume of precipitation in neper/cm
Y (®) = scattering phase function per unit volume of precipitation

@ = radius of raindrop in.cm ' -
N@) = drop size probability density function in the precipitation

For the case of a Marshall-Palmer distribution, the probability density function is

expressed in the form

‘N@) = 2N, exp(—~C, &) (4.47)
where Ng= gxt02 em?
- D 2}
C, = 82 /P em™!

f = precipitation rate in millimeter per hour

(iii) Computed Scattering Chomcferushcs of Precipitation

From the above derived equchons, the extinction coeffucnenf the scattering
coefficient, and the -albedo of scattering-can be computed and are given in Table 4.1
with different frequencies, precipitation rates,. and raindrop temperatures:. The
scattering phase function versus angles are plotted in Figure 4.5 through'4.8.

From chle 4.2, it is shown that extinction and scattering coefficients
increase with increcsing precipitation rate and, frequency. On the other hand a
decreasing raindrop temperature will increase the albedo of scattering. For pre-
cipitation rate less than 10 mm/hr and microwave frequency below 9 GHz the
scattering effect is negligible since the conrr|buhon of the scqffernng term is less
than five percent of the total energy . ,

From Figure 4.5 through 4.8, it is shown that an increasing precipitation
rate ot 13.9 and 8.9 GHz will increase the backscattering power. As mentioned ”
before, this scattering phase function can be approximated by a finite series of

Legendre polynomials

Y(coso) = 7= % R Ce2®) ~ (4.19)
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The computed scattering phase functions of rain.
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4,3 COMPUTED APPARENT TEMPERATURES OF CLOUDS AND RAIN

4.3.1 Introduction

The theoretical investigation given in the previous two sections described
in general the equations to be used for various weather conditions. To compute the
downward-looking apparent témperorure for a B excluded weather condition, it is
necessary to assume some values for the parameters in (4.6) and (4.7). As can be
seen in (4.6) and (4.7) both sea surface brightness temperature and atmospheric
contribution play an important role to the total apparent temperature. Here we
employ the results of Chapter IIl and a sea water temperature of. 290°K to calculate
the rough>seo surface emissivity at 13.9 GHz. Since sea surface roughness charac-
teristics can be related to wind speed over the sea as mentioned in Chapter I, in
what follows we also assume a wind speed variation of 5 to 15 m/sec to represent
different sea surface roughness.

To compute the appa ent temperature due to atmospheric contribution it is
necessary to assume the atmospheric temperature profile, T;A3), and the absorption
coefficient for a specific weather condition. In this study unless otherwise stated we
apply ARDC standard atmosphere for describing atmospheric temperature profile,

. To compute the clear sky ubsorptién coefficient we also employ ARDC
standard atmosphere in which the temperature, pressure, and water vapor profile of
atmosphere are given by (4.8), The magnitudes of temperature, pressure, and water
vapor density at sea level are yet’to be specified. In the following, an air temperature
of 290°K, a pressure of 760 mmHg and a water vapor density of 7.5 g/m3 at sea level
are assumed.

The presence of clouds and light to moderate rain can be expressed as
additional absorption to the already present clear sky absorption and the ARDC
standard qrj;nosphere is still applicable. But the spatial distribution of the liquid
water content for clouds and the pre‘cipirorioh rate for rain are required to compute
the cloud and rain effects. Some realistic clouds and rain models proposed by
meteorologists which include the spatial distribution of liquid water content for
clouds and precipitation rates for rain are présented below. Subsequent computations
of the apparent temperature using these models assumes an observational height of
7 km,
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4.3.2 Clouds

According to meteorologist classification (Donn, 1964) there are three basic
cloud forms, namely cirrus, cumulus, and stratus. All cloud formations consist of
these standard forms, a combination of these forms, or a modification of these forms.

Since cirrus clouds are typically thin layers of ice, their absorption (or
emission) are relatively insignificant compared with the other cloud types at micro=
wave frequencies. Hence only stratus and cumulus cloud formations are considered.
Usually the liquid water content of the cloud varies with height and attains its
maximum near the cloud top. However, for convenience of computation, the averoge

value over the total cloud thickness is employed in the calculations to follow.

(i) Stratus

Stratus clouds are typified by a thin layer of low water content clouds. The
apparent temperdture versus nadir angle calculation of these cloud conditions are |
based on Neiburger's models ('] 949) given in Table 4.3, |

TABLE 4.3

i
Neiburger's Stratus Models

Cases Altitude Extent Water Content
(m) (gm/m3)
. Case 1 30-580 - .35
Case 2 152-520 .25
Case 3 . 213-490 .20

The results for horizontal polarization at 13.9 GHz dnd 5 m/sec wind speed
are shown in Figure 4.9,
It is evident that stratus do not contribute much to the rise in the apparent

temperature compared to the clear sky case.

(ii) Cumulus .
Cumulus clouds are prevalent over the ocean for all seasons. To typify their

effect Levine's models (1965) for cumulus are employed (See Table 4.4 below).

79



°K

APPARENT TEMPERATURE

210 | 'HORIZONTAL POLARIZATION
FREQ. 13.9 GHz

WIND SPEED

S m/sec
———= 10 m/sec

200 ~

190

180

170

160

150

140

130

120

110

100

————

0 CLEAR SKY

80 — .

L I IR | ! 1
10 20 30 40 50 60 70
NADIR ANGLE  DEG

FIG. 4,10 The Conputed Apparent Temperature for Observation
Through Cumulus Clouds

80.



°K

APPARENT TEMPERATURE

230

220

210

200

190

180

170

160

150

140

130 |

120

VERTICAL
FREQ. 1

—_—

POLARIZATION : ASE 3
3.9 GHz >

WIND SPEED

5 m/sec

0 m/sec

1 1 1 I | -1
10 20 30 40 50 60
NADIR ANGLE  DEG

FIG. 4,11 The Computed Apparent Temperature for Observation

Through cumulus Clouds

81



TABLE 4.4

Levine's Cumulus Models

Case Altitude Extent - Water C:?ntenr

(m) (gm/m”)

Case 1 : 457-10468 0.5
Case 2 . 457-2590 ' 1.0

Case 3 457-3810 » 1.25

The computed apparent temperature versus nadir angle by using (4.6) and
(4.7) for these three cases are shown in Figures 4,10 and 4.11 for horizontal and
vertical polarization, respectively. Results are also shown for different surface
roughness conditions as well as cloud cases. The result indicates that (1) for the
same surface condition the thicker and the higher the water content, the higher the
temperature rise with respect to clear sky; (2) at larger nadir angles say around 50
degrees horizontal polarization is more sensitive to the fempéi;bl'ure rise as compared
to vertical polarization; (3) the rise of apparent remperqfure ‘due to the increase of
surface roughness, namely increasing wind speed, can be detected in all cumulus
cases and (4) comparison of the horizontal apparent temperature curves between clear
sky and cumulus cloud (Case 1) (Figure 4.10) o qualitative differentiation between
surface effect and cloud absorption effect can be made. The cloud absorption
temperature increases with increasing nadir angles, while the surface effect causes
the same amount of temperature increase over all nadir angles.
(i i.i); Overcast

Overcast may be considered as a combination of stratus and cumulus clouds.
Frequently an overcast condition can be associated with the warm sector preceding .
a cold front. An overcost may be classified according to its depth and water content.

To study these overcast conditions Porter's models (1969) are employed. A

description of these overcast situations is shown in Table 4.5,
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TABLE 4.5

Porter's Overcast Models

Cleassification Altitude Extent (m) : - Water Content
: ' (gm/m9)
Light (sun visible) 300~650 0.33
Medium (light sky) 400-900 0.67
Heavy 500-3200 1.00

The apparent temperature characteristic for these overcast conditions are
shown in Figures 4.12 and 4.13 for horizontal and vertical polarization with sea
surface wind speed of 5 m/sec and microwave frequency of 13.9 GHz. In the figures,
the horizontal polarization exhibits an increasing sensitivity with nadir angles under
the overcast condition. A 70°K separation between the heavy overcast and the
clear sky condition can be observed at nadir angles in the vicinity of 70 degrees.

The response for the vertical polarization on the other hand shows maximum sensitivity

to clouds only at nadir.

4.3.3 Light to Moderate Rains

The extent of precipitation over the world at any time is small in comparison
to the extent of the non=precipitating regions. The frequency of rain over oceans is
known to be even lower than that over land. As a consequence the operation of a
combined radiometer-scatterometer will not be impeded often by rain. It is importont,
however, to estimate the effects of rain on the radiometric ob§ervorion to atrémpf to
discriminate between precipitating and non-precipitating fAegions.

The characteristics of precipitation have largely been described over land.

No information regarding vertical rainfall distributions has been found for rain over
oceans. It is assumed that the rain characteristics over land and sea are similar. In
this respect Valley's rain models (1965) are used in computing the apparent microwave

temperature. He described several cases, only one case, however, is treated here.
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This case is representative of summer rain in temperate latitudes and with a slight
increase in temperature, of widespread tropical rains as well,

This model typifies widespread uniform precipitation and not showery
conditions. The precipitation and cloud characteristics are shown in Figure 4.14
and Table 4.6 respectively. As aresult of different updrafts, four different

precipitation rates can be described for each case.

TABLE 4.6
Valley's Rain Model

Roin Parameters Cloud Parameters
Updraft Altitude Precipitation| Altitude Water
Condition Extent atz=0 Extent Content

(m/sec) S (m) (mm/hr) (m) (@m/m°)

0.4 0-3100 10.3 3100-7000 0.30
0.3 0-3200 7.9 3200~7000 0.25
0.2 0-3300 5.2 3300-7000 0.15
0.1 3-3500 - 2.8 3500-7000 0.10

The computed apparent temperature characteristics are shown in Figures 4.15
and 4.16. From Figure 4,15 it is evident that the sensitivity to rain is greater at
higher angles for small rainfall rates than for larger rainfall rates. In Figure 4.16,
an approximately linear correlation of apparent temperature rise with respect to
precipitation rate are demonstrated at nadir. From this it may be possible to predict
precipitation rate from the measured apparent temperature whenever the surface
characteristic is known. It is also clear that the radiometric contributions by rain

are notably larger than those of clouds.

4.3.4 Heavy Rain

Based on finite diffecrence method described in earlier sections, computer
programs are developed to compute the apparent temperature as observed at altitudes

above heavy rain. The results for two uniformly distributed precipitation rates, 10
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mm/hr and 30 mm/hr, are shown in Figure 4.17 through 4.20 for both horizontal
and vertical polarizations. . B

In the figures both scattering-included and~excluded cases are ";;ii'/e‘h for
comparison. For scattering-excluded case, we assume the albedo of scattering |
to be equal to zero in the radiative transfer equation given in (4.33). Since the
source function induced by the scattering term is not as effective as the thefmal
radiation source, a decrease of the computed temperature is clearly evident when
the scattering effect is included. At larger nadir angles (greater than 60°) the
effect of scattering is seen to increase and causes a larger decrease in the observed
apparent temperature. The effect of scattering is most significant as the precipitation

rate increases.

4.4 CORRELATION OF EXCESS APPARENT TEMPERATURE WITH ATTENUATION

b

4.4.1 Introduction ‘

The primary advantage of having a radscat system as opposed to a scatterometer
system is that it allows correlation of the excess apparent temperature (i.e., the
difference between the total apparent temperature and the surface brightness
temperature) with the attenuation, thus providing a correction factor for the
scatterometer data. This, in turn, improvés the wind speed estimation over the

“sea when cloud and rain intervene.

Direct numerical computation employing (4.6) to plof the attenuation given
by L(e.3}) versus apparent temperature difference is possible but tedious. In what
follows a simplified model is used to investigate the correlation between the excess
temperature and atmospheric attenuation, .

The apparent temperature for a downward looking radiometer located at an
glfitude 3 above the sea surface with nadir angle § , as derived in section 4.2.2

for non-scattering atmosphere, has the form

% 4.6
Ty =L DlgoT + Tye)) + Tn® D) (4.6)

=4
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where } _refer to the state of polarization; L (8, 3 ) is the transmittance; EJKG)Tg

is the surface brightness temperature; €;(0) Ta is the temperature emitted by the
atmosphere between the surface and the height 3 in the direction 8 ; T,.(8)

is the reflecfeg.l sky temperature. Trd 9) is also expressible in the form
) 2w W2
T =25 [ Vi (6, 82, ) Tegy(8) sin B dBadebs 4 70)
with - _ .
m V2 4
- in d s
63K9)= i am Ja L Y/}(e/ 8, ) Sing. db AP

where , 3 iseither # or V ond }3(9/ 6 #:) is the surface differential scat= |
tering coefficient,

Due to the complexity of Y; (8, 65, ) as derived in Chapter 3 and the
integration needed to obtain the reflected sky temperature, the problem can only be
evaluated numerically. However, in numerical computation the parametérs that
affect the apparent temperature cannot be easily visualized. To circumvent this
difficulty a simplified model is employed to analyze the correlation of the excess

temperature with attenuation.

Let
_ - W, . 1 -
F}\e) = ‘W ] L Y} (8. 6, q%)Tska(Gs) smp, df, d b (4.48q)
T e 8) o .
= sna . .
- = Tony 0). { f VJ(G' S, %) Stn B d G dep (4.48b)

= | - ﬁ\e) (4.48c)
— !
where (93 (8) represents a weighted average sea surface reflectivity with respect
to specific sky temperatures. Under many circumstances involving clear sky, stratus,
cumulus, overcast and light rain at frequencies below 15 GHz, and nadir angle
less than 70 degrees, it is found that .(;a (8) is insensitive to Tsiy (8) variation or
atmospheric changes. It mainly depends on surface characteristics as can be

expressed in terms of (4.48b) or (4.48c) without significant error.
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Using (4.48) , we can express (4.6) in the form

Tt0,3)=10.3) (§@OTy v {O Ty® [+ T 0.3 @)
The significant advantage of (4.49) over (4.6) is that the reflected sky temperature
‘ra(e) is now expressed as the product of the effective surface reflectivity Fi(e)
e (8) and the sky temperature, and that f’ (8) depends only on surface
chorocfenshcs
To further simplify the problem, T;,Ea(e) can also be written in the form
(Peake, 1969)

T.-sec 6

Ty ) = (112 Tqie ) -s50)(\~ € © ) " (4.50)

where T, (0) is the air.fempercture at the ground level; and T, is the total

optical depth at nadir. The total optical depth T, is given by
= f o (§) o3 S (4.51)

where (3 ) is the absorption coefficient of the atmosphere per unit length at
alhfude 3. ‘

S|m|lorly, we can also express  Tag,. (6. 3) in the form

Taim(8,3)= (F12 Tair@) = 50) (4 = &~ °5°°) (4.52)
with Y} «3) 43 B (4.53)
and Lee, 1) = e~ T sec (4.54)

By employmg (4.49) rhrough (4.54), the correlation of excess temperature

with attenuation is presented below.

4.4.2 Analysis

To make the analysis simpler we assume the radiometer to be located high

enough that the atmospheric temperature Tay,, (6, 3) is about the same as the
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sky temperature, i.e.

~t°S:<_9
(1.12 Taie@) =50) (Vv —- e

=T, L=}

(

Taen 18,3) = Ty (6) (4.55)

where
Ty = 112 Vair ©) — 50

— 7T, Sec .

L= ¢

with 3 so large that we may assume T = 7, without significant error. Using

(4.55), we can express (4.49) in the form

T"i 8y = L (ej(e)‘\‘a ~+ ?3&9) Tm (1= L)] + T (1-1) (4.56)

When we define the excess apparent temperature, Tgé (8) , as the difference
between the total apparent temperature and the brightness temperature due to sea

surface only, we get

e, 6) =TQ3L9) - Eg‘e)Tg

=G-uT, I+ Lp®] + Lg®T, - §©T,

= (\ -~ L) [—T\v\ Y\+ L?-}(e)} - GZLS)Tg]

Letting the attenuation factor, A, equal to the inverse of the transmittance, namely

(4.57)

| sec® T,
A== > | @)
\oa A = Sec 8 T
We get
g, ; (8)
TE-(S)z (\—%\L_‘;‘(\*—EA—)_ EQKQ)T%} (4.59)

d
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Differentiating Tga (8) with respect to A in (4.59), we get

From (4.59) and (4.60) some remarks can be made: (1) For fixed Ta , Tm ond
an) (and hence Fj (6) ), the larger the attenuation A the larger the excess

apparent temperature, TEJ (8) , and the rate of increase of the excess apparent
temperature TEO (6) , decrease with the increase of the attenuation A, (2) For
a fixed attenuation A aond surface temperoture 'T'? , decreasing surface emissivity
63 (8) will increase both the excess opparent temperature and the rate of increase

of the excess apparent temperature with respect to attenuation.

The trend of the excess cpparent temperature versus attenuation is demonstrated
in Figure 4.21. 3 .

In Chopter 11 it has been shown that the surface emissivity decreases with
increasing nadir angle. Thus to obtain a better sensitivity of the excess temperature
versus attenuation, it is suggested that the radiometer should look at larger nadir '

angles, say 50 degrees or larger, and operate in horizontal polarization mode .
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CHAPTER 5

SUGGESTIONS FOR FUTURE STUDIES

\

The non=coherent composite surface model is shown to predict scatteromefric
and radiometric responses of the sea with reasonable accuracy. The use of an
isotropic surface model, however, has completely ignored the anisotropic character-
istics of the sea surface. The cross wind response, for instance, cannot be distin-
guished from that of the upwind. Also, the evaluation of the scattering integral by
the stationary phase approximation results in a wind speed dependence of the large
undulations only through the rms slope of the large structures and not the specifié
shape of the surface spectrum. It is suggested that future efflérf for sea scattering
theory should accommodate the two dimensional (anisotropic) sea spectrum propesed
by oceanographers. This approach may, however, be too involved for microwave
emission theory due to the many lengthy numerical integrations required for a
number of multiple inrégrcls, but is éerrcinlly feasible for radar backscattering with
the present computer capabilities. ' o

Theoretical computations of the microwave apparent temperature over the
ocean have shown a definite temperature increase due to clouds and rain. However,
the cloud and rain models presented are not extensive enough to include all possible
conditions. The horizontally non-uniform cloud and rain models that will occur a
lot of times should be considered in future studies, although it may further complicate
the formulation of the problém. For heavy rain, the solution is based on the uncoupled
radiative transfer equation. It may also be extended to a more complicdred.coupled
integral differential equation as given in Stogryn's work.

A simplified model is used to study the parameters that aoffects the oppcrent
temperature under cloudy and rainy conditions. Good agreement between simplified
~model and detailed numerical computation for correlating excess temperature with
ottenuation suggests that the simplified model can also be employed for the senéifiviry
study of surface parameters such as temperature and salinity of sea water. Further
correlations of the excess temperature for detecting a definite rain fall rate in a
precipitating atmosphere may also be possible if the related parameters can be

estimated properly.
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CHAPTER 6

CONCLUSIONS

The investigation in the previous chapters presents a complete microwave
apparent temperature theory over the ocean. The model for computing the sea
surface emis'sion characteristics is the same as the model for deriving the expressions
of differential scattering coefficient, since the surface emissivity depends on the
_differential scattering coefficient of the sea in an integral form given by Peake. On
the other hand, the rise of the apparent temperature over the sea due to clouds or
rain depends on its absorption (emission) characteristics, atmospheric temperature
profile, and the specific meteorological model used. ‘

| A bistatic two scale non-coherent scattering theory extended from Symyonov's
paper has been developed to yield the expressions for the differential scattering
coefficients. The emission 6nd the backscattering characteristics are then derived
from the differential scctfe}ing coefficients in the standard way. The theory
assumed Gaussian surface height distributions and Gaussian correlation functions for
both scales of roughness. ' | '

The emission and the scattering characteristics are shown to be dependent
on the rms slope of the large undulations m, the sfcndcrd'deviofion of the small
irregularities ¢, , and the correlation length of the small irregularities £ . The
wind dependence of the first two parameters is associated with m through slick sea
measurements by Cox and Munk, and the S; through the high frequency sea s‘pecfrum.
The parameter £ is associated with the shape of the high.frequency sea spectrum
and can be reasonably chosen by fitting the sea spectrum BK " to the assumed
Gaussian spectrum. It is noted that the emission characteristics for horizontal
polarization is a sensitive measure of o, . Thus, o is established by fitting the
emission choracteristic to measured data for differenr.wind speeds. The parameters
chosen in this way are then used to compute the vertically polarized emission _
characteristic. Good agreement with measured data and better agreement than single
surface model are demonstrated. _

The same set of surface parameters at each wind speed is then used to

compute the backscatter characteristics. The results except for level are shown to
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agree reasonably over all angles with NRL backscatter data under similar wind
conditions. Comparison of these characteristics with a single parameter surface
mode! demonstrated better results.,

These findings have proven that the validity of the assumed scattering
model is better demonstrated when both the predicted backscatter and the emission
characteristics are compared with measurements. They have further shown that the
‘measured emission and scattering characteristics with the aid of a réasonable
composite surface theory may aid the oceanographer in identifying the wind
dependence of the sea specfrum,’

Numerical technique has been applied to solve the radiative transfer equation
and to determine the cloud and rain effects on the observed apparent temperature

"when looking downward over the ocean. For large rainfall rates the effects of
scattering are found to be significant and are incorporated into the radiative transfer
equation. .

It is shown that stratus, cumulus, overcast, and rain all contribute significantly
to the observed temperature. Larger sensitivities to clouds and rain are observed for
horizontally polarized apparent temperature at large nadir angles than for vertically
polarized apparent temperature.

Aside from roughness detections, the apparent temperature of a radiometer
can be used to infer sea water temperature when surface roughness parameters is

being measured by a scattefometer,

The rise of apparent temperature has been found to correlate with the atmo-
spheric attenuation. This result is useful for correcting scatterometric observations,
It may also be used to differentiate between a precipitating and a non-precipitating

atmosphere when the surface condition is known.
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APPENDIX
FORTRAN IV COMPUTER PROGRAMS

A iisl’ of FORTRAN [V computer programs and a brief description of the input
and output format are presented in this oppendix. The equations and formulas shown
in the programs are based on the derivations given in the main text with some
modification. The tabulated results and the figures of the main text are computed by

applying these programs.

A-1 A computer program for computing the sea water dielectric constant and the

plane sea surface emissivity.

In this program the input cards are punched in data-card format with different
frequency FR(I), temperature TEMP(l) and salinity SALI(I). The output for the
computed dielectric constant is tabulated with respect to temperature ‘and salinity.

A different frequency results in a different table. The output for the computed plane
sea surface emissivity is tabulated with respect to nadir angle at a ten degree interval
for both horizontal and vertical polarizations at one frequency, one temperature and
one salinity. For multiple frequency, temperature or salinity input, the output of
the computed emissivity is printed out sequentially with preassigned sequence until

all values are printed out.

A-2 A computer program for computing the surface emissivity due to small scale

differential scattering coefficient.

This program is written for computing the surface emissivity due to small scale
roughness. From this program the contribution of the small scale roughness to the
overall emissivity con be estimated. The inputs are punched in constant=card format.
The first three constant-cards contain the information on surface roughness parameters,
i.e. the rms slope of the large scale sea surface, and the correlation distance and
the standard deviation of small scale roughness. On the second two constant-cards
are the real and the imaginary parts of the dielectric constant. The output of the
computed surface emissivity is printed out versus nadir angle at a ten degree interval
for both horizontal and vertical polarization. To compute a different surface
condition either due to surface roughness or dielectric properties it is required to
change the input card.
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A-3 A computer program for computing the modified Fresnel reflection coefficient.

In this program the inputs are punched in constant-card format. The first two
constant-cards contain the correlation distance and the standard deviation of small
scale roughness. On the second two constent-cards are the real and the imaginary
'pcrl.'s of the dielectric constant. The output of the computed results are printed out
versus nadir angle ot a fifteen degree interval for both horizontal and vertical

polarizations. In this program Romberg integration is being employed.

A-4 A computer program for computing the two-scale rough surface emissivity.

» The computed results of the last two programs and the differential scattering '
coefficient due to the large scale roughness have been employed in this program for
computing the two-scale rough surface emissivity. Due to the complexity of multiple
integration and the averaging procedure only one case is computed in one program
time. The inputs are all punched in constant-card format. The first three cords
contain the surface roughness parameters. The second two cards contain the real
‘and the imoginary parts of the dielectric constant. The output of the computed surface
emissivity is printed out versus nadir angle af a ten degree interval for both horizontal

and vertical polarizations.

A-5._A computer program for computing two scale backscattering cross~section.

In this program the input is punched in data~card and constant-card format.
The data-card ¢ontains the surface parameters i.e. the large and the small scale
" roughness. The fwo constant-cards contain the real and the imaginary part of the
dielectric constant. The output of the computed backscattering cross-section is
printed out versus nadir angle ot o ten degree interval for both horizontal and vertical

polarizations.

A-6 A computer prégram for computing the clear sky and cloudy sky apparent
temperatures .

In this program the input data contains thrée parts. The first part is in read-

cord format that reads in the required surface emissivity and averaged surface

reflectivity. The surface emissivity data are obtained from previous computer
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program. The second part of the input is in data-card format. [t specifies the
standard atmospheric conditions such as the temperature, the water vapor and the
pressure at the sea level. The last part of the input data is in read-card format that
reads in various cloud conditions, i.e. the cloud thickness and liquid water contents.

_The output of the computed apparent temperature is printed out versus nadir angle at
a ten degree interval for both horizontal and vertical polarizations. Each cloud

condition is printed out in one tabulated form.

A-7 A computer program for computing the apparent temperature of light to moderate

rain.

The input and output format in this program is the same as the above clear and
Y . . . . . . .. .
cloudy sky opparent temperature program. The only difference is in the third part
of the input cards. In this program various rain cases are employed instead of cloud

conditions.

A-8 A computer program for computing the scattering characteristics of rain.

In this program all the input data are punched in read-card format. The first
. card contains the number of integrations and the differential increment needed in
the integrations to obtain good accuracy. The second card contains the number of
frequencies, temperatures, precipitation rates and angles that are required in the
computation. The last three cards contain the values of the frequencies, the rain
drop temperatures, and the precipitation rates. The output is headed by the title
of the problem. For a specific case with one frequency, one temperature and one
precipitation rate, the output of the computed results is printed out in two parts.
The first part contains the extinction coefficient, the scattering coefficient, and
the albedo of scattering. The second part contains the scattering phase function at
nineteen different angles at a ten degree interval. For different precfpitorion rates,

temperatures and frequencies, the format of the printed output will repeat as above.

A-9 A computer program for computing the apparent temperature of heavy rain.

This program contains many matrix operations. The matrix inversion sub-
. Y

routine is obtained from computer subprogram library. Hence we only use a call
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statement to call in this subroutine. The input data are punched in read-card format.
The first card specifies the surface emissivity and reflectivity. The second card
specifies the scattering characteristics of rain and the values are obtained from the
above program outputs..

The output of the computed results are pfinred out with respect to nadir angle
and increment layer. In this program we assume l;hirty increment layers for total
rain thickness and five nadir angles. Hence, the printed output will contain one _
hundred and fifty net points. For different precipitation rates and surface conditions
that include the change of polarization, it is necessary to change the input card and

re-run the program to obtain the computed results.
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A-1. A computer program for computing the sea water dielectric constant
and the plane sea surface emissivity.

TDENT  ~ 2523.W3 WU SHIH TSENG
OPTION FORTRANSFRCNT/15/

PR

FORTRAN NDFCXK
DIMENSTION FP(]O96¢6)9FPP(]O¢6,6)qFR(lO)9TFMP(6)9SALI(6)

DIMENSTON FMH(10s531n)sEMV{1006s10)YsTRH{1U46410) s TRV([1Us6+10)
DATA (FR{I)9I1=1910)/1022891e84) 4448553806369 8469139¢3513¢Y91%e891 704

119434/
DATA (TFNP(!)91'1;61/276.928Y.9?84.y288.9292.o296 /

DATA {SALT{I ) 9T=14961/372¢923e9340935493609374/
DO 70 1=1,10 '

FO=FR(T)
DO 70 J=1+6

TE=TEMPT
DO 70 K=1,6

S=RALTIRT
cAaLL DIFL(O(FQ;TGaSsFlsE?)

EP{TsJeKT=ET
FEPP(14JeX)=F2

0 CONTINUF
DO 71 1=1,10

WRITE (65727 FRTTIT
72 FORMAT(1HY s//45X s HFRKEQ=sF8ebs4H GHZs//)

WRITETS s 73T TTEMPTIT sJ=T+67
73 FORMAT(11Xs6(5S5HTEMP=9F541+2H KstaX)//)

WRTTETE s 271
22 FORMAT (X +4HSALT 614X +s2HFY96Xa2HEZ92X )/ /)

WRITETS« 74T (SALTIK T TEPTT o JeKTsEPP T T s JsKT e J=Ts86TsK=1967
74 FORMAT( 13(3XF5.2)/7)

TT CONTTNUF
PI = ATAN(1.)%4,

PITO=PT7TB.0
L=4

DO B I=1.T0
DO 8 J=1+6 .

DO 8 K=1,10
E1=EP(1+Jsl)

EZ=EPPTTJsL]
THFETA1=FLOAT(K-11%P110Q

CES=COSTTHETAT]
SEN=SINI(THETA) }

COS7=CESHCFS
SIN?=SEN#*SFN

FI1=FT1-STN?
R=(F1¥F1+F2%E21%#%N,25

GAMAU=N (S FATANTEZ/F T
F2=CRS*CQS (GAMAQ)

FE=T0/TCOR7+7 0+ R¥F7FRERY
EMH( T aJeK) =l  ¥RHF D ¥F

GAMAZ=ATANTFZ/FT11
G=CFS* (FI#F1+F2#E2)#%0,5
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RG=R*G*COS{GAMAZ-GAMAO)
- RA=1.0/(RARLGXG+D 4NHRG)

EMVIT s J4s KT =4 J¥RE¥FRG
TRH(T s JsKI=TFMP(JI*FMH (T +J K]

- TRVIT W JSKT=TEMPIJTETMY T +.J+K]
8 CONTINUF

WRITE(Os21)
21 FORMAT(1H1,50HTHIS IS TO CALCULATE THE EMISSIVITY OF SEA SURFACES)

DO 1T T=T1,1I0
WRITE(6518) (EMH(T4959K)sK=1510)s(EMV(I3s5+K)sK=1,10)

FORMAT(10Q(4XF 6e4)//)
CONT INUF

pd it
— 0

DO 12 J=1+6 '
WRITE(6519) (EMH(T14J91)s7=1910)s(TBHII5Js1)s1=1510)

19 FORMATUIO(ZXFB.2ZV/7 /)
12 CONTINUF

STOP
END

k) FORTRAN NDECK
SURROUTINE: DIELCO(FQsTGsSesE14E2)

PINZ=ATAN(T1.7/725,
DAM=30./FQ ' T

SWN=5758.45
TC=TG-273.

ES5=87eB-T5«3*SWN-0.383IHTC
DMS5=3438-0e11#TC+0s0Nn14T*TCHTC+0s0173%#TCHSWN ~0e52*%SWN

THEG=5 e *SWNHD o IZ#TCEFSWN+06e 04 % TC
DN=1.+PIN2%(DMS/DAM}¥%0,.98

DD=2+. ¥DN=-1 .+ (DMS/DAVT¥¥ 1,96
E1=4.8B+(ES=4+81%¥DN/DD

F7 =18 FTHEG/FOH{ES -G« BT ¥ IDVS /D AMT ¥ D, 9870D

RETURN

ERD
% EXECUTF
] CIFTTS 1042000049 1ANDN
% FNDJCR

—¥FFFOF
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A-2. A computer program for computing the surface emlsswlty, €10)  due
to small scale differential scattering coefficient <r.'r@g, 9,1 ).

J
% YDFNTY Ph76+ Wil SHIH-TSFNG N
% OPTION FORTRANGFRCNT/15/
A FORTRAN NDFCY
DIMENSION A(6l961)op(6l)95(61)9REFH(9)9REFV(9)9TAH(9)’TAV(9)
T T OTYY)

COMMON 72Z/VCOsTHET, THES,PHIS

DATA (CO(I)oI 1.4)/49o6.,7.,8./
PT=ATANTIS T4,
P110=P1/18.
TG=79T,
¥y=61
KP=70
KXP=2%#KpP-~1
— CALU COFFF S AP EsP I SRP s RAPSFCTRI KT
- E1=49,
£2=35%,
DO 4 11=1,1
CKT=CoTT)
E12=(F1-141%%24F2%E2
— PO 2 X=TI0
THEI= PI10*FLOAT(K 1)
STT=SINTTHE T
CTI=COS(THFI)
— At REFCOTCT DT DR IR SR 50
o CHIMH=0,N
STV =T e 1Y
NN 3 L=1+KXP
THES=tPIFPTT %325
STS=SIN(THFS)
—CTSTCOSTTRES)
CALL RFFCO(CTSsNLSsDRSsR254RS5,QS)
DO 3T IS KXP
PHIS=FE (M)
A =1)e 1]
AV=0,0
—rO=NT T
NO 12 12=1.2
PHINTP 75,
DO 11 1=1s2
—— €Attt ANGE Tt PRI C TS ST SP I eP IS CTSs sSSP S CPST
TF(CT] aLTeleFE=3e0ReCTSelLTeleE~-3) GO TO 24
G P S o SN TG o UNE o St E o e E e
CPSs2= FD‘I*(PQI
PSP =PS?
QT =STI*#%D =2 HQTI¥STSHCPCI+ST Q%%
—————PMBE= ORI P X P P SR KT T TP RS
VNY=(FI#QTI*STS-CPATI¥ (RI#RG-QO] %G ) ) %%
A A A e S B A I e AT A e o e e B e ae et et X
AH=((DEI /NRGECPRIAND /N S) /DRT ¥PMR+AH
AR S BT e P S O R S RS O TP MRFAY
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24 CONT INUF

H—PHR=—PHN
12 VCO==V(CD ) -
S tHMH=SHM H e 25 AR SN HE S A MY
: SUMV=SUMY4 (25 #AVESINITHES ) %A (L 4 M)
F—CONT-HHHF
REFV( K)=SUMV%,0625/P1*FCTR1
REFHT K= StUMHS TG 257 P T FCTRY
TAH({ X )=TG*RFFH( k)
TAV{ X)=TG%*RFFV( K)
2 CONTINUF

5

WRITF(6+5) REFHSsREFVS>TAHsTAV
FORMAT(1HO s 9 (2XE1144)//)

4 CUNTINUEK

STOP

END
SUPKOUTINE RZFTO(USDRL?,NRR2,F2,7

M)

COWMON /e, =D
PHIZ2ZATAN(ER/:1)

T GzUe(FL1#E1+E2e72) 8k, 5

_FU=Fl-1,4+ysy ~
prl[f) |D§ATA J(‘:D/FU)
Re(rElUeclisensc =2 8,25

Pza4COS(PHIY)
n-«ngV¢PHIn)

'? F‘{f{\
NRP2=Ha1+2 a1 )a 34005 (PHTN)+R2

T DAL g=ha iy #5400 (PHIDePH gy 30

RETUZL

Ein

E ]

FORTRANTDECTK

SUBROUTINFE ANGLE(AsS*TsUsVeWaXeYs2Z)

COMMOMT— 277 v OS THRE S THESSPHTS

B=SART (1 .+VCO*VCO)

S OStTHE DS vCOsS TN CTHETD
T=SORT (] e~S%#S)

#*COSTAT 78

14 ;-tAnlA-v:-'Anlv Tl S d
O="3TWNWTRTATSTINY LR o30 BN AV AR

V=SORT (1 .-UI%*l))

e AT HF S O SN T HE S e O S A PR S R

X=SART (1 «—WHW)

=SSNt PHTS=A S TN tCTHES Y 7X

Z=SQRT {1 +=-Y*Y)

RETHRN
END
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SURROUT [NE CIEFFS(A, Py iRl KsKY,
TBIMESSTIN TRTLAY  £Y Y 1P (XYY sk (kY]

Hzprl
S T |
DO 1 J=2,Kx,?2
.. A(J,K)--32;O
1 A(Jr%=1)=1040 "

KX, ©C T?i

2 Y

N

No € J=3igxr2 .

Arda®yz14,0

2 A(JyK=1)==54,y
A(10K)_7 0
A(KX,K)y=z7,n
Ale,K= 1)’-12&3

AfuXpnel)=zad2, 0
hn S IFiprwu,w,w
DO 11 J=3,%.2
_ Lasx=d
AT, L+1) 0 gaA(l,
fF L,z LLL,JQ T7 ‘1M

ACTaLy=A(leK=1)

11 COMTINUE

FCThkis4 O§’04/(9qn.D#Cvu
new/C

y=

r('i)-D.u- o
Peiyze

NG B =2,k
B sR(I=1y e
5 Pel)z=P(le1y4+2

Klzp+l ,
Ano 6 I-“ ’(Y
A PLIY=E(]=2)+7

J1=2
ro 1% Y=Kl o
\__....-:"“ '\r) 14 \zlo

14 aly, 1000y, Jl)
F(1Y=s=-F¢Jl)
18 JizJdiet

FE TG
£,
i3 TXFCUTH ,
T LIMITS 10+48000s+1n000
T FNDJOR ) ’
AR
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A-3. A computer program for computing the modified Fresnel reflection
coefficient.

TOFNT PS5 35 W3AWT SHTH TSFNG
OPTION FORTRAN.FR(NT/]S/

FORTRAN KDFCY
DIMFENSION F(5)4SH(9)95HT (9) ,SHJ(9),T(9,9).SV(9).5VI(9)95VJ(9)

CUOMMUN SC eSS« P73 8P7F T sF 79512
EXTFRNAL FH1 sFH? sFVIsFFXP,FV?2

URTA T TFTIT s J=T 9077 e%3 e 2633209167

E1=54. -
E7=38.5 ' - —
PY=ATAN(I.)*4.

DO R T=7T,3
THI=(FLOAT({I1Y+5,5)%Pl /18,

STZ=STNTTHTT®%D
SN2=2.%#SIN(THI)

SAITTT=N.0
SHJ(I)Y=0.0C

SYTTTT=0.N - — -
SVJI1120.0 T

DU 6 J=19D
PHI=FLOAT(JU-1)1%P[ /16

SU=SN7F¥TOSTPHT]
SS=GN2*¥SIN(PHI)

CPZ=COSTPHI Y #%7
SP2=STN(2, *PHI)

AT T=0,.0
AT2=0.0

AT 3=U.0
AT4=0.,0

A=« U
DO 7 L=1s4

T BTAF¥F LU
CALL TROMB{83A4RsFHIIFEXP+T+549)

IT=T1595]
CALL TROMR(89AgB,FH29FEXP9T9599)

T7=T({5+5]
CALL TROMR({BsA4R4FVIIFEXP3T5549)

TA=TTTH e D)
CALL TROMR(B’A’H FVZ’FFXPoT,SoQ)

TG=T1535]
WRITE(692) AsBsT1sT22THI sPHI»T34T4

ATTI=ATI+TI
AT2=AT2+T2

AT3=AT3+T3 =
AT4=AT4+T4

[BILSAA T
CSHI(TI1=SHI(T)+AT1*F(J)/90.

SHITTY=SHITIYFAT > *F (JT79T7,
SVI(IY=SVI(1)+AT3%F(J) /90,

SVITTI=SVIUTTFATLRFFTJ) 790
6 CONTINUF
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SHt T I =FXPT=ST 2 )Y 7P T tSHT T T IFSsHITT )
Sv(l)= EXP(-ST?)/PI*(SVI(!)+SVJ(I ))

S CONTINUFE
WRITE(6,2) SH’SHIoSHJosv,SVIoSVJ

————— 2~ FORMAT (92 XETT 477

$ _ FORTRAN NDECK

FUNUTTON FEXPTX]
FEXP=FXP (-X*X) *X

RE TURN
END

§ ——FORTRAN NDECK
FUNCTION FH1(X)

COMMON QC’559CP79§P2’C19E299T2
§?2= SQRT(Z.!

Y=SCT¥X
. P=Y/S2

Z=55¥X
. Q=2/52

COSHP=1EXPPIFEXP =P T T7 2%
EP=EXP(Y)+EXP(=2)+2.%COSHP *EXP(—Q)

XS EE T O R SOR T =X )
IF(XeGTele0) R=0.0

_____;___ER_REFCTCSQﬁI(rl =ST2 OS> 10 *E2 )
CR=REAL(CSQRT(E1-X*¥X"(0e0s1l. O)*E?))

—————————FHI=EPHtBFER=CR]
RETURN
END-
: 3 FORTRAN NDECK

______—-FUNCTTﬂN_FH/(x)
COMPLEX RsC

—_____;—_COMMUN S(oSbsLV/osvz’rl‘P/owl/
S?2=SQRT(2.)

Y=8C*X
Z=S5S#*X

P=y7rs2
Q=2/52

COSHP=(EXPtPIFEXP =PI 72s —
SINHP= (EXP(P)-EXP(-P))/2.

"?‘fx?T?T*TT‘“C??##C??*ﬁXPT_iT*EXPT—Qﬁ#TCOSHP
IF({XelFele) R=SQRT(1s—-X%X)

FSP2¥SINRP™

T

X T 1 0 T = L O I O SOR T I X X=15 07
C=CSART(FI-=X%X~={0e0s1a0)%F2)

FH7=RFATTICSRT7 IXEXFRACT T FXFX*FP
. RETURN

END
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FORTRAN NDECK

FONCTTON FVITX)
COMPLFX ResCsECSICMR

COMMON ST 5SSy CP2SSP2SETSFSSTY? A .
S?2=SQRT(2.)

(TZ=1e=5T7
ECS=(E1-(0.091, O)*EZ’/((E1+1.)*CT2 ~1e=(0e0s1.0)*E2%CT2)

Y=5T *X - .
P=Y/s52 N

Z=SS*X
Q=2/s2

COSHP= (EXP(P,+EXP(:V)’72;
EP=EXP (Y )+EXP (~Z)+2.%COSHP  *EXP(-Q)

TFTX TE.T.07 B=SART{I-X¥X]
IF (XeGTo140) R=(0e05140)*SORT (X¥X=1,0)

CEOURTIET=-X*X~-1T0.Us1.0T¥EZ]
CMB=ECS* (CSQRT(E1~ST2-{0e0s140)*E2) -B*CXST2* (C~ B)/(X*X+B*C))

FVI=REALTBF_ MB-UT¥*EP
RE TURN

END
FORTRAN NDECK

FOUNCTTON FV7ZTX] ]
COMPLFEX BsCsECSsCMRBsSEL »SEQsCFV

COMMON SC+SS9sCP2+SP29E1sE2+S5T2
S$2=5QRT(2.)

ST1=5QRT(5T2)
CT2=1.-572

SEFL=5TZ2Z/{ET=(0e0s1.07¥%E2)
ECS=CT2~-SEL

Y=RU*X
Z=SS*X

P=Y7527
Q=252

COSHRP=E (EXPTPIFEXPT=PTT72,
SINHP= (EXP(P)-EXP(-P))/2.

CPI=SOURTICPZ T ¥ TFXP IV T FS7RFXPT=QT*STNHP)
SP1=SQRT (1e-CP2 )% (EXP(-Z)+S2*EXP (~-Q)*COSHP)

tV'EXPT7T?CPZ?TT__CP7T?EXPT_27TEXPT_QT?TCUSHP“SVZ*SUWﬂTr__—____——_
IF{XelLFEelaD) B=SQRT(1e-X%X)

TFtXeGT . T. 07 H‘ O IO FSQRTUX*X=1.07
C=CSQRT(F1-X*¥X-{0,051.0)%E2)

SEQ=CSURTIET=5TZ2-T0.ns1.0) ¥E?)}
CMB=X/(X*X+R*C)

CFUSCMR¥FT(C-BI ¥ [« -SECT*XFEP=2 ¥ S TI¥SEUFCPTI=SPITI/ECS”
FV2=REAL (CFV)

RETURN
END
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h ] FORTRAN NOETK
SUBROUTINE TROMB(NMAXsAsBsFs GsTsJMAXSNRC) . .

DIMENSTON T INRTINRT)
H=8-A S

TS T = TR tAT*GTATFFIBT*G IR T*H7 2%
DO 2 N=1,MMAX

TINFISTT=0L.0
_FR=H/? s O%%N

TMAX=7*¥N-=1

DO 1 T=1,TMAX»? . : :
T (N+1,1)—|(N+1,1)+rrrLUAv\TT*rR+A;*UTrLUAlKIJ*FR?A)

2 TIN+141)=T(Ns1)/2, O+H*T(N+19])/2.O**N oo

-

UU 3 J=2 9y IJMAX

NXMJIP2=NMAX~J4+2 ST oy
‘“"“———FOR3MT =G ORF(I=TT y )
DO 3 N=1sNXMJP2

3 lN’J)-(FUKJMl*I(N+ITJ 1)~IKN9J 1!1/(?UKJM1 1eU]

RE TURN .
tEND
% . . FXECUTF L
i) CIMITS L0 TO0O00 s o IATON
$ "FNDJOR : s : - S
*T*t[)r B . . .
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A-4, A computer program for computing the two-scole rough surface

emissivity Gj(O)

TDENT 2573 W3 STFVF WU
OPTION FORTRANLFRCNT/15/

FORTRAN NDFCK
DIMENSTION A( 61, 61)’P(Oél)’F(Ubl)-TATM(U9)9ATZ(U9)9TRFF(1093¢9)

PeUESTUUBT T s CFSZTUGTTI UFS3TUBT T s CESATUETTSsCESS (UGBTI VsCFSRT0BT )
2+SEN1(061)sSEN2(061)9SEN2(U61),SENGIU61) sSENS(U61) 9SEN6(UETY

4?3Vle519FMIS(10’3’57’TKRC(10’345)4TME5(109395)»TJKY(O9‘
OCFS7(6I)9CF38(061)9(F59(06])9(550(061)9§EN7(U61)QSEN8(U61)

e SENOTBTTSSENTTOBTY»APT6T 61 ) .PPIGITSEP(6])
COMMON P1+PI360+F19E2+CESsSENSFUISEL29ESSsECIPESQE,TM,520 ST

DATE (VFLIRTSK=137T715.06+20.007 -
Pl = ATAN{1e )*4,

TPIID=PT /7180 . . i
P1360=2,0%P1 ‘

PT90=PT7Z2+0 \
P145=P190/2. )

PYZZ=PT457 7 ' - .
SLOP1=.25 . | e

SCOPZ=.125
SLOP3=.0625

SLUP0=,4,T875
TG=291.,

TM=T,12%TG-50.
?2n=,n1071

" ET=58.6
E?2=364.6

i
1

S BUT=TFET-Te I ¥*x2+F2%E7
E12=F1*FE14F2%E2

PHTO=.0¥ATANTEZ/ET]
ES=SQRT(F12)

RU=50RT(EST
PE=RO%*COS(PHIO)

FC=PF¥FS
QF =RO#*S TN (PHIO)

RY=61
KYP=61

K=10
KP=2n

RX=7%¥K=T1
KXP=2%KP-1

CALU TURTFESTA oF 9t sHF T oK sKX S FUTR I SKY 7
CALL COFFFSIAP PP sEPIPI yKP sKXPsFCTR24KYP)

CALD SURTUFsDe s PITOsSLUOPTI sPT sCEST sSENT SKX +sKY )
CALL SORT(PP1454P19nsS IOP?QPIQCE)ZOCENZQKX’KY,

CALL SURTIPP s UeUsPT45 s SLUPZ 3 PT o TEST s SENT 9KXP 9 KYP]
CALL SORTI(PS,PIGNPISLOPL1,PICESB«SEN8sKXsKY)

CALL TORT(T s DeDsPT77 +sSTLUOP T PT sCELTIIGENT KX HKY)
CALL_QORT(F;pIZZoPIQAQSLOPOQPIQCESOOSENOQKXQKY)

DO o0 X=T1,9
THETA1= FLOAT(K~1)1%Pl10
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CFL=COSTTHETATLY
SFN=STIN(THFTAL) N

XT=THFTAT=PT22Z
IF (X1el.TaDe0O) X1=0un

X7=STHFTRT¥PIT /727
IF (X2.GT.P190) X2=PI90

SLOPG=XT 7P 13060
SILOPB=(PI9N~-X2)/P136n

SLOPBE=1X7-XTV/PT360
CALL SORTU(F 3s0eDeX19SLOPL4 4P +sCFES43SENG sKX sKY )

CALL SORT(F sX2+P190sSLOPS5sPIsCESS5sSENSsKX sKY )
CALL SORT(EsX13X2+sS5L0P6sPTsCESEsSENGIKXSKY)

CALL SORT(EPsX1sX2s SLOPGEsPISCES /s SENTSKXPsKYP)
DO 90 N=1,2 ’

DO 90 KK=1+7 T _ .
CO=eCN4+0+TBE-3%VFEL (KK)

FFZ2=SLOPI1%5L0P& _ _
P1=PINT(P11sSLOP4sCES4sSEN4SCESIsSEN1sCOsNs FF25A sKX sKY )

FFP=SLOPT¥5L0P5 , A
T P2=PINT(P22sSLOPS5+CESS5sSENSsCES1sSENL1sCOsNs FF25A oKX sKY )

FF7=SLOP/¥SL0OP6 ) ‘ .
P3=PINT(P335SLOP6sCESHsSENG6SCES29SEN2sCOsNs FF25AsKXsKY)

FF2=SLOPI*SL0PE
P4=PINT(P44sSLOP6sCESTsSENTsCES39SEN3sCOsNs FF25AP yKXPsKYP)

FFZ=5L0P1XS1.0P3
P5=PINT (P55 9qLOP39CE<9;SEN9 CES8sSENBsCOsNIFF29A KX sKY )

FF2=SLOP1*sSLOFD
P6=PINT (P669SLOPO sCESOsSENOSCES8ySENB8sCOsN9sFF25A KX 9KY)

WRITE(647) P1lsP2,P3sP44P5,P6
7 FORMAT(6(5XFE11e4)77)

TINT=(PT+P2+P24P5+P61/P1360*FCTR1+P4*FCTR2/P1360
TARS(K sN oKK)=({1e=TINTI*TG

TREF (KN KKI1={(P11FP22+P33+P55+P66I *FCIRI+PLL¥FCTR2) /P1360
1/7{TM® (] o ~FXP(~-S20/CES)))

TMt»(KoN;K()—ATZ(K)*TTARS(K9N9KK)+TREF(KsNoKK))+TATM(K)
90 EMIS(KeNsKKI=14=TINT

DUOIS N=1+7
DO 14 L=142

K3 WKle_Tbobi TEMTISTRSTIOL ) s R=T 9T s TTARSTKsNsL ) 9K=1+T7)
1o {TREF{K sNsL)sK=199) 9 (TMES(KsNsL)sK=1,49)

5 FORMETTTROSITPRFITL.4177)
FMISE104Nsl1=0.0

TRFF{TONSL)=T 60

15 CONTINUF ' ¢ ;
WRTTFTG33707 r(thIS\K,N,L);Kai,IO),N=1.21,L=1,2)
1 (((TREFIKsNsL)sK=1910) sN=152)sL=142)
0 FORMATTTIODTE 8.41)
STOP
1 NT)
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$ FORTRAN NNFCK : :

T SURROUT INE SORT (FSZ 13273 SEOP P TSCESS SENTKXSKY)
" DIMFNSTON F(KY ) sCFSIKY ) 4SEN(KY)

IFTSCOPLFR.0L.0T GO TU 70
DO 17 T=1,.KX '

XSFE(T)
ANG=21+(X+P1)%SLOP

— (FSUTVY=COSTANGY
17 SENIT)Y=SIN(ANG)

70 RFTURN
"END’

RJIRNYTINE ZIETFS(A,P,E,2],K, K¢, FOTR, KY)
NIMEMSTIY A(KYS<KY),2(KY), L (KY)
4=3] .
ns4=-1 . .
M) 1 JU=z2.,4X,2
B(Js2)==32,7
1 A(1r4-1)21290,2
N) 2 J=3,4X,2
A(Ja%)=14,7
2 A(Ja4=-1)z=54.0
A(L,%4y=7,0
A (X, K327,
A(1g7-1)=-32.0
A(<4Y,K=1)==32,0
10 11 T=1,<4X
nN) 11 J=3.4.2
Ls«4=-J
ACT,L+1)22.02A01,K)
17 (L.52.0).%30 719 1t
CA(T,L) =A< o L
11 CONMTINSE :
FOTR1=z4,18ded/7(300,02C4C)
BRERVAS
E(1)=0.0 ) . | o
01 )==H ' o
'\35 l=2n<
S(1Y=E(l-1) N . Lo .
DL1Y=P(]-1)4+7 )
Ky=K+1 ' e R
n) 6 1=<K1,4X
A D(1)=P(]-1)+)
J1l=2
1) 15 1z¢1,4X
IR WNNER R
WA A 1)=AL S, S
F{I))=-=(1)
19 dlsJdt+1
SERLEN ' -
LAV

"2
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FURKTRAN NITETX
FUNCTION PINT(QsSLOPYCTHZ29STH2 sCPH2 sSPH2+,COsNsF2 AKX sKY)

“TDTMFNSTON ATKYSKY T CTHZTRY T STHZTRY TS CPHZTRKY T SPHZ TR Y
COMMON PIsPI360sE19E2sCESsSENSEUL2E125ESsECIPESQEY TMyS20

O=0.0
PINT=000

IF TSLOPLEQ 00T GO TO 20
IF(COeLToe016) TTT=1e754%B5(63.0)

TFTCU.GE. 0T8T TTT=1+75%*B5195.0])
DRI=EG+? ¥PE*CS+CFS*CES

DUTEERFZ JHFETHFCESHFCESTCES*E TS
- DO 17 I=1,4KX

CHI=CTHZTT]
TSKY=TM#* (1 ,-EXP(-520/CT1))

STI=S5THZTT)
V3=CES+CT1

VP E7  ¥VIFHJIHTO
VZ2=v3*vy3

URSZESHZGFPEFCTIFUTIFUT]
DLS=ES+2 «*EC*¥CT1+CT1*CT1*E12

VO T 7 M=T,KX
SP1=SPH? (M)

CPI=CPHZTHY
V1=ST1#%SP1

V72 =STT*CPT-SEN
VXY=V]1#V]14+V2%V)D

VA4=STTRCESFCPTFSEN®TIT
R1=V4*Va44+V]1*V)

UZ2=TO+CES¥CTT-SEN¥STT*CP]
VU =202

U=50RTU7/72.0]
IF{N.FQ.3) GO TO 14

RHZ=T. -4 HPERU/ES+ 2« *PEXFUFU*U)
RV2=1 =4, #FCHU/ (ES+2« ¥ECXU+YXU*ETL 2)

RHP=RH7¥T1 ¢ B ¥UXTTTFFRCHIU) )
RV2=RV2%(1.-8.,#JXTTT*FRCV(U) )

T4 CTONTINUF
ITF(NeFQe1) FH2=(RH?*V4*V4+RV2*V1%*V])/R]

TF{N.FG.?2) FHP=TRV?®V4*¥V4+RHZ¥*VI¥VI]/R]
IFINL.FQ.3) FH2=1.0

GAMA=4 . X UL FHP¥EXP (—=VXY/VP) /(CES*VP¥VvZ22)
SPS2=qP1x5P1

CPS2=CP1%CP1
QTV=SEN*%D-2 (¥ SEN#STI¥CP1+S5T13#%2

PUR=4 FTTTXEXPU-QTT*CES*CTI*¥2*¥EUT¥*¥4,
IFtN.FQs2) GO TO 15

TFIN.,FOO.3IY GO 1O 16
GAMASGAMALPMRY (CPSD /DRSSP SI*¥FS/DLS ) /DRI

G TO TR .
15 VN1=(F1%SEN*ST1=CP1*(PF¥PF-QF*Q) ) 1% %)

VNP =D *¥CPTX¥PF#OF-F )XSFN¥ST] ) #%7
GAMA=GAMA+PMRA{ (YNT4VN? ) /DLS+SPSP*FS/DRS) /DL
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16

GO TO 18
CONT INUF

s

TCONT TNU=
PTINT=GAMAXSTI*F2%A(Ms1)

Q=0+PTTINT*¥TS5KY
PINT=PINT+PTINT

17
20

CONTINUE
RF TURN

END
FORTRAN NDFCK

FUUNCTTON RS(X) - e

RG24 4N5F=3#(1e24T4+0en268%X+6eN3E-5XXHX)¥%D

RETUORN
END

FOKTRAN NDECK
FUNCTION FRCVIX)

ITFTXeGT e T el oUReXeLTelE=8T FRCV=0.0
IF(XeLFoeleOeANDeXeGT20e5) FRCV=14/(BeSTHX—GsG4HXAX=-2, 243)

TP TXeLEeUeD e ANDeXeLTeUe 1 /3] FRUVET e /U GBEX+Z4BI¥X¥X=0o 1‘6)

IF(XeLEeOel73) FRCV=14/(11e1%X~55,3%X%X~0,184)

RETURN
END

FORTRAN RDETK
FUMNCTION FRCH({X)

IF(X.GT.].OtoOR.X.LT.I-E-B) GO 10 1
FRCH=N2248%X##? 5402944

GO TO 72

CONT INUF
RFE TURN

END
EXFCUTF

A

LIMITS 107000094 1n000
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A=-5. A computer program for computing two scale backscattering cross-
secfion, _ 6';:., ().

$. . IDFNT  2573,W3 WU SHIH TSENG
$ OPTION FORTRAN,FRCNT/15/
§  FORTRAN NDFCK

" DIMENSION CT(3)sRMS(3)sARH{9+3) sARV(993)3STGR(9+s3)sTCAH({YD+3 ),

_"ITCAV(qoqjoATﬂTgo3){ﬂTVT9937
DATA (RMS{J)sCT(J)sJd=1s3)/. ldool39o1?’ol79.159.20/

‘fF1“h8‘T
F’ ‘34.0

‘:CALL MAJAES FEYS YL YL IYA AN
RFS=1e~4e%24/22

RS A AR A
THFI=PI10*FLOAT(K-1)

VR =tF2 ot 25=CS2 s se?
CVUN2=(E1%#(2e~CS2)=1e+40S52)%%2

DO—2—M=1519

CMF =16+ %CT(M)*CSH*EXP (-4 o%*(1,~CS2))*CT (M)

G =RMS VM > —
VCO=2 ,#G2%CS2

SiGK1romr*RF</(V(U*(\/7*FXP(—(1-—CSZJIVCUl*rl.-EZ*CT(MT**Z)
2 CONTINUF

DO J=153
VN=RMS{ J1/SORT(2,)

VO TSORT T IS FRMS T >}
DO 4 K=1,9

— =P OO AT (=Y
’ .RH=000

RV=00
FA=1-O

DO 1210157
CXP={COS(THFI)+FA*SINITHFETI)®*VN)/VD

—CSG=CS72¥CS7Y
TCOMF=B #CTJ) ¥ ¥2%HCGURFEXP (=4 4%(1e~-CS52))

RATRAFOIMEFRAY
RV=RV+COMF*(YN1+VN2 ) *E12/DRLO*%2

—
N

Fa==130
ARH(KsJ) =RH

ARVIKSIT=RY
CATH(K s JI=ARH{K s J)+STGR(K s J}

R T YV RS I T ARt GG TS TOR TR S Y
4 CONTINUE

WRITEt 6328 ) STORTATHY ATV S ARHS ARV TCAHS TCAV
24 FORMAT(O(?XF114.4)77)

—% FXECUTF
% LIMITS 104200004 41n000N
% FNDJOR
*XREOF
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A-6. A éomputer.progrom for computing the clear sky and cloudy sky
opparent temperatures. ’

TOFNT  55735W3.WU SHIH TSENG
OPTION FORTRAN,FRCNT/15/

A A A M

FORTRAN NDFCK _, ‘ o
INCOPF  1RMF

DTIMENSTON FMTS{109294)9sRFCO(1092+4) 9 TMES(10+244)1+C(100)
TCRTII0)»CTP{101scLNMIT10) sAZ(300)sTZ(300)52(300)sATZ(10)sTSKY(10)5

7 TATMTT10YSATTN(IOT»CSPF(10)
pszTAN(lo,*Qo

PI1o=pPT/718.
FR=13.9

TO=Z2YT .
H=7.0

PN=.23076
AlC=~4.3T74%) ,E-4

BIU==T« /0 /*lebt~2 ]
READ(543) (((EMISIKsNIKK)sK=1510)sN=142)43KK=144)

s TIRFCOTKINSKRK IS KEIS IO TSN T2 T5KK=T5 47
3 FORMAT(10(FB8.4))

DO 90 K=1410

DC—90 R=132
DO 90 KK=1ls+4

= sy = WK ' N
9C CONTINUE
T WRITET63 55T EMISIRFCOSTMES

.55 FORMAT(10(2XE1le4)//)

918 g M=19]0
READ(59123) CBT(M)CTP (M) +sCLDM(M) sCSPF (M)

173 FORMAT{(4TF 10447
WRITE(6518) CRT(M)sCTP (M) sCLDM(M) sCSPF (M)

T8 FORMAT I THD sG{IUOXsFIOe& T /77
. KR={CRTt{M)+50+.)/7100e+1 0

KT=UCTPTNT=50e1/1I00eFI e 0
CM=CLDM (M) '

It TiMsLT0.00IY GU TU 106
DO 11 T=KR4KT

CT17T=00
U=TZ(11-273,

IFTTURB T« ToDJDTTY GO TO 27
CK=PN¥FR#%] 4 95%FXP (-64866%(1++.0045%U))

GO TO 78
2?7 CK=PN*¥FR*%] ,006%EXP(~8.761#(1.+BIC*U+AIC*U*U) )~

76 CTTYSCM¥CR*USPFIW)
WRITF(652) S(I)sTZ(I)sC(I)sAZI(T)

7 FORMATTTOXRSGTIOXsF I2GTT
AZLTY=AZLTIY+CLT) |

;If CLUNTINUE
16 CONTINUE

C TRISTISTTU CRLTUCArEjRKNbMITIANLt’,7/-\”"[’ 1 SKY
JJ = 10.%H ’
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AT = D.0
PO 20 J=1.JJ

AT = AT+0.1¥AZTT)

20 CONTINUF
WRTTFT6,607]
6013 FORMAT(lHOsBXo?HDEGRFES908X913HTRANSMITTANCE’lUXoI]HT/ATMOSPHERo

TISXsSHT/5KY 7]
DO 30 K=1,10

THETAT=FLOATIK-1) ¥PTIO
- IF(KeFQel0) THFTA1=8.95%P110

CES=COS(THETA)
ATZ(KV1=FXP{=14/CFS*AT)

ATTN(K)=1ne*ALOGIO(ATZ(K))

S1 = 0.0
NC 40 T=1+JJ
S2 = N,.0

DU 50 J=T+J3J
S2 = S2+0.1*AZ ()

() CUONTTINUE
S3=EXP(=1./CES*S2)

S51=5T+0. I*QB*TZ(I)*AZ(I)
T 40 - CONTINUF -

TATMIKT=1T.,/CES¥51
T T84=0e40

DO 70 T=1+300
55=0.0

DO 80 TJ=T.T
§5=55+0.,1%A2(1J)

80 CONTINUF
S6=FXP(-1+/CES*55)

SG=ESGFV THSE*FTZITT¥AZTT) ~
70 CONTINUF . ) i

TSKYTKT=T./CES*54
K3I={K=-1}%*10

WRITETE 4 K3SATZTRIITATMIKI S TSKY TR sATTNTKY
4 FORMAT(5X+s15+4(5X4E16.8)7) '

30 CONTTINUF
NO 15 I=KRsKT

ALTTY=RZTTT-CUT]
15 CONTINUF

C TATS TS5 TO CALTCULATE FMIS. TREF» TMES
WRITF(6+4605)
6505 FUhWAI(THU»TBXoIHUEGRFP591?X9llHEMMIbeVIIY}I3X’11HT/REFCECTED

s 15X+ 10HT /MFASURED /)

—

DO 44 K=T+10D
DO 44 N=1,2

DO 44 XX=T+4
TMES (K. N,KK)-ATZ(K)*(TG*FMIS(KgN KK)+RFCO(K,N.KK)*TSKY(K))+TATM(K)

44 CTONTINUF
WRITF(H,56) TMFS

6 FORMATITOIPXFGE.?Y77)
8 CONTINUF

STNP
END
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% ; FORTREN NIF LY
% INCODE IRMF

SUBROUT INE ATMFEFTTGsDNGSPGHF I'(QT‘{,TATMyﬂéiSZOoTSKYyAZsTL v ]
DIMFNSTON AZ(300)sTZ(300)52(300) STATM(10)sATZ(10)sTSKY(10),

TTS0PTTD)
RFAL LWOSLWWi WOS.LWWS

“DATR PJFA,TSFA,ﬁNsrA,(Kzz,CKbOsCKI18;(KRF59F22,Fbo,F118/7602s
1 290001033204 0362059562332e556-3422423%4360691186757/

PTIO=ATARTI IS V7445

JJ=10,¥H

ATTA‘(—IQIZ_*]G"'S_GQ

FRS=FR*FR .
S = TARSTFR=F77TH==y
SP22 = (FR+F22)1%%?
SWMBUE (ARSTFR=FBUHT=%2

SP60 = (FR+F60)*%2

SM118 = (ARS(FR~- Fll V)
SP118 = (FR+F118) *2
S?0 = 0.

WRITF (69]?)

17 FORMAT (THI?BHATTENe COEF. H NEPER POR KM /7]
DO 10 1=15300

XTI =1
Z{I) =(100e%XI=504)%1.E-3

TF (1GT.109T GO 10 23
"TZIY = TG-T1.%2(1)1/11.

_ GO TO 2%
22 TFZ(1) =217

24 CONTINUTE
ONZ=NDNGH#FEXP(~Z(T1)/2¢205)

P2 PGRFEXPT =0 TG 3*¥2L 1T
PA=1013.25%P2%164/76Ns

WO = LS H¥TUTSEA7 TZ CI I ¥ "0 5 T*PZ7PSEA
LWW=2e58E~3%(1.+e0147%*DNZ*¥TZ(1)/PA)*PA*((3184/TZ(1))*%#,625)

GO =0 2 TP Z Rt WO FRS 7T Z T T2t T2t
GW=1.*EXPj—644./TZ(I))*FRS*PA*DNZ*(1.+.0147*DNZ*TZ(I)/PA)/(TZ(I)

T F¥F3.129) '
LWYIS = LWW¥Lww

TWOS = CWOFLWO
A?22 = CK?22%GWH(]e/(SMP?2+LWWS)+1a/(SP22+LWWS))

A118 = CK118%GO*(1en/(SM118+LWOS)+1.0/(SP118+LWOS))

TARFS=EURKESTIINIFF RS ULWN/TITZTITHFR] 651
AZ(1)= A2?2+A60+AY18+ARFS

S7O=S70FR/7 1TV 1
IF(1.FQ.JJY AT=520

WRITTFE 16T T 72T T AZT T s 2T T 75520
10 CONTINUE

WRTTFIG3 11T HsATs 5703 T™
11 FCRMAT (1HO»4(10XE11e4)7/)

WRITETGE, T3]
17 FORMAT(1HO»BPHTRANS. TATM, TSKY VERSUS ANGLFS »)
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PO 3D K=T,,10
THF=FLOATIK=~1)%#PT10),

TF IR e FQeIDT THFEB,IS*PT TN
SEC=14/COS{THF) :

TSR Y T =S T T o =F X P (=SFU*S707]
ATZ (KY=FXP{-~ATXSFC

S5T=N.0 )
DO 40 I=1+JJ

S7EULN
DO 50 J=1,J44 -

5T
40

STESZF ST FAZTI
S1=S1+1%TZ{T)*AZ(T)¥EXP(=S2*SFC)

TATMIK T =5FC*S5T
S3=0N0

DO 60 1=JJ+300

S4=n.0

70

DO 70 J=JJds T
S4=S4+1#AZ ()

ol

SAESAF S IR T ZTT I FAZ T T T EXPT=54%5EC)
TSUP(KY=SEC*53

30

KA={K=T7*10

“WRITE(69514) K39ATZ(K)9TATM(K)9T5KY(K)9TSUP(K)

4

FURMATUD AR I D GTTUOXTE I &Y 777
RET!YRN ’ -

END

B2

EXECUTF
LTMITS 105200004 517000
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A-7. A computer program for computing the apparent temperatures of light
to moderate rain, ; .

TDFNY 2523 4sW3,STEVFE WU
OPTION FORTRANGFRCNT/15/

A Pl A M

FORTRAN NDFCK
INCODE  IRMF .

"REAL LWO»LWW:[WO??LWWS9LWV9LWVS¢LAM ]
DIMENSTON C(300)sH(1N)sRFCO(10+204) sFMIS(109296) 9TMFS(1052+41),

1R(3UU19&TTK(1UT3FOITAT9Z(3001sAZ(%OO)9FT7)’TZ(3OO)9ATZ(10)9
PTATM(10),TSXY(10)

COPEON F — 5
NAMELIST /LIST1/ TGIDNGSPG o ' .

DATAAPSEAQTQtAODNbEA!CKZZQCKSOQCKIIBQCKRFSQFZZ9F60§F118/760Q!
1 291091093204 9362e695e2392¢55F—-3922e¢235960463118,75/

C¥I83=8,6E-73
F183=183.3

el 30276
AIC=-4.374%] .E~4

RIC==T.767%T et -7

ATTI=«0TZ5
A139=,026

RBYJ0O=] ¢4/
B111=1.76

BT39=1,.718
PT = ATAN(1.)%*4,

PTIO=P 71830

E1=58.6

E7=36.6 —

READ(5413) ((TEMIS(I9JsK)s1=1410)9J=132}sK=1s4)
I TUIRFCUTIYT oK T s I=Te1UT s J=1 e 2T sK=1947T

13 FORMAT(10(F8.41)

REEDTSCISTIY
WRITF(64L1ST1)

FORMAT U T=T6.3)
READ(G5102) (H(J) e J=1473)

TO07 FORMAT(3AFIN 4]
READ(5+59) NF sNM

D9 FORMATUZ7T15)
READ (55239) (FQ(J)eJ=1sNF)

<39 FUKMAT (INr8e7)
DO 8 L=1,1.

WRTTETOHH4T LoFQTLY
4 FORMAT (1HO +3X s 13HFRFQUENCY FO(91192H)—0F8 493HGHZ//) :

FR=EFQULY .
THIS IS TO GCALCULATE THE 5KY ABSORPTION COEFF. o )

FRS = FRY¥FR _ ,

S?20 NDeN.
DO TO T=1.300
X1 =1

Ty = TTO0 FXT=50s T* T E=3" ' :
IF (1.GT.150) GO TO 23
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TLEULT=TSEA=TT*ZUTY7 1
(

T
IF (TZ(1)1elLTe217e) TL(1V=217,

GO TO 7%
23 TZ(1) =217.

76 CONTTNUF . )
DNZ=NNGHRFXP (-7 (1)/22)

P7 = VH*FXV(—U REEAZARRA
PA=1013.,25%PZ%14/76n.

CVWO = T .5*¥TtTSFAZ7TZtT I **0 51 ¥PZ7PSER
T LWW=2,58E-3%(1.+.014T#DNZ*TZ(1)/PA)*PA%( (318, /TZ(I))** 625)

~LWV=3,0%(P2/760e)%#(2904/T2( 1)) %#%045
GV'”NZ*FRQ*LNV*((?9O /TZ(;))**Z)/B 0

GO = 0. ZI*PZ*LWO*FRS/(TZ(I)*TZ(I)*TZ(I))
GW=1e*EXP(~644. /TZ(I))*FRS*PA*DNZ*(1.+ Olh?*DNZ*TZ(I)/PA)/(TZ(I)

1 #%¥3,1259)
LWWS = LwWWH*LWW

LWOS LWO*LWO .
LWVS=LWV*_ WV

SM2?2 {ARG(FR=-F2D) 1 #%7
SP22 (FR+F22)#%2

non

SP 60 = [ARSTFR=FGU!I T¥¥7
SP60 = (FR+F60) **2

[}

’SMIIH =  ABSTFR=FTIO} ) *#7 R
SP118 = (FR+F118) #%*2

SMIB3 = TABSIFR-FIB3TT®%7

SP183 = (FR+F183) %%

ARZ27 = TRZZFGWF (1. 7ISMPZFCWWS I F 1+ /7 TSPZZFLWWS T
A60 = CKHO*¥GO*(14/(SMED+LWOS)+160/(SPHO+LWOS)+1. O/(FR5+LWOS))

ATI8 = CRTIBFGUF TN/ (ST IBFLWOSTFI.U/(SPTIB+LWOST]
A183 = CK183#*GV¥*(1en/(SMIB3+LWYS)+1.0/(SP183+LWVS))

ARES=ECRRESFDONZFFRSFCWW /(T Z ([ T¥¥ 1«57
AZ(1)= A1B3+A22+A60+A118+ARES

0 CONTTNUE — — E—
DO 8 M=],NM

READTSS 7T FsCH
17 FORMAT(8F10.6)

KR=607
KR=5

KT=T7D
DO 91 T=1,KR

7U=71TY " N . T .
IF (FReFQ.13.9) R{TI)=PN*¥A130%#P( ZU}##B139

't TFR.FQ, B8e91T RITFSPNTABIOXPT ZUT**¥BBI0
IF (FR.FQ.1141) R(I1)=P PN#A111¥P( ZU)#%B111

91 CONTINTIF
DO 1] I:KRQKT o

USTZITTR R, o
IF{(U+8,).LTe0.01) GO TO 27

CF =PNFFR¥FIGISHFXP (6. B66¥ [T+ ¥.0045%0T]
GO T0O 26

——*—”77*TY"PN¥FRz?T‘ﬁﬁTY?Y?T'W“jTTT~T—_WT({U+KT(*U*U))
26 C{1)1=CMxry
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11 CONT INYF
NO 16 T=14XT

WRTTETS e TT  ZTT T s TZTUT THhRUTTZC T T AZTTY
? FORMAT(10X+5(10XsF12e4))

16 AZTTT=AZTTTFRTTTIFCIT? - T
C THIS 15 TO CALCULATE TRANSMITTANCEs TATMs TSKY T

DU TOT TH=THT
H=H(TH)

JJ = 10e%H
AT = 04,0

DO 20 J=1+JJ - o T -
AT = AT+0.1*AZ () . 5 S

20 CONTTNUF
WRITFE(64+603) . : A
ouU3 FURMATUTHU 93X THDEGREERSHUBX S T3HTRANSMTTTANCE s IOXs ITHT 7ATMOSPHER »

115X 9sS5HT /5KY /)

DO 30 K=T5 10 — . .
THETA1=FLOAT (K~1)*P110 TS

IF(KeEQel0) THETA1=8.95%PI10
CES=COS(THETA1)

ATZ(K)Y=EXP (T« /CES®*AT)

ATTN(K) =10 *ALOG10(ATZ(K)) e

ST = 00 . ’
DO 40 T=1sJJ ' E
TTES 0 - - ——

DO 50 J=TsJJ

SZ = S5Z2+0IFALTT]
50 CONTINUE

TISEXP =T+ /CES¥57]
S1=S1+0.1%S3%TZ(1I*AZ(1)

50 CONTINUE
TATM(K)=1+/CES#*S1

5400 .
DO 70 I=1,5300 Sy

55:000
PO 80 TJU=1s1

G5 =55+0.1%AZTTJ)
80 CONTINUFE

SE=FXO (=T 7CES¥S5 T | - =
S4=S4+0,1%S6%TZ(T)1HAZ(]) :

70 CONTINUE
TSKY(K)=14/CESHS4

K3I=1K-1IT¥*IU
WRITE(693) K3sATZ(K)STATM(K) sTSKY(K) sATTN(K)

3 FORFMATTSXs1534(5X+E164877)
30 CONTINUE ’
C THTS TS5 1O CALTUCATE EMTIS, TREF S TMES
WRITE(64+605)
605 FORMATTTHO S T6 X5 THDEGREE S IZXS TIHEMMTSSTVITY S I3X T THT/REFLECTED

1915Xe10HT/MEASURED /)

DO 4% R=T1510
DO 44 N=1,2
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DO &G4 RKK=T54

TMES(KsNoKK)=ATZ(K)*(EMIS(KsNsKK)*¥TG+RFCO(KsNsKK)* TSKY(K) )+

44

ITTATHMTKY
CONT INUE

71

“WRTITETGSTIT TVMES

FORMAT(10(5XF642)/7/)

101

CTONTTNTUF
DO 93 [I= 1sKR

AL(I)‘AZ(I)"R(I)
R(I11=0

v35

LUNliNUE
DO 15 1=KRKT

AZTIY=RZTTT=CTT)
C(1)=0.0

CONTINUFE —
CONT INUE

STOP
END

—FORTRAN NDECK
INCONE 18MF

~—FUNCTTON P 2177

COMMON F

DITFNSTON FU T T30 7 7!
1= 1

21

DO 2T J=T56
DETsdY=F (U+1)=F(J)

DO 22 1=2+6
NI=7-1

22

DO 22 J=1.NI1
DI JY=D(I=1aJ+11-N(1~-14J]

c=7U

CP=F(1Y+ D{1e1)%7U

NO 26 1=2+6
C=C*(ZU- FLOAT(I—l‘)/FLOAT(I)

26

P=P+C*¥ND(1,+1)
RETURN

END
EXECUTE

TIPITS 10200005 1A000
INCONF  I8MF
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A-8. A computer program for computing the scattering characteristics-
of rain. '

3 TDFENT 7573 WU SHIH-TSFNG

s OPTION FORTRAN,FRCNT/15/

5 FORTRAN NDFCK ‘ ' .

C THE PROGRAM IS5 DESIGNED TO CALCULATE THE SCAT+CHARAT. OF PRECIPITZ
RFEALC LAM

DIMFNSTON AMX(100)sRMX{100), sx(301).55(301).5H(301,19).SP(301)
UIMEFNSTON FUTIOTsTRTUTIOT »PRTUIOT
DIMFNSTION ANX(100) +BNX(100)
TOMPLFX ARNX+ENX -
COMPLEX R3R1I s AMX s BMX
: PT = ATANTI . ¥4, -
WRITE(65111) o
T IIT  FORMAT{IRISSOHTHE SCATTERTING CHARACTERTSTICS Of ECT ’
READ(5+11) NISNDsDX . ' s ’
YT FORMAT {2 IS sFI04)
IF(DX4LFeNa0O) GO TO 41
NC=5%N1
NA=NL#ND+1
WRITETG6+127 DX>NT,ND>NA
12 FORMAT (1HN +s20HBASIC INTERVAL DX-,FIO 49//1Xs
I ZUHINITEORKATED TIMES RT=.1357/71Xs ZOHCHARGE OF TNTRVC ND-oTZy//TX’
2 20HTOTAL. INT. PTS NA=4154/7)
- READTSs 21T NFSNT sNP5>RYK
21 FORMAT(415)
READTUS522T (FQUJTsJ=ISNF]J
READ(5+22) (TR(J) sJ=14NT)
RFADTS 77 (PRTJTsJ=1sNP)
22 FORMAT(10F8.4)
DO B ITI=1,.NF
FR=FQ(I1)
CAM=30./FR
DK=2.%#P1/LAM
DPK=o O8*PT/DK*¥X¥3% 7,0
DO 8 12=1,4NT
TW=TRTT7])
RI=R(TWsLAM)
DO B T3=1T+NV
P=PR(13)
WRTTFE{Gs 1T PeTWHFR
1 FORMAT {1HOs3H p-,Flo-a,lox,aHTw-,Flo a.lox.aHFR-,Flo 4}
DP=87, 0/ (DE¥P¥%, 7T
L=1
X=1Ve )
DXX=0,0 .
DO 16 LL=ISRD
DXX=DXX+DX , '
DU 16 NN=T»NC
L=L+1
X=X+DXX
FXA=? ,#DPKXEXP (-DPAX ) DX X
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T AL TOFFART RIS AMX T BMY s SMX s SMSSNT
TFtSMX) 41474474

&

CONTINUF
IFISMS) 41424424

(4]

SXTCT=SMX*EXA
SSL)=SMS*EXA

Ir TNRK.FWsUT GU TU 3T
PO 26 K=1,NK

THE=P T 718 *FLCOATR=T"} -

CALL COEFPT (NsAMX sBMX s THEsP1 sSPT+STP)
IF(SPT)Y 41+75,75
76 CONTINUF

25

IF{STP) 41+25,25
SH (! 4 )=(SPT+STP)%FXA

26
31

CONTINUF '
CONT INUF

16

CONTTNUF
S1=S(NDsNTsDPsSXeNA)

TP =S (ND,NTIsDPyS5sNA) '
S6=52/51 ' ' 4

15

WRTTF(6+197 SI+52+54

FORMAT (1HO s 20HFEXTINCT. COEF BEX= »sE1648//1X,

I 20HSCATTERING COEF BSC=SCE16+8771Xs 2O0RATCBEDU OF SCAT.

IF {NK.FQ.,0) GO TO 32

W= FIU &4/ T

56

WXTTETG 5605 i -
FORMAT (10X+15HSCAT. ANGLES ‘95X 10HMAGNITUDE +//1

T T 7T K=TsNK
RET=FLOAT(K-11%10,

DO T8 CN=ZMA §
SP(LN)=SH(LN,K) [

1R+

CONTINUF
S3=S(NDsNTsDPsSP4NA}/S2

WRTTETG T4 ) RET+S3
FORMAT (2 (10XF10e4) /7))

CONTINUF
CONTY INUF

CUOINTTNTTE

GO TO 43

47
42

WRTITFT647])

FORMAT (1HO s 38HINCORRECT INPUT OR CALCULATED RESULTS )

473

STOP
FND

FORTRAN NDECXK

THE FUNCTION INTEGRATES SCAT.CHARACT. BY COMPOSITE RULES

FUNCTTOR STRDSNT PP ZSNAT] )
PIMFNSTON F(6)sPZ(NA)

J=1
CS=NnN

CHA=T .00 -
F(6)=0.0

DT 7 T T=T+ND
PO 23 11=1sN1

FUTT=FTRTY
PO 16 1L=2+6 [
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JEIJ+]

6 FELY=PZ ()

5= s+(rv.f1r(1)+F1b))*75‘*1FT?7¥FT3TTTSU.*(P(51+r(u)))*b 7288%

ARC=FLOAT(LL+1)/FLOAT(LL)

17

CHA=URATARC
F{6)Y=ARCXF (6)

S=5+F U6) ¥TRA/DP
RFTURN

—FND

FORTRAN NDFCK

JTHEt SUBROUTINE CTALTULATES  THE MIESEXTINCTARND SCAT. COEF
- SURROUT INF COFFAR(XsRT 3 AMX s RAMX 3 SMX 4 SMS 4 N)

COMPLEX Yo RIS AY»AYOSWANT sWXUsWX s AAX s BAXH AMX s BN X s CAX s BDX
DIMENSTON AY(IOQ)sWX(IOO)9AMX(100)9BMX(100)

Y=X¥*RT
YR=REAL(Y)

YI=-ATMAGI(Y)
YNI=STN(YR)®*COS{YR)

YL=2e%Y]
YN2=(FXP(YL)=-FXP(-YL))*%,25

S YD=STNIYRTFRSTNUYRT-ne5+0425%( EXPUYLTHEXP(-YLT]
AYO=(YN1+(0es1e)%#YN2)/YD

AYT{1)=-1.7Y+1.701./YTAYOD)
WXO=SINIX)+(0esle) *¥COS{X)

WXNI=CO0STXT1={0es1le ) ®*S5INTX]
WX (1)=WX0/X-WXN1

WX 21=3,%WX {1} /X~-WXn
CAX=AY(1)/RI+1s/X

ROX=RT¥AY{T11+7.7X
AMX (1) = (CAX*RFAL(WX(1))=RFAL(WX0))/(CAX*¥WX(1)-WX0)

AMXTTT=TEDXFREAC TWX T T T T=REALTWXOTT 7 {BDXFWX (1)1 -WX0)
ACR=1,0F=-06%CARS (AMX (1))

RCR=1.0F=-06*¥CARS(RMXTTT]
TF(ACR.LT.1.0E-06) ACR=1,0F-06

TF{RBCR.LT.1.0F-06) BCR=1.0E-06
SUX=0N,.0

SVNS=0,0
DO 3 1=1,50

TF (T.FQL,1Y GO TO0 9
IF (1.EQ.?) GO TO 2 -

RT=2%T=T" :
WX (T =AT#WX(T=1) /X=WX([=2)

3T=1
AY(IV= —-Al/Y+1e/(AT/LY=-AY(1I-1))

KAX=EAYTTT/RTFAT/X
AAX=RI*AY(T)+AT1/X

KM X T T = TARX¥REACITWX T T =REACTWX I T=T Y T T7 TAAX¥WXTTT=WXTT=TT)
RMX(I)-(RAX*RFAL(WX(I))—REAL(wx(I—l)))/(RAX*WX(I)—WX(I—I))

IF T REACTAMX T I T ¥R3MX T T TE T+ =107 GU TU 6
CONT INUF

ANT=/%1T+1
SMY=GMX+AT*RFAL( AMX{I)Y+RMX (1))

SMS=SMSFATFCARSTAMRXTUT T Y¥R o FCARSTRMX{T Y T*¥77)
AMA=CARS (AMX (1))

A= RIS {AMX T T 1)
IF (AMALI FoACRGANDGRBMALI ELRCR) GO TO 6

'%

CONTTNUF
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E2]

END
FORTRAN NDECK

THE SURROUT INE " CATCUCATES — THE CTHARACT.CUORVES UF SCATVSe ANGUES™
SURROUT INE COEFPT(NyAMX sBMX s THEsP1 sSPTsSTP)

COMPTEX AMX s BMX s TP T U TV '
NIMFNSTON AMX(100)s3MX(100)sCPT(100)sCTP(100) +PHT{(100)sTAU(100)

PHTITIT=T.0
PHTI(21=3,0*COS(THF)

TAUTT T =COSTTHEY
TAN(21=3,0%COS(24*THF)

SN2o=STNTTHE*STNTTHF
(DT:(OQO sNeN)

CTP=10700°07
DO 3 1=1,N

T TS GO TO Y
Al=2%1-1 '

RT=T=T
PHI(T)=(TAU(1)#AT*PHI(1-1)-PHI(1~-2))/RI

TAU(T)=TAU(1) ¥ (PHI (1) =PHT(1-2) ) —AT*SN2*PHI(1-1)%*TAU(I-2)
CONT INUF

CI=FLOAT(2%I+1)/FLOAT(]I*(I+1})
CPT=CPT+CI#(AMX(I)*PHI(I)+BMX(I1)*TAU(T1))

CTP=CTP+CT* (AMX (T VT *TAU(T T+BMX(T)*PHI ()]
CONTINUF

SPT=CARS(CPTI¥CARS (CPTT/ (44 %P 1)
STP=CARS (CTP)#CARS(CTP) /(4 4*P1)

RETURN
END

FORTRAN NNDFCK
THE FUNCTION CALCULATES THE INDEX OF REFRACTION OF WATER

FURNCTTON RTTR L RAM)
COMPLEX FsR

KEAL KAMSEO s F TNF «DLAM
FINF = §,5

DY=TR=-277, A ‘
EO = B87474-0+4008%DT+9.398%1 eE-4¥DT*¥DT+1441%1E~6*DT*DT*DT

DUAM= 3 e 33U I IZ22¥ DT+« B¥F T E-3FDT¥DT B 3¥1E-OFDT*DT*DT
F=(EC~FINF)I®*(1a90e}/((1es0a)+(C0ssle)®(DLAM/RAM) )} +EINF

R=CSDIRTTH)
RFTURN

%

FNT
FXFCUTF

T AMTITS T TO200006 « TADON
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A-9. A computer program for computing the apparent temperature

of heavy rain.

L "TDENT 2576 WIT, SHTH
% OPTION FORTRANLZFRCNT/15/
% FORTRAN NDhFK

DIMENSTON A(595)9R(5e5)9C(595)9Q(5+45)sP(591)9sCGI{5+5)sBQA{5+51)

TCATS o B TsROTR BT sRATEIET s RARTH o5 T s XI5 TsYB5TsLTE Y M{E)Z(E930)
PRD(S 95 )sRF(5+8) sRF(595)9PC{591)9RCI595)9CC(595)9sCR(595)3C3{59s5)s

DBEPAD s T T T TS s T THoEPTRIT T oUDTUDS s TT oUW TSS9 TUT PHLUTE T

~GLCT5s+5530 7

4DL(5+30) 9PLI(59s30) yPHP(5330),PHPO(S)sPLO{S) +QLO(5+5) sPHLIES3C),

>

FUD eI T sBPTUDsI T osFr Bl Dy I T sUP IO s I TsFU{DsITsPATDS s I T oFPR{>s] )
COMMON J(5)sW(5} )

READTOS5TT UsW
51 FORMAT(5F10.8)

"WRITETSsTT UsW
1 FORMAT (5(5XF16.8)/7/)

- DO TA LL=T,2

REAN(6545)

ARDsPOsP14P2sTAJsTWSTG

5 FORMAT(T7F1I0.5]

WRITE(645)

ARD 4PN sP1 P23 TAUSTWSTG

CACL ARCFTARCsPUSPTsPZs TAUsTWsAsH s CsF o 17

WRITE (641} AsRsCoF

DO T3 TL=T,4
READ(5452) QsP

52

FORMAT(S5FT057
WRITE(6451]1 QsP

U0 IT T=T,+5
P{1s11=P(1+1)%TG

PLOTIT =PTT»17
DO 11 J=1,+5

WLOTTLJY=QTTsJ}
11 CONTINUF

2

TJ=1
CALL

MPRD (R 4N +sB3Q+5+5+5)

CATL
CALL

VAUCDTEUs(CsBULesD2D)
MPRB(CsQsCQs59545)

-CALL
CALL

MACDTCTs ASCAS 535
MINV(CAsSsDsL sM)

CALL
CALL

MPRUOTBUsTAsRA9D 9D D]~

MPRD(RAs BeRR»5+545)

UCALL
CALL

ASTHRTRBe TR eD9D)
MPRD{RASTIRN454545)

CALL
CALL

MSTIR{ AsRDsRE +5951
MINVIRE sSsDotsM} -

CALL
CALL

MPRUTIRF SRCsRF ¢59545)
MPRD{RIPsRP 354591

CALL
CALL

MOETTRTF o PP s FRe5H 1)
MPRE(C sP (P 4545551

CALTTC
CALL

MSUOBTE s TP sFCTeD e 1)
MPRE(RASFC+PAS595,1)

CALLC
CALL

MOTRTFR«PA P L53T7T
MPRDI(RF «PR4PC+59541)

CALT
CALL

MPHRDT T oelvF o T RKeDvH a0 ]
MADND(CRy RylR4595)
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CACT VPROUTCAS TS C T 53595
CALL MADND(PCs PoPP45s1)

ChRLTT MPRODT TS PPSCT 535517
CAILLL MSUR( FeCTsFP4591)

"CALL MPRIICASFF D595 T T
DO 4 1=1+5

OCtTs  I37=0DTUT5 1)
PL(Is 1J)=PC(I»1)

DO 9 J=145
QL (T sJsT1J)=RF(T4.))

GL(IsJsIJ}=CC(IsUI*(~14)"
CUI+JY=RF(1,J) :

9 CONTINUF
Pl1+s11=PC(1,1)

4 CONTINUE
[J=1J+1

TH{TJ=-30) 2+2+3
3 "CONTINUE

U 6 T=T55
PHL( T, 30)=0.0

DO~ 77 JJ=1530
K=31-4J

TP (KeFldal ) OGO TUO 17
Z({TsX)¥=0eN

DO 3T J=T55
31 Z«IQK,=Z(19K)+GL(TsJ’K)*PHL(JsK)

PALTT SX=TT=/TT+KTFDL 1T ,X]
12 CONTINUF

LZUTeK)=0e0N
DO 32 J=1.5

T2 ZTTsRIT =7 (TsKT+QL{ T+ ST ¥PHAL {J5 K]
PHP (14X )1=Z (14 )+PL (1K)

7 CONTINTE
X(11=0.0

DO 337 J=T5H>
33 XCI¥=X{IY4GL(T4Js1)%PHL(Js1)

PHLOTT T=X(TT+DLI{T, 17
Y{1)=0.0

0O 34 J=T1,5
24 Y(TII=Y(T1)+QLO(T,J)%PHLO ()

FRPOTT T=YTUTT+PLOTT]

6 CONTINUF A
TTTWRITETG s I T PHPOSPHRHPSPHLI O S PRLC
13 CONTINUE

STOVP
END

FORTRAT NIFCX
SURROUT INF ARCFIARNIPNSPI1sP23sTAUsTWsAsRsCsFsK)

DIMEN S TOR ATS S ST s RIS S T C TS5 I F TS5 1)
COMMON 11(5)sW(5)

T DO TTET .S
IF(KeGFo?2) TW=ND.0

FULTe I =TT —HRITITTR* W
DO 2 J=1+5

—  COFT=7S®ARM®W )
GO TO (11427331 4K -
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P =S¥ 3ot T Ut =13

TI
PU=eB% (34U J)=T4)
AT T «+JT = LUF*H—’(H—PT‘”HIJ"”UFJT%V/*V]RF'}I
CR(Te)= COFX(PAPI*U(T ) XU (J)+P2 %P %P J)
CUTeJ)= COF¥tPO=-PT*UTTITRUTIVFP2APT¥P )
GO TO 44 :

4

PTT=SIRT T .=UTT =TT
PUI=8ORT (1= 0¥x1)(J))

PTZ= =TT T*PT]
PJ2=3.#*J(J) *¥PJ]

AT IS TS C O * P TP I TP ITF P27 5. P 1237 PJ2)

RII+sJ)=COF®(P1#PI1%#PJU1+P2/3,%P12%PJ2)

C(1+J)1=COF¥(P1*PI1%¥PJ1-P2/3.%P12%PJ2)

GO 1O 44

PT3=2,%(1e~-U(1)1%0 (1]
PU2=3,%(1.,-U(J)*U(J))

ATT,J1=P2/12.%#PT3*PJ3%¥COF
BlI+4JY=P2/12.%P13%PJ3%COF

44

ClT,.,J)= DZ/]?.*PIB*PJB*COF
CONT INUIF

TF{JeEWQe T} GO TO 3
GO 10 2 '

CONTINUF
AlTsJ)=e5+U(J)/TAU+A(T )

N

Rl V=e5-U(JV/TEUFR( T3 J)
CONT INUF .

B3]

RETORN
END

SURROUTINE MSUR(A,3,R,M,M)
DIVESSTION ACN, ) JHIN, MY, R(N, V)
PO 1 I=1.N

ne 1 J=1.M

R, N=aCl, =201,

RETUR

END

SUSKIUTINE HADD(IA,3,R, N, M)
DIVENSION A(Ne ) N, MY, RN, M)
"0 1 I=1.N" '
ra 1 Js= laM

Fel,Jdy=atl,Jdy+(1, J)

L TR

BT

SUPRQUTINE HPRI(AL I, ReMoa ML)
NIvEMSTAON A(v.v).u<w L).?(V.L)
"o 1 l=1,N

N 1 K=t1.L

B(1,%)=0,0

P 1 U=ty

1ECaK) =R, KYeA(T,J)8B(J,K)

RETHRL
e
EXFCUTE
LIMITS 104300004414000
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