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ABSTRACT

The purpose of this study is to determine water vapor and liquid

water content from the Nimbus 6 SCAMS instrument over land surfaces.

The radiative properties of clouds and precipitation in the SCAMS chan-

nels are investigated using the discrete-ordinate method for approxi-

mating the solution of the radiative transfer as it is applied to non-

isothermal , inhomogeneous cloudy atmospheres. An exami nation of the

problem of variations in surface emissivity over land in the microwave

spectrum is Included . Analysis of the upwelling radiances from the model

In the presence of clouds indicates that the concentration of water

vapor and liquidwater in atmospheres over land surfaces has a consist-

ent and predictable effect on the observed brightness temperatures.

The results of the theoretical calculations are parameterized and

an empirical method to derive water vapor and liquid water from the

observed upwelling radiances is described . Satellite passes from five

days over the United States are used to test the empirical parameteri-

zations of the theoretical results. The empirically derived liquid

water contents for two days are compared wi th synoptic discussions and

NOAA 4 satell ite mosaics, as well as previous infrared research for

the same time period (Feddes and Llou , 1978). Examples of application

of this technique to global mapping of liquid ~~ter content are dis-

played. The use of this technique combined with\
\
infrared.parameteri-

zatlons to obtain accurate, global scale mapping o\atmospherlc mois-

ture Is discussed.

-~~~~ ~~~~- — - -.
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CHAPTER 1

INTRODUCTION

One of the newest sources of meteorological data is the passive

microwave spectrometer aboard the Nimbus 6. The Scanning Microwave

Spectrometer (SCAMS) aboard the satellite was designed to produce

globa l maps of tropospheric temperature profiles and liquid water and

water vapor amounts over ocean surfaces . It is the effect of clouds

and precipitation on the five SCAMS channels which will be addressed

t in this study , with particular attention to the retrieval of water

vapor concentrations and liquid water content over land surfaces.

The use of passive microwave sensing from satellites to observe

atmospheric water vapor and liquid water over the oceans has been

well studied (see, e.g., Stael i n , et al. , 1976; Waters . et al . .

and Wilheit , et al., 1977). In these studies , however , the techniqucs

have been based on the low emissivity of the ocean surface at micro -

wave wavelengths and therefore on the characteristic warmness of

atmospheric water vapor and liquid water against the cool background

of the ocean surface. This technique becomes much more difficult to

apply when the surface under the satellite scan is a solid surface,

such as land or heavy vegetation . In this instance , the land bright -

ness approaches the sante temperature as the atmospheric water, the

effects of which become less obvious. For this reason , the technique

has not been applied over the land masses.
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The nonapplicabi lity of this technique over land surfaces has

resulted in a serious gap in the global mapping mentioned earlier.

This global mapping is vital to a more complete understanding of the

processes of preci pitation and drought. As Wi lheit. et al., (1977)

emphasizes , point measurements of rainfa ll may not accurately repre-

sent what can be the very discontinuous process of precipitation. In

addition , if sensing in the microwave spectrum is to be accurately

utilized , the effects of clouds on the observations must be more

thoroughly understood .

The purpose of the research described here is to anal~ tica ll y

determine the effect of clouds and precipitation on the uowelling

radiance observed by the SCAMS radiometer aboard the Nimbus 6.

Chapter 2 contains a description of the physical model used in

the rad ia t ive  transfer program and a description of the SCAMS channel

characteristics. Chapter 3 includes a section on microwave radiative

transfer in a scattering atmosphere , the development of the theoreti-

cal boundary conditions for the transfer equation , and a discussion

of the problems involved in determining emissiv ity values over land

surfaces.

Chapter 4 describes the results obtained from the theoretical

transfer program and the verification process used to confirm the

accuracy of the computer model . Included are sections on data selec-

t ion , radiative transfer in a clear atmosphere , sensitivity analyses ,

and radiative transfer in cloudy or precipitating conditions .

Chapter 5 contains the development of empirical formulas for the

derivation of water vapor and liquid water content over land surfaces.

Two examples of their use are given , and comparisons with radiosonde

~~~~---
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observations and previous research are made .

Chapter 6 lists the conclusions of this research. Recommenda-

tions for additional research , possible applicat ions , and limi tations

are listed .
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CHAPTER 2

CHARACTERISTICS OF SCAMS CHANNELS AND ATMOSPHE R IC MODEL

2.1 Characteristics of SCAMS Channels

The Nimbus 6 satellite is in a 1100 kilometer , sun-synchronous

polar orbit , with a local noon (ascending) and midnight (descending)

equator crossing, and an 81 degree retrograde inclination. The or-

bital period is approximately 107 minutes . The SCAMS radiometer

scans to each side of the subpoint track and provides nearly full

earth coverage every 12 hours .

The SCAMS has f i ve channels , each centered on a different fre-

quency . The spectral charac ter i sti cs of the fi ve mi crowave channel s

are presented in Table 1. The first channel is centered at 22.235GHz,

loca ted on a wea k water va por resonance. Channel 2, centered at

31.400 GHZ, is l ocated in a spectral wi ndow , where the atmosphere is

essen tially trans parent at microwave frequenc ies. Channels 3, 4 and 5

are on the edge of an oxygen absorption band . The atmosphere is

nearly opaque at these frequenc ies , wi th peak weighting functions cen-

tered at approximately 4, 9 and 14 km, respectively, as shown in Fig-

ure 1 . Channel 3 is the most useful of the three oxygen band channels

for the purpose of sensing low and middle clouds , as channels 4 and 5

peak well above most atmospheric liquid water.

The SCAMS radiometer scans the surface every sixteen seconds,

taking 13 data samples , each separated by 7.2 degrees of scan angle,
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Table 1. SCAMS Channel Characteristics

Characteristic Channel
1 2 3 4 5

Frequency (GHz) 22.235 31 .400 52.850 53.850 55.450

Integration Time (ms) 950 950 950 950 950

Absolute Accuracy (0Krms ) 2.0 2.0 2.0 2.0 2.0
Long Term

Antenna Beam Width (deg) 7.5 7.5 7.5 7.5 7.5

Dynami c Range (°K) 0-350 0-350 0-350 0-350 0-350

After Staelin et al. (1975).

extending between 43.2 degrees left of nadir to 43.2 degrees right of

nadir. Eac h sample plus step requires one second , wi th three seconds

at the end of each earth scan reserved for reflector rotation and

calibration using a space view and an instrument black body source.

As shown in Figure 2, the ground resolution is approximately 145 km at

nadir and 330 km at 43 degrees from nadir.

2.2 AtmospherIc Model and Scattering Parameters

This study uses a plane-parallel model of the atmosphere similar

to the one described by Liou (1974a), to ex plore the effec ts of c i rrus

and of low clouds , both preci pitating and nonprecipitating , on the

microwave spectrum channels viewed by the SCAMS radiometer aboard

Nimbus 6, including the 60 GHz oxygen band , the 22.23 GHz water vapor

line , and the window region at 31.65 GHz. The temperature, pressure ,

and water vapor profiles were taken from two sources . First , whenever

possible for verification of observed satellite data , radiosonde data

from representative ground stations was utilized . For upper 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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atmospher i c data and for data sparse areas , climato logical tables from

the 1962 Standard Atmosphere for mid-latitude summer conditions were

used , as shown in Figure 3. Transmission functions and emission from

water vapor and oxygen were obtained using these soundings . Figure 4

illustrates the atmosphere divided into three layers, with the cloud

or precipitation l ayer further divided into three isothermal sublayers

with each sublayer temperature assumed to be that of the observed or

predicted atmosphere at that height.

The base of the cloud and the thickness of the cloud were varied

to test the effect of different c loud types and amounts on mi crow ave

propagation. For nonprecipitat ing (water) low and middle clouds , sev-

eral drop size distributions were used . First , a drop size distribu-

tion developed by Feddes and Smith (1974) was tested. Then , to deter-

mine the sensitivity of the scattering parameters to drop size distri-

buti ons , a model by Deirmendjian (1969) was compared. No significant

change in scattering parameters occurred between the two models. The

Deirmendjlan model parameters were used for all subsequent nonprecipi-

tating cloud cases. This model is based on the equation

n(r) = ar~ exp (~br’r) (1)

which vanishes at r = O,~. This distribution is called the modified

gama distribution and , by varying the constants , can be made to rep-

resent a variety of cloud types. For the cloud model used here ,

a = 4.9757 x ~~~ a = 2, b = 15.1186, and y = .5.

For precipitating low clouds , a theoretical drop size distribu-

tion based on rainfall rate, first developed by Marshall and Palmer

(1948), was used. The distribution is expressed by
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N(D) = N0 e~~~, (2)

where N(D)dD is the number of drops per unit volume wi th diameter be-

tween D and D+dD . Ms the slope of the distribution curve , dependent

upon the rainfall rate, and is given by

A (R) = 41 R°21 , (3)

where the rainfall rate R is measured in mm per hour and A is in units

of cm~~. The intercept parameter N0 is a constant with a value of

0.08 cm 4. This exponential behavior of drop size distribution has

r been experimentally verified by Gunn and Marshall (1958) and Sekhon

and Srivastava (1970).

To calculate the upwelling radiances at the top of the atmosphere

the absorption and emission characteristics of the atmosphere must be

parameterized . In the portions of the microwave spectrum under study

here, oxygen and water vapor are the principal gases affecting the

transmittance of radiation. These two gases combine to determine the

transmittance at any given l evel of the atmosphere.

The absorption coefficient y for oxygen is a function of fre-

quency v, pressure P, and temperature T as follows (Meeks and Lilley ,

1963)

y(v,P,T) = C 1Pf 3v2 
~ 
SN exP(-EN/kT) (4 )

where C1 is a constant representing the normal concentration of 02. N

the number of layers in the atmosphere, SN a ser i es of constan ts based

on the frequency and layer number, and the exponent In the Bol tzman

i~A~
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factor may be expressed by

EN/kT 
= 2.06844 N(N+l)/T. (5)

Equation (4) can be solved for each layer of the atmosphere.

The water vapor effect has been studied by Liebe (1969) and may

be expressed as the attenuation per unit distance a,

a = (4n~’/c) n(v) x 10 log io e, (6)

where c is the speed of light and n(v) the frequency dependent extinc-

tion coefficient. VanVieck (1974) calculated that a residual attenua-

tion effect should be added to Eq. (6),

1.9 x 10~ ~ 
v2/T512 (7)

where p~ may be converted to water vapor density by

(288.75/T) 
~~ 

(8)

The water vapor and oxygen absorption coefficients are added to-

gether to obtain the absorption coefficient for each layer.

These coefficients are then used to determine the transmittances at

each layer using the relationship

T (P) = exp{-~~ ~~~~~~ 
+ y ( P 1~ 1 )] AP } ’  (9)

where 
~N~

0 and P0—surface pressure. The transfer program includes

corrections to the transmittances for antenna gain effects and for

the angular dependence of the absorption coefficients (Wolfe, private

coninunication). From the transmittances, the weighting function may
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be obtained , as shown in Figure 1 for the three oxygen channels.
The single scattering parameters were also calculated for the five

SCAMS channels which were used in the transfer calculations. The Mie

scattering program for polydisperse spheres developed by Liou and

Hansen (1971) was employed to perform the single scattering calcula-

tions. The input parameters , and resulting scattering parameters are

lis ted in Table 2.

Table 2. Input and Results of the Mie Scattering Program

Parameter Channel

1 2 3 4 5

Input v (cm 1 ) .7413 1.0470 1.7636 1.7953 1.8484

5. 07 4.36 3.21 3 . 1 6 3. 07

2.7 9 2.56 1.9 0 1 .8 7 1. 82

Cumu l us Cloud 8ext~~m~~ .001 .002 .003 .003 .003

W .3579 .3916 .7436 .7~~2 .7658

Precipitation 8ext (km~~
) .005 .008 .018 .018 .018

(2nui per hour)
.2218 .2796 .3911 .3974 .4016

Precipitation 
~ ~~

(kni~~) .008 .016 .030 .030 .030
(4mm per hour) e

.1046 .1261 .2073 .2108 .2173

In Table 2. and are the real and imaginary Indices of re-

fraction , respec ti vely. These values were derived by Gunn and East

(1954) and interpolated and extrapolated to the correct frequencies.

8ext is the extinction coefficient obtained by mu ltiplying the true

cross section per particle for extinction by the number of particles

per unit area and unit height. The local albeclo of single scattering

--4
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~~~~ may be expressed as

z 
SCa 

, 
(10)

~ ext

where is he volume cross section for scattering for a polydis—

persian (Dei rmendiian , 1969).

It is important to note the increase in 
~ext 

wi th frequency over

the SCAMS frequency range, and its increase wi th the increase in cloud

partic le size and densi ty. The single scattering albedo also in-

creases with frequency , but decreases wi th the larger part icle size.
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CHAPTER 3

MICROWAV E RAD IATIVE TRANSF ER IN A SCATTERING ATMOSPHERE

3.1 Basic  Equations

The basic transfer equation for a plane parallel cloud l ayer in

local thermodynamic equilibrium for a mono chromatic microwave radia-

tion field may be written in the form

dl (T , p)  
~~~~ , 

+1

~ di 
= I > (t ,~i) - 

~~ !~ 
P 5 (p,~i ’ ) I  (T ,p ’ )d~. ’ -

(11)

where f~ represents the monochromatic radiance of frequency \1 , p the

cosine of the emergent angle with respect to the zenith , t the optical

depth, T the cloud temperature which is a function of cloud height or

optical dc~-th , P the normalized axiall y syimietrical phase func tion , 
~~\

the single scattering albedo . Included in the emission term in Eq.

(11) is the Planck function , expressed in the frequency domain by

3
6 (1 - 2hv (12)

V 
- 

c2(e~~
’KT _ l )

where h and K are the Planck ’s and Boltznian ’ s constants, respectively,

and c is the speed of light.

The normalized phase function can be expanded in Legendre poly-

nomials of finite terms. Upon replacing the integration in Eq. (11)

by summation utilizin g the Gauss ’ quadrature formu l a , a se t of f i rs t

1
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order inhomogeneous differential equations can be derived . By seeking

the homogeneous and particular solutions of the differential equations

as outlined by Chandrasekhar (1950), the complete solutions of the

scattered intensity for an isotherma l cloud temperature T
~ 

at a given

discrete-stream i may be expressed in the form

I( i ,p1 ) = 

~ 
Lm~m

(u i )e m 
+ B ( T

~
) (13)

where ~ represents sumation over the discrete streams employed , 4m
and km are eigenfunction and eioenvalue of the differential equations

F an d Lm are a set of constants of proportionality to be determined from

the radiation boundary conditions .

In the microwave domain , the Rayleigh-Jeans approximation of the

Planck function for emitted radiation is customarily used and is given

by

B (T) 2KTv2c. (14)

In addition , since the radiometers used to measure thermal emission

are usually calibrated using sources at set reference temperatures ,

the output is normally expressed in terms of an equivalent tempera-

ture, the brightness temperature 16(v), defined as

2v2cKT5(v) . (15)

Using this relationship , the fundamental transfer equation , Eq. (11),

may be rewritten in terms of the brightness temperature

dT 8(v) ~ +1
______ = T6(v) 

-

~~~~~~~ 
51

P(ii ,p ’)T8(v)du ’ - (l_
~

S
~

)T (v ) , (16)
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where TB(v) is a function of i and ~~ , and 1(v) a function of i only.

A lso, the solution of the transfer equation may now be expressed in

terms of brightness temperature , thus

TB(v) 
= 

~ 
L n~m

(U l )e 
m + T c ( \ ) .  ( 17)

where the constants of proportionality Lm are different from those of

Eq. (13) and may be obtained through the use of the radiation boundary

conditions. T~ Is the cloud layer temperature .

At the cloud top , the downward intensity Is equal to the radia-

tion emitted by the gaseous , non-scattering atmosphere above the layer,

so that

T~(v) = f T(z)dT (zIz~
;
~~l ), (18)

where z~ denotes the cloud top height. Within the cloud l ayer , where

sca tteri ng does occur , continuity of the radiances from all directions

is required , thus ,

T~(v) 
= T~~~ (v) ,  l,2 ,...,N-l , (19)

where N is the total number of sublayers within the cloud . At the

lower boundary of the cloud layer , the upwel hlng radiance is gener-

ated by three sources :

a) the radiation emitted from the surface , determined by the

surface emisslvity i~~ and the surface tempera ture Is’
b) reflection from the surface of the downwelling radiance from
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the cloud l ayer , and

c) the upward gaseous , non-scatterin g atmospheric contribution to

the bottom of the cloud l ayer , that is

5 (v)T
~

(v )  1 ( z ~ ,O.~ 1 )

+ L l 1  .(v)1 (zbIO~Pj
) T(z)dt (z,zh ;-P l )2b

+ f T (z ) d
~~

(z b .:;u I )~ 
(20)

where Zb represents the cloud base height, T(z) is the atmospheric tem-

perature as a function of height, and the transmittance is defined as

- 
-
~

- (z 2,z1 ; p~ ) = exp [— 
~~~~

- f K~,(z ) n (z )dz] ( 21 )
I

where K~(z) and n(z) represent the absorption coefficient and number

density , respectively, of the absorbing gases at height z. It should

be noted that for precipitating clouds , the scattering l ayer will ex-

tend to the surface, and there will be no contribution from atmos-

pheric emission. Thus , Eq. (20) reduces to

T~ (v ) ~ t-
~~

v)T5(v). (22)

The solution of the microwave radiative transfer equation given

by Eq. (17) is applicable only to Isothermal and homogeneous cloud

layers. To apply the transfer solution to the multilayered cloud sys-

tern, we divide the cloud layers into a number of sub-layers , each of

- - - - -  I ~
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which is considered to be isothermal and homogeneous . By matching the

radiation continuity equation for radiances in each sub-layer , a set

of linear equations with unknown coefficients may be determined by

standard matrix inversion methods. A similar procedure has been em-

ployed by Liou (1975) to evaluate the transfer of solar radiation in

inhomogeneous atmospheres . This technique has also been used by

Feddes and L iou (1977 , 1978) to investigate the transfer of spectra l

infrared radiation in cloudy atmospheres.

The microwave transfer program in cloudy atmospheres described

above wi l l yield the upward radiance in terms of the brightness tem-

perature at the cloud top, T6(v~
z
~
). From this information , the

brightness temperature from a satellite point of view in a completely

cloudy condition becomes

+ f ~~~~~~~~~~~~ (23)
Z
t

Also, for cloud-free , non-scattering atmospheres In l ocal thermo-

dynamic equilibrium , the calculated brightness temperature at the top

of the atmosphere Is simply given by

NC
- 

- 

TB ( v, a l  r~ (v )T 5 (v)-t (oo ,O;i~1)

0
+ E 1 — t  5 (v)lr  (c=~,O;p 1) f T( z )dT

~
(z ,n’;_

~J j )

+ j T(z)dr (~ ,z;p 1 ). (24)
0 f
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3.2 Problem of Surface Emiss iv lty

A special problem area in the use of m icrowaves for atmospheric

sensing is surface emissivity . In the infrared spectrum , emissivity

values of the earth’s surface in the microwave spec trum vary over a
considerable range , from 0.4 to 1.0 (Gloersen , et al. , 1972). The

e’nissivity of the sea surface typically ranges between 0.4 and 0.5,

dependent upon such variables as salinity , sea ice , surface roughness,

and sea foam. In addition , there is a frequency dependence , with

higher frequencies displaying higher emissivity values. Of more im-

portance in thi s researc h , however , are the variations of emissivity

over l and surfaces . 
-

Since the SCAMS antenna beamwidths give ground resolutions of

between 145 km at nadir and 330 km at maximum scan angle, the surface

emissivity sensed from the satellite is of necessity a mean value ,

averaged ~.ver the Individual scan. This is convenient for our pur-

poses, as small discontinuities such as small bodies of water , do not

seriously affect the overall reading , while large scale changes , such

as surface wetting from precipitation , do cause a detec tab le change.

With this size of scan , other variables , such as density , surface

roughness, vegetation and orography tend to be smoothed , leaving only

the effects of moisture to cause emissivity changes.

In an extensive investigation , Schmugge , et al. (1974) performed

calculations to determi ne the effect of soil moisture on emissivity

values. He also verified the Fresnel method of calculating emmisivi-

ties. By assuming an electromagnetically smooth surface , Kirchoff’ s

Law may be applied such that the emissiv ity is equal to the surface

absorptlvity or 

-~~~~~~
—-- ——--- - ---~~~~~~~~~~~~~~~~~~~~~~~ - - - -
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c5(v ) = 1 - r5(v). (25)

From Fresne l ’ s law , the surface reflec ti v i ty may be calculated for

the vertically and horizontally polarized components , r1 (v ) and r2(v)

(see e.g. Born and Wolfe , 1969),

( \ = 
COS I n COS tr 1~ v , cos I + n cos t

,~~~_ n c o s i - c o s t (26 )
r2~v, 

- n cos 1 + cos t

where i and t are the incident and reflected angles and n is the index

of refraction. Equation (26) may be reduced by the use of Snell ‘s l aw,

sin t = sin i/n (27)

The index of refraction n is directly related to the dielectric

properties of the surface . Since the dielectric constant of dry soil

is much smaller than that of water in the microwave region , the di-

electric properties of any given soil depends heavily on the moisture

content of that soil. Edgerton et al . (1971), determined that wetting

of a soil surface would result in a rapid decrease in emissivity , on —

the order of 2% to 5%. Using this Information , and i ndependent yen -

f i ca t ion , Gloersen , Wi l heit and Schmugge (1972) found that emissivity f

values for dry soil may be assumed to be .95 - .97 and for wet soil

.92 - .95.

In the theoretical studies conducted with the computer model dur-

ing this research , a number of different emiss ivity values were used

and then compared wi th the observed results . These tests confi rmed

L .  -—- -
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the Gloersen figures for both wet and dry soils , and these emissivity 
-

values were used for all subsequent ca l culat ions.

a
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CHAPTE R 4

COMPARISONS BETWEEN CALCULATED AND OBSERVED BRIGHTNESS

TEMPERATURES FOR SELECTED ATMOSP HERIC CONDITIONS

AND SENSITIVITY ANALYSE S

4.1 Data Selec ti on

The basic cri teria for selection of the data used as input to the

SCAMS program was for the surface and radiosonde data to be readily

available and to match the time and location of the satellite overpass.

Additionally, the scans must be in the presence of synoptic scale wea-

ther so as to provide a variety of cloud and weather conditions.

Points at or near nadir were chosen to ensure the leas t error i n

applying the real data to the theoretical calculations , since the theo-

retical upwel li ng rad iances wou ld be mos t accura te at nadi r.

Us ing these cr iter ia , 64 data points were selected at or near the

satellite subtrack on five consecutive days from August 21 through 25.

1975. The points were selected if a radiosonde sounding was available

within 100 km of the center of the scan , the surface wea ther analys i s

for the scan was ava i lable, and the time of the pass was wi thin six

hours of the time of both of the previous requirements. Since Nimbus

6 has an equator crossing time of approximately l800Z (GMT) for the

United States passes , the 1200Z surface analyses and radiosonde sound-

lng data were used . During the five-day period , 21 clear cases , 23

cloudy nonprecipitating cases , and 20 cloudy prec ipi ta ting cases were 

~~~~~—~~~~- - - -~~~~ - —  - -
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plotted .

The synoptic situation during this time period was a typical mid-

summer pattern . High pressure and clear skies dominated the southern

United States while a series of low pressure systems moved eastward

across the northern half of the country , causing large areas of

showers and rain. No severe weather occurreu during the period . Most

of the clear cases were from the southern area , but seven were selected

in the northern states . The cloudy cases were predominantly from the

northern states, and included three southern Canadian stations. The

precipita ting cases followed the same pattern as the cloudy cases.

The accuracy of the surface measurements is the same as for all

surface data collected by the National Weather Service. The radio-

sonde water vapor data are estimated to be accurate within 10 percent,

and the temperature readings are accurate to wi thin 0.5°C.

4.2 Clear Atmosphere Conditi ons

Prior to the calculation of the sensitivity analysis data , a test

was made to determir.e the accuracy of the clear column radiance (CCR)

program. To test the ability of the program to generate CCR values

similar to those observed by the Nimbus 6 SCAMS channels, a number of

tes t cases were selected . Each case was chosen such that the surface

- - weather records for the station indicated a clear atmosphere at the

time of the satellite pass. The radiosonde data ( temperature, pres-

sure, and mixing ratio) were read into the CCR program and used to

generate expected CCR va l ues for the five SCAMS channels. These ex-

pected values are plotted against the observed values in Figure 5.

For channels one through five, emissivity values of .95 , .96 , .97,

- -  -~~~~ - - - ~~~~~ --~~~~~~-- - - - - _ _
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.97, .97 were used , respectively. As explained in Chapter 3, these

values provide the best estimate of dry soil emissivities . particu-

larly over vegetated areas. A s tudy of the sensitivity of brightness

temperatures to emissivity values is included later in this chapter.

The standard deviations of the calculated values for the five

channels are 1.06°, 1.29°, .73°, .420 and .2 9° respectively. Since

instrument error for each of the five channels would be expected to

be 2.87°, 2.86°, 2.74°, 2.57° and 2.2 10 respectively, the CCR calcu-

l ated values may be assume d to be accura te.

Having established the accuracy of the program in a clear atmos-

phere, the next step is to conduct a similar analysis for each channel

in a variety of cloudy and precipitating atmospheres.

4.3 Cloj~~ and Precipitating Conditions

To test the ability of the transfer program to generate correct

upwelling radiance values , as observed by the Nimbus 6 SCAMS radi-

ometer , a number of test cases were again selected . Each case again

had to have a timely radiosonde sounding and surface weather report,

coinciding wi th the satellite pass. These cases were used to verify

that the theoretical calculations for cloudy and precipitating condi-

tions do represent the satellite observations accurately.

The cloudy cases were selected such that each case was overcast

by low or middle clouds, with no precipitation currently or in the

previous six hours. The cases were further divided into thick and

thin overcast, using the current weather observations as a guide.

Each case was then processed through the transfer program, us i ng a

one kilometer nonprecipitating cloud for the thin overcast cases and

U
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a four kilometer cloud for the thick overcast cases . The results are

plotted against the satellite observed values for each case in Figure

6.

The Deirmendjian modified gamma distribution was used for the

drop size distribution of the nonprecipitating cloud. As discussed

in Chapter 2, the upwel linq radiance was found not to be sensitive to

the type of distribution used . Additionally , sensitivity analyses are

included later in this chapter which demonstrate that the height of

the base of the low cloud does not have a significant effect on the

upwelling radiance. The same dry soil emissivities listed for the

c l ear case were used .

The standard deviations of the calculated values from the oh-

served upwe lling radiance for channels 1 through 5 are 1.830, 1.800,

.820, 730 and •340 respectively. These deviations are larger than

in the clear atmosphere verifications but still well within the ex-

pec ted ins trument error of the radi ometer. The most apparent reason

for the increased variance would be the inherent error of assigning an

arbitrary scale of cloud thickness to a variety of real cases with

current weather observations.

The precipitating cases were selected in the same manner as the

cloudy cases , wi th the exception that the observation must have shown

precipitation at the time of the satellite pass , and the ra i nfal l rate

must have been obtainable from the surface weather observations.

These cases were divided into four sub-groups , depend ing on the ob-

served rainfall rate. Each case was then processed through the trans-

fer program, using the proper parameters for the individual rainfall

rate, and the actual rad-losonde sounding data for the atmospheric
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profile. The results are plotted against the satellite observed up-

welling radiances for each case in Figure 7.

For precipitating conditions , l ower surface emissivity values

were used , as explained in Chapter 3. Values of .93, .94, .95, .95,

and .95 for channels one through five , respectively, were chosen.

Sensitivity analyses to the variable are conducted later in this

chapter.

The standard deviations of the calculated values from the ob-

served upwe lling radiances for channels one through five are 1.560,

1.42°, .80°, .66° and .34°, respectively. These deviations fall be-

tween the clear and cloudy case verification deviations. This is most

probably due to the inaccuracy resulting from assigning a single rain-

rate for a one mm per hour range of precipitation rates. It is im-

portant to note that the results still fall within the expected ins~’u-

ment error , thus verifying the accuracy of the transfer program in

duplicating upwelling radiances for precipitating condition. The next

step is to determine the sensitivity of the channels to the various

input parameters.

4.4 Theoretical Sensitivity Analysis

To conduct sensitivity analysis 0f the upwel l ing  radiance at the
— 

- 
top of the atmosphere in cloudy and precipitating conditions , a ser ies

of different conditi ons were inserted into the transfer program. The

resulting upwelling radiances at the top of the atmosphere were then

plotted as a function of the variable under study. These variables

include surface emissfv ity , cloud base height , cloud thickness of

nonpreclpitating clouds, and rainfall rate. The results of these
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calculations are displayed in FIgures 8, 9, 10 and 11 . In each case .

a standard summer mid -latitude atmospheric profile similar to that

shown in Figure 3 was used , with all parameters held constant except

the specific variable under consideration .

The first sensitivity analysis shown Is the effect of surface

emissivity on the upwel ling radiance In both clear and precipitating

atmospheres , displayed in Figure 8. The emissivity was varied from

.75 to 1.00, to cover all normally expected values for soil and vege-

tated surfaces . The difference in slopes between the two cases would

appear to be due to the Increased absorption by the precipitating

cloud at higher radiance levels. It Is Interesting to note the differ-

ences In the slopes of the emissivity lines between the channels.

Channels one and two, which most clearly sense the surface, are most

affected by changes In emissivity , channel three Is less affected ,

while channels four and five , where the atmosphere is almost opaque,

are affected very little.

Next the effects of varying the base height of a given nonprecip-

itating cloud on the expected upwe lllng radiance at the top of the

atmosphere was studied . In all five channels , vary i ng the cloud base

height from one kilometer up to five kilometers has less than a l.O~.

effect upon the upwelling radiance. Thus, the height of low and middle

clouds wou l d appear to have a negli gible effect, In fact the effect

should be predominantly hidden in the random instrument error of the

radiometer.

Fi gure 9 dIsplays the relationship between the expected upwelltng

radiance and the thickness effect of a low (base height of two kilo-

meters) nonprecipitating cloud . These calculations were obta i ned for

- -
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three atmospheric profiles , which are graphically displayed in Figure

10. For the cloud type, a modified gamma drop size distribution de-

veloped by Deirmendjian (1969) described in Chapter 2 was selected .

As described earlier , no significant effect was noted resulting from

using a different size distribution. In the channels centered at

53.85 0Hz and 55.45 0Hz , the effect of nonprecipitating low clouds

may clearly be neglected , but the other channels are to varying de-

grees affected by the cloud l ayer. Previous temperature profile re-

trieval methods (Waters et al., 1975; and Staelin et al., 1975) have

made the most basic of assumptions concerning the effects of clouds

within the field of view , e.g., that the clouds had no effect at all

on the observed temperature data . Figure 9 shows that this assumption

may not be correct. Errors on the order of l.O%-2.0% can be introduced

by this assumption . Clearly , an accurate temperature retrieval method

usi ng satell ite microwave data should include a compensatory mechanism

for temperature soundi ngs i n cloudy atmospheres.

Figure 11 plots the expected upwe lllng radiance for three precip-

itating cloudy atmospheres with different rainfall rates. The temper-

ature and moisture profiles are as shown in Figure 10. This figure

assumes that the surface i s wet, and thus has a lower emissivity than

i-f it were dry , as was assumed for the previous figures . Drop size

distribution Is an Important parameter used to obtain the proper scat-

tering properties of the hydrometers. We chose the theoretical drop

size distribut ion developed by Marshall and Palmer (1948) described

previously.

By assigning a series of values for rainfall rate R to the rain-

drop size distribution , calculating the scattering parameters shown in
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Table 2, and testing each case on a standard atmospheric profile,

Figure 11 was developed . The only channel which shows a significant

effect as the rainfall rate is increased is the channel centered at

52.85 OH:. This channel shows a dramatic drop, on the order of l0°K,

for a rainfall rate increase from one mm per hour to four inn per hour.

Figure 12 is a plot of the calculated brightness temperature ex-

pected from varying water vapor concentrations for channels one and

two. Variations in water vapor have no significant effect upon chan-

nels three , four or five. Increase in water vapor concentration has

the strongest effect on channel one, centered on 22.235 0Hz , a weak

water resonance. This channel , when compared to the spectra l window

channel two at 31.40 0Hz, has been used to infer water vapor abund-

ance over ocean surfaces (Staelin et al. , 1976; Wil heit et al ., 1977).

Figure 12 suggests that a similar relationship may be discerned over

land masses.
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CHAPTER 5

LIQUID WATER CONTENT AND RAINFALL RATE DETERM INATION

FROM SCAMS CHANNELS

This chapter wIll contain the development of empirical formulas

for the estimation of atmospheric liquid water and water vapor con-

tent from SCAMS data . Included will be a synoptic discussion and maps

and satellite photographs for the days used for the discussions.

Finally, there will be a comparison of the results obtained from the

formulas with both observed data and previous infrared studies .

5. 1 En!piri cal Formulas for the Derivation of

L 1~~I id  Water and Water Vapor ~pp tent

From inspection of the microwave spectrum , we find that below

40 0Hz, the transmi ttance r
~,
(
~
.O;u

~
) is approxima tely unity (Grody,

1976) and thus the brightness temperature. as expressed in Eq. (24)

can be approximated by

(2~)

In this range of frequencies -, the atmospheric transmittance is due in

the main part to absorption by water vapor and liquid water , thus

t \,(H20)r\)(Liquid). (29)

To estimate the water vapor concentration W and the liquid water
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content Q, we must have these transmi ttances expressed in a form using

these quantities.

For frequencies below 50 0Hz, the transmittance for water content

consisting of water droplets wi th radius less than 50 pm may be ex-

pressed by the Rayleigh limi t (Goldstein, 1951). Thus ,

r (Liquid) exp(-Q/Q0(v)) 1 - Q/Q0 (30)

2 [0.0122(291-1 )...41
where Q0(v) = Ku , K = 1.11 x 10 C and T

~ 
Is the mean

cloud temperature. This relati onshi p is valid if Q<<Q0, that is, only
below 50 0Hz. For frequencies near 22 0Hz we may also write

r(H20) 1 - W/ W 0(v), (31)

because at these frequencies W<<W 0 (u) . These expressions may be sub-

stituted into Eq. (28) to obtain (neglecting higher order terms of Q
and W) ,

T8(v) £5 (v )T 5 + 2( 1-E 5 (u))T 5 (Q/Q 0(v) + W/W0(u)) (32)

It is clear that , once a reliable estimate of surface temperature T 5
and surface emissivity c5 (v) are obtained, W and Q may be obtained

from the observed brightness temperature at two channels. The solu-

tion of Eq. (32) has the form

Q q0 + q1 TB~~1~ 
~ q2 TB(v2) (33a)

W + W
1 
T8(v1) + w2 T8(v 2 ) ( 33b )

where TB(v 1) and T8(u2) are the brightness temperatures at frequencies
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22.235 and 31.40 0Hz, respectively, and the coefficients  q 1 and ~
are dependent upon the surface temperature and emissivity and may be

determined through statistica l linear regression.

For the SCAMS channels centered at 22.235 and 31 .40 0Hz , a three

dimensional linear regression technique (Fryer, 1966) was used to

determine the coefficients q1 and w~ 
in Eqs. (33a ) and (33b). Atmos-

pheric profiles obtained from the U. S. Weather Service Northern Hemi-

sphere Data Tabulations were used to compute brightness temperatures

using the procedures described in Chapter 3. Liquid water was added

artificially to a selection of the atmospheres, in varying amounts in

the same manner as for the sensitivity analyses presented in Section

4.4 to obtain the effects of liquid water on the brightness tempera-

ture. Emissivity values were treated as described in Chapter 3. An

important difference between the Grody study and this research is the

data base for the empirical formulas. While Grody based his equations

on observed data , this research is based on the computer-generated data

points , resulting in a more objective data sample.

The linear regression obtained forms of Eqs. (33a ) and (33b) for

water vapor and liquid water over the land surfaces are affected by —

the surface emissivity, whi ch is in turn dependent on soil wetness.

Examination of SCAMS data , computer analysis, and statistical verifi-

cation results in an empirical decision matrix using observed bright-

ness temperatures for SCAMS channel s two and three, (T8(v2) and

centered at 31.40 and 52.85 0Hz, respective ly, to determine

surface characteristics. Table 3 displays the results of this analysis,

which is shown graphica lly in Figure 13.
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Table 3. Surface Condition Determination

Channel Relationship Surface Condition

TB(v3) .�. .97 T~(v~) Dry Land

1.01 T8(u2) ~ 
T~(~3) > ~~ T~(~~) Wet Land

TB~~3~ 
1. 01 T8(v2) Water , or Water-Land

Combination

Using Table 3 to determine the appropriate surface condition , the

linear regression equations for water vapor and liquid water over dry

lan d surfaces are

Q = -65.17 + 22.90 x 10-2 TB(V l ) + 13.60 x lO~~ T8(v2) (34a)

W = 18.52 x l0 1 
- 59.43 x l0~~ T8(v 1) 

- 39.00 x ~~~ T8(v2)
(34b)

The correspondi ng equations for wet land surfaces are

Q = 64.74 - 89.85 x io 2 TB(v l ) + 68.05 x io _2 
T8(v2) (35a)

W = 33.18 - 64.88 x io
_2 

TB(v l ) + 53.36 x io
_2 

TB~”2~ 
(35b)

The statisti cal resul ts of these two sets of equations are sumarized

i n Table 4.

Equations (34a) and (35a) enable the determi nation of water vapor

over dry and wet land to withi n a standard error of 0.87 g cm 2 and

0.97 g cm 2, respectively, while Eqs. (34b) and (35b) calculate liquid

water content wi th standard errors of 0.18 kg m 2 and 0.22 kg m 2.

The effect of the statistical base on the results may be determi ned

by the reduction in variance between the data and the regression 
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Table 4. SCAMS Regression Analysis

Parameter Data Sample Statistics Regression Anal ysis Results
(Equation) Mean Standard Standard Variance

Deviation Error Reduction

Water Vapor 3.32 g cni2 1.75 g cm 2 0.87 g cni2 75~-
over Dry Land
(34a)

Liquid Water 0.27 kg ni 2 0.30 kg m 2 0.18 kg m 2 64~ —

over Dry Land —

(34b)

Water Vapor 3.91 g cni2 1.93 g cm 2 0.97 g cm 2 74~over Wet La nd
(35a)

Liquid Water 0.38 kg m 2 0.37 kg m 2 0.22 kg m 2 65~over We t Lan d
(35b)

equations. As has been previously reported (Grody, 1976 and Rosen-

crantz, 1972), the percent reduction i n vari ance i s larger for water

vapor than for liquid water, most importantly due to the effect of

variati ons i n cloud temperatures, which are not inferred from the

satellite data. A total of 35 samples was used in each regression

sample. To ensure the significance of the sample size , a larger

sample was tested i n each case, using 45 sample points . No further

reduction in standard error resulted from this increase in sample

size , verifying the statistical si gni fi cance of the sample. Table 5

shows the regression coefficients and error analyses for two sample

sizes.

To provide an example of the use of these empirical formulas in

the derivation of water vaoGr and liquid water content from SCAMS

data , two days with signifi cant weather were chosen and analyzed .
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Table 5. Regression Coefficients and Error Analyses

Sample Dependent X2* X3* Standard
SIze Variate Error

35 Q (dry) -65.17 22.90xl0 2 l3.60xl0 3 .87 g cm 2

45 Q (dry ) -64.72 23.40xlO’~
2 14.00xl0 3 .87 g cm 2

35 W (dry) l8.52xl0~ -59.43xl0 4 -39.00xl0 5 .18 kg n1 2

45 W (dry) l8.6lxl0~ -58.51xl0 4 -48.00xl0 5 .18 kg

35 Q (wet) 64.74 -89.85xl0 2 68.05x10 2 .97 g cn(2

45 Q (wet) 65.31 -89.53xl0~ 68.17xl0 2 .97 g cm 2

35 W (wet) 33.18 —64.88x10 2 53.36xl0 2 .22 kg m 2

45 W (wet) 33.02 -62.93xl0 2 55.36xl0 2 .22 kg m 2

* When equation is of the form V + X2 TB(v l ) + X3 T B (u2 )

5.2 ~ynopt i c Discussion

The synoptic discussion for each of the two days includes a sur-

face and 500 mb analysis at 1200Z and satellite data from NOAA 4. The

two satellite pictures are the broad band visible (.5-.7 pm) channel

and the broad band window (10.5-12,5 pm) channel , both at 1800Z.

~~yust_221j~75 ,_ l200Z . The 500 mb analysis had a closed low

at 580N, 52°E with a trough line extending south-southwestward . A

long wave trough line in the western United States was located through

western Washi ngton and Oregon, western Nevada, central Cal i fornia and

out into the Pacific Ocean. The eastern United States was dominated

by high pressure south of 40°N.

The surface map shows a low pressure center over eastern Ma i ne,

wi th an associated frontal system extend Ing across southern Canada ,

I
L
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Figure 14. NOAA 4 mosaic for August 22 , 1975 wIth the visible channel
on the top and the infrared channel on the bottom .
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southern Lake Michigan and across Iowa and Nebraska . Shower activit y

was presen t all alon g thi s fron ta l sys tem. A l ow pressure area in

Alberta had a cold front extending into Montana and Idaho , w i t h  a

warm front through eastern Montana . Showers were present along this

frontal system also.

The satellite pictures clearly reflect the frontal positions ,

with all the activity in the western United States north of 45°N. The

subtrack of the SCAMS pass was along a line from l8.7°N , 91 .6°W to 52°N,

104°W. The pass had a time of l745Z . Examination of the satellite

pictures indicates a good cloud system north of 43°N on the satellite

subtrack.

August 25, 1975, l 200Z. The last day of the analysis had a

closed low over central  Canada , w i t h  a trough line extending south-

ward through western Minnesota into Nebraska. A weak high was cen-

tered over southern California, while high pressure remained over the

sou theas tern Un ited States , weakening with the advancement of the

troug h .

A s trong surface low was loca ted sou thwest of Hudson Bay w ith a

cold front extending through Lake Superior , south through Kansas and

westward through Colorado. A stationary front extended across the

• Great Lakes and New York . Shower activity was present along the

Uni ted States-Canada border from Maine to Montana , with heavy shower

activity along the frontal system In Ill ino i s , Iowa and Missouri . The

satell ite pictures reinforced th~ surface analyses with cloud cover in

these areas. The SCAMS pass had a subtrack extending from 19°N,

85.60W to 52°N and 98.7°W. This pass provided good coverage of the

strong activity in the midwest as well as the clouds north of Lake
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Superior.

5.3 Data Comparisons

The analysis of the SCAMS data for the two days is displayed in

Figures 16-19. In Figures 16 and 17, the water va por and l iq uid wa ter

values are plotted for the satellite subtrack for August 22 and

August 25, res pec ti vel y (see the IR pictures in Figures 14 and 15).

The figures also contain radiosonde (RAOB) data where it was available

wi thIn 300 km of the subtrack , and a plot of the liquid water derived

by Feddes and Liou (1978) from HIRS data for the same subtrack and

time frame. In general , wet sur face cond i t ions were foun d between

42°N and 45°N on Augus t 22 , wh i le on August 25 , the wet surface con-

d i t ions were found between 40°N and 42°N and between 49°N and 54°N.
The water vapor estimates for both days generally correspond

within 15 percent of the RAOB data , and appear to be biased larger

than the RAOB data. The SCAMS data scan at satellite subtrack forms a

circle approximately 144 km in diameter, prov id i ng data averaged over

th is area , while radiosonde data represent point measurements taken

along the balloon flight trajectory, and thus may not be representa-

tive of the atmosphere as a whole. Instrument inaccuracy for the

radiosonde water vapor measurements is estimated to be approximately

• 20 percent, thus contributi ng to the error. After further verifica-

tion , microwave data could be used to veri fy and correct the RAOB

data.

The SCAMS l iquid water measurements may be compared to the satel-

lite photographs and the results obtained from infrared data by Feddes

and Liou . The analysis in Figure 16 for August 22 shows the effects
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of two overcast areas under the satellite pass. The Feddes results

closely parallel the trend derived from the SCAMS data , but SCAMS data

show higher liquid water contents in most cases. This is an expected

result due to the capability of microwave to see through cloud layers,

providing a better evaluation of l ower cloud moisture levels. A simi-

lar result is shown in Figure 17. Again , two cloud masses are shown .

The southern mass appears on the satellite photographs as an area of

c i rrus , and shows as an area of low water content in the Feddes study.

The SCAMS data is not affected by the cirrus and yields for higher

amounts of liquid water, reveal ing the area of active thunderstorms

and rain under the cirrus clouds .

Figures 18 and 19 display the analyzed SCAMS liquid water content

values plotted on a polar projection. The two figures contain the

analysis fbr~ igust 22 a~d August 25, respectively. The isolines are

labeled wi th the liquid water content based on the theoretical calcu-

lations. Both figures show two distinct ~..loud masses. The analyses

are quite similar to the results obtained by Feddes , with the modifi -

cations mentioned earlier. The smoothing effects of the larger scan

results in only a minor loss ot ~ata compared with the results ob-

tam ed by Feddes and Liou (1978). In Figure 18 ~f August 22, the two

cloud areas correspond well wi th the satellite photographs of the same

ti me, Figure 14. Analysi s of Figure 19 also corresponds well to its

matching satel lite data , Figure 15. The line of thunderstorms in the

southern cloud mass is hidden by the cirrus deck , but is well docu-

mented by the surface observations . The sharp southern edge of this

cloud mass is well defined on the satellite photographs . The southern

edge of the northern cloud mass also shows a sharp moisture gradient
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which is evident on the surface weather depi ction and satellite

images.

Not plotted on Figures 18 and 19 are the rainfall rate results .

For clarity , they will be presented here instead . For the two days

studied , the observed rain cases under the satellite scans have a

mean value of 1.56 m per hour , wi th a standard deviation of 1.31 m

per hour. The theoretically calculated rainfall rates, based on the

conversion of the liquid water content derivations for the same data

poi nts , have a mean value of 1.68 nm per hour , and a standard error

of .68 m per hour. This results In a 48% reduction of variance for

this sample. Sources of error in this calculation would include the

inherent inaccuracy in estimati ng precise point rain rates from cal-

culated liquid water contents, as wel l as the errors induced by the

large area covered by the SCAMS scan.

~~~‘
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CHAPTER 6

CONCLUSIONS

A theoretical model to calculate the transfer of microwave radi-

ation through cloudy and precipitating atmospheres was developed based

on the discrete-ordinate method . Various cloud thicknesses , heights ,

and liquid water contents were used in this analysis. The model was

adapted to the SCAMS channels of the Nimbus 6 satellite , and trans-

mi ttances were obtained for eac h of the channels and used to generate

upper and lower boundary conditions at the top and bottom of the cloud

layer.

These calculations were then used by the transfer program to gen-

erate expected upwelling radiances over a range of satellite scan

angles for each cloud configuration . After verification of these cal-

culations with observed satel l i te  radiances , the theoretical data were

utilized to develop empirical formulas for the derivation of water

vapor and l iquid water content from the satellite data .

The theoretical parameteri zations were appl ied to two days of

SCAMS data and the results mapped and compared to visual and infrared

satell ite photographs, as wel l as to results obtained by Feddes and

Liou (1978). The results compared favorably In both instances. The

SCAMS data demonstrated a capability to sense liquid water hidden to

Infrared sensors by overlying cirrus layers, and to provide a smoothed

map of atmospheric moisture for a variety of atmospheric conditions . 

— -~~~~~~~~~~~ - — - ~~~~~~~~~~ - -~~~~~~~ - -
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Before this technique could be applied on a global scale , severa l

areas would require further study. The data base from which the

samples were taken was limited to a two-week period in August , and the

effects of certain surface conditions , suc h as snow cover , were not
examined or considered . Extensive variations in surface elevation or

temperature would also require adjustment o. the empirical formula-

tions. Another surface condition not addressed in this study is the

case where the scan includes both a water surface and a land surface.

This interface would occur near all significant bodies of water includ-

ing large lakes , and large scale mapping accuracy would require inves-

tigation of this problem .

An important assumption made in this research, and in the research

of Grody (1976), is the simpl i fication that the transmi ttances are

approximately unity below 40 GHz. This hypothesis was verified by

calcula tions us ing the bas ic equati ons. In future researc h , it would

be of interest to compare empirical formulas developed directly from

the basic equations wi th the equations presented here. This research

indicates that the increased accuracy would be negligible.

The use of this technique on a global scale would thus require

these additional variables to be parameterized. It is likely that a

large set of constants could be determined , wi th the proper constants

determined for each point under consideration from point location and

surface conditions . Ideally, as described by Feddes and Liou (1978),

this technique would be used In conjunction with other sensors. Infra-

red sensors, such as the HIRS instrument aboard Nimbus 6, could provide

better resolution than the microwave radiometers, and are capable of

detecting cirrus clouds which are essentially transparent to the 

~~~~~ -~~~~~~~~~~-
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microwave spectrum. In addition , infrared techniques might be more

appropriate near water-land interfaces . The microwave technique is

superior to the infrared for thi cker clouds or mul ti layered clouds

which are opaque to the infrared spectrum , and is less sensitive to

water cloud ter~Derature. The proper combination of infrared and micro-

wave measurements can resul t i n operationally s ignifi cant data for

moisture mapping . Using these sensors, global determination of total

water content on a routine basis appears feasible.
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