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Section 1

INTRODUCTORY REMARKS

In recent years, considerable progress has been achieved on

tle development of sounding techniques and theoretical and numerical

fundamentals for the temperature and relevant gaseous retrieval in the

earth's atmosphere. However, the success and reliability of the temper-

ature field inverted from the sounding data, which are derived from

orbiting meteorological satellites, have been long debated even in the

limitation of clear atmosphere conditions.

Clearly, in order to perform a proper and reliable inversion

program, it is essential that the forward problem based on the theoretical

radiative transfer calculation be understood physically and numerically.

In particular, we must understand the atmospheric and surface conditions

under which the simulated radiances, derived from the conventional transfer

theory, would match the observed values within the accuracy of the obser-

vation. For this purpose, we have carried out a comparison program for the

observed and calculated radiances and brightness temperatures utilizing the

available DMSP and Nimbus 6 data and the associated radiosonde and surface

weather reports. We have restricted our comparison program to clear

cases so that additional radiative complications due to multiple scattering

of cloud and precipitation particles may be avoided. Moreover, we have

focused our research effort on the infrared and microwave sounders

aboard the Air Force Defense Meteorological Satellite Program (Df4SP)
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Block 5D Satellite System launched in June, 1979. These sounders are

intended to provide data, on an operational mode, for deriving global

basis temperature profiles in the troposphere and lower stratosphere.

In the course of intercomparisons between the simulated

radiances obtained from radiative transfer theories and the measured

DMSP and Nimbus 6 data, it is our objectives (1) to understand physical

reasons for the possible significant uncertainties in the calculated

radiances, (2) to examine the atmospheric and surface parameters under

which these uncertainties arise, and (3) to investigate the validity of

the simple transfer equation under restricted conditions (clear, known

surface properties and temperature profiles, etc.). In connection with

these studies, it is also necessary to examine and investigate the

reliability and validity of the sounding data. In Section 2 of this

report, we document the characteristics of DMSP SSH and SSM/T sounders

and present results of the comparison for the computed and observed

radiances from a set of carefully selected cases. Comparison programs

utilizing the Nimbus 6 HIRS and SCAMS data are further described in

Section 3. Finally, conclusions of this investigation are given in

Section 4.
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Section 2

COMPARISONS BETWEEN OBSERVED DMSP DATA AND

CALCULATED RADIANCES

2.1 DMSP Block 5D SSH Sounder

2.1.1 Characteristics of the SSH sounder

The SSH (also called H-pack) is a scanning infrared spectro-

radiometer which was launched in June, 1979, in a sun-synchronous polar

orbit, by the United States Air Force as part of the Defense Meteo-

rological Satellite Program (DMSP) Block 5D package. Other equipment

of meteorological interest on board the spacecraft include a passive

microwave temperature sounder (to be described in Subsection 2.2.1)

and visual and infrared imagery channels. A sketch of the approximate

track of the current DMSP satellite over the United States is depicted

in Fig. 1. The horizontal lines along the satellite track in this

figure show the scan patterns of infrared and microwave sounders. The

SSH has 17 spectral bands. Specifically, the serial number 005, which

is used in this investigation, measures infrared radiance in eight

narrow H20 bands, six narrow C02 bands, one narrow window band, and

one ozone band for a total of 16 bands (see Table 1). The SSH provides

soundings of temperature and humidity and a single measurement of ozone

for vertical and slant paths lying under and to the side of the sub-

satellite track.

The SSH generates a spatial pattern across the satellite

subtrack such that 25 areas (ground stations) in a scan width about

3
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Fig. 1. The DMSP satellite track and scan patterns.
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Table 1. SSH spectral band characteristics.

Wavelength Wavenuinber Half width Species

9.8 1022 12.5 03

12.0 835 8 window
13.4 747 10 C02

13.8 725 10 C02

14.1 708 10 C02

14.4 695 10 C02

14.8 676 10 C02

15.0 668.5 3.5 CO2
18.7 535 16 H20

24.5 408.5 12 H20

22.7 441.5 18 H20

23.9 420 20 H20

26.7 374 12 H20

25.2 397.5 10 H20

28.2 355 15 H20

28.3 353.5 11 H20
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1021 km on each side of nadir are spectrally interrogated once every

32 seconds. The scan pattern is accomplished by the use of a step-

rotating scan mirror which completes one 3600 rotation in a 32-seco;1J

period. The ground look portion of the 32-second cycle occurs over the

angular interval between +48° and -48' with 00 representing the nadir

reference position. The 25 ground stations are measured at 40 at either

side of nadir over this angular interval.

As shown in Fig. 2, the instantaneous field of view ground

projection at the nadir position is a circle with a diameter of about

37 km. The ground projection at each successive station will evolve

from a circle at nadir and become more noticeably elliptical at stations

further away from nadir. At ±48 ° fram nadir, the diameter of the field

of view projection in the cross track direction is approximately 111 km,

while the diameter in the long track direction is approximately 56 km.

The ground projection centers shown in Fig. 2 represents the centroid

rays at each ground station. The Jistance between each centroid ray

ground projection ir. the long track direction is 208 km at nadir.

The satellite altitude is 834 km and the subsatellite velocity is ap-

proximately 6.5 km/s. The cross-track spacing is 58 km at nadir

increasing to 157 Km at the oblique maximum. This spatial scan pat-

tern makes it possible to provide complete global soundings on a daily

basis.

For the spectral characteristics of SSH channels, the F

channel bands lie in the H20 region from 353 cm- to 535 cm-1 and

E channel bands are in the C02 region from 668 cm-' to 747 cm-1. The

window and 03 bands are centered at 835 and 1022cm- 1, respectively.
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The filter data pertaining to the SSH sensor aboard the satellite used

in this investigation can be found in the report prepared by Barnes

Engineering Company for SAMSO (1976).

2.1.2 Comparisons between SSH data and calculated radiances

In this subsection we compare the observed data from SSH CO2

channels and computed radiances utilizing the available radiosonde and

synoptic data. We first describe the theoretical basis for the compu-

tation of infrared radiances and spectral transmittances for the C02

channels. We then discuss cases under which comparisons are made.

Resulting comparisons are subsequently presented.

In the infrared region, under the condition of local thermo-

dynamics equilbrium, the monochromatic upwelling radiance in pressure

coordinates may be written as (see Liou, 1980)

(o) = B (T ) T,, (PS) + B [T(p)] dp , (1)

where Ts and ps are respectively the surface temperature and pressure,

j the wavenumber, B the Planck function, and the monochromatic trans-

mittance at the pressure level p is defined by

2 (p) = exp - - q(p' )k\,(p' )dp' , (2)
L 0

where g denotes the gravitational acceleration, q the mixing ratio, and

k the monochromatic absorption coefficient. However, an instrument, such

as the SSH sensor, can only distinguish a finite band width 0(-v,), where

P and &. denote the instrument response function and mean wavenumber of the

band, respectively. Thus, the measured radiance from the spectrometer

aboard the satellite over a wavenumber interval (v1,v2) in the normalized
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form may then be expressed by

I-(o) = f 2(V,) IVdv/ f2 4(V,v)dv (3)

Upon carrying out the wavenumber integration of Eq. (1), we obtain

I()= [ ( V) B(T s )T (p s )dv

JV
1

V1 I) PS B V [T(p)] dp dv .(4)

If the spectral interval (v 1 ,v 2 ) is small enough that the variation of

B (T) with respect to v is insignificant so that its value may, to a good

approximation, be replaced by B-(T), then Eq. (4) becomes

1-(o) = B--(Ts) T-- (ps) + B- [T(p)] Tv(p) dp (5)V ps VP a

where the spectral transmittance, when the instrument response function is

taken into account, is defined by

TV (P) = 2 q(VV) TV (p) dv f2 ,(-,v)dv , (6)
V, 

V1

and the spectral weighting function is denoted as aT-(p)/ap.

Atmospheric transmittances for SSH C02 channels for selected

cases were computed employing the transmittance program developed at

the Air Force Geophysics Laboratory and provided to us. In the program,

line-by-line calculations are performed using Eqs. (2) and (6) in which

9



the appropriate response function is taken into account for each

channel. In the transmittance calculation for each case, temperature

and mixing ratio profiles from radiosonde observations were used.

Above aboutlO mb if rocketsonde data were not available, then seasonally

adjusted climatologies were used to extrapolate temperature, pressure,

and mixing ratio to 40 pressure levels ranging from 1000 mb to 0.1 mb.

The absorber concentration of water vapor (molecules/cm 2) was calculated

as described by McClatchey et al. (1972) in conjunction with the AFGL

transmittance program. A standard ozone profile was used for all cases.

Figures 3 and 4 depict for illustration purposes weighting

function curves of six C02 channels for Winnemucca, Nevada (October 30,

1979) and Dodge City, Kansas (November 23, 1979), respectively. The

peaks of these weighting functions indicate the approximate location in

the atmosphere from which most of the energy that reaches the top of the

atmosphere originates. The weighting function for each channel peaks at

about the same height for these two stations. The maximum weighting

function for channel El locates at about 4 and 30 mb. For channels

E2, E3, and E4, weighting functions peak at about 85, 150, and 400 mb,

respectively. Channels E5 and E6 are surface channels which sense the

atmosphere near the earth's surface. The weighting functions of channels

E5 and E6 for Winnemucca peak at 780 and 820 nib, respectively, while

for Dodge City, they peak at 850 and 1000 mt, respectively. Clearly,

the former weighting functions peak considerably higher than latter

values, probably due to the altitude of Winnemucca (1,322 m) at which

the surface pressure was reported to be 920 mb on this particular date.

We have selected two days, 30 October 1979, and 23 November

1979, during which complete data sets were available over the continental

10
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Fig. 3. Weighting functions of the SSH C02 channels for the station
Winnemucca, Nevada on 30 October 1979.
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Fig. 4. Weighting functions of the SSH C02 channels for the station
Dodge City, Kansas on 23 November 1979.
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United States. The data sets included synoptic reports and charts, radar

summaries, radiosonde observations, DMSP infrared satellite pictures, and

colocated SSH infrared and SSM/T microwave sounders data. No additional

data sets were obtained because of the enormous amount of effort required

in secur:;. the data tapes from the Air Force Global Central, in the

processing and analysis of satellite data and in the selection of the

colocated radiosonde and synoptic data. The cases selected for compar-

ison purposes are listed in Table 2 in which the satellite pass times

represent the actual observation times of the SSH and SSM/T instruments.

All 15 cases chosen were ensured to be clear on inspection of satellite

infrared pictures and surface reports. Note that the scan times were

between OOOOZ and 0600Z on the respective dates. In conjunction with

the case selection, Fig. 5 depicts the DMSP infrared satellite picture

for 30 October 1979, which is from the same spacecraft as the SSH and SSM/T

data. The infrared pictures shown in Figs. 6 and 7 for the 23 November 1979

case study had descending node crossing times of 0043Z for the eastern

picture and 0224Z for the western picture. A major criterion for the

case selection was to have a radiosonde station within the sounder field

of view. The satellite pictures have been superimposed with the "foot-

prints" of the microwave sounders and the relative location of the

radiosonde stations within them. Below we briefly discuss the synoptic

conditions on these two dates.

On 30 October 1979, a surface low pressure center lies off the

east coast of the United States near 44%N, 620W. A cold front extends

southward and then west to southern North Carolina, becoming a warm front

in northern Georgia to southern Arkansas and into Oklahoma. A dissipating

low aloft is portrayed on the 30/O000Z 500 mb chart as a weakness through

13



Table 2. Selected cases for comparisons between
the observed and computed radiances.

Station Satellite Latitude Longitude CaeTp
Name Pass Time (ON) (OW) CaeTp

Jackson 0346 Z
Mississippi (MS) 30 Oct 79 32.19 90.05 Clear

Centerville 0346 Z
Alabama (AL) 30 Oct 79 32.54 87.15 Clear

Little Rock 3046 Z
Arkansas (AR) 30 Oct 79 34.44 92.14 Clear

Monett 0347 Z
Missouri (MO) 30 Oct 79 36.53 93.54 Clear

Salem 0347 Z
Illinois (IL) 30 Oct 79 38.39 88.58 Clear

Peoria 0348Z
Illinois (IL 30 Oct 79 40.40 89.41 Clear

Boise 0530 Z
Idaho (ID) 30 Oct 79 43.34 116.13 Clear

Desert Rock 0529 Z
Nevada (NV) 30 Oct 79 36.60 116.10 Clear

Winnemucca 0529 Z
Nevada (NV) 30 Oct 79 40.90 117.80 Clear

Greensboro 0251 Z
North Carolina (NC) 23 Nov 79 36.03 79.57 Clear

Chihuahua 0430 Z
Mexico (MEX) 23 Nov 79 28.42 106.04 Clear

Del Rio 0430 Z
Texas (TX) 23 Nov 79 29.22 100.55 Clear

Dodge City 0432 Z
Kansas (KS) 23 Nov 79 37.46 99.58 Clear

Great Falls 0435 Z
Montana (MT) 23 Nov 79 47.29 111.22 Clear

Glasgow 0435 Z
Montana (MT) 23 Nov 79 48.13 106.37 Clear

14



Fig. 5. DMSP satellite infrared picture mosaic on 30 October 1979.

15



Fi g. 6. DMSP satellite infrared PiCtUrp for' the eastern scan nn

23 November 1979.

16



Fi g. 7. DMSP ,a tel Ii i ii r re~rd pi cture f or the western scan or)
23 Novemuber U)j

Nor



the Ohio valley.

The dominant feature on the 500 mb map is a storm system that

is deepening and moving into northeast Arizona. A surface low pressure

center is drawn in southeast New Mexico. Extending northward from this

surface low is an inverted trough extending north-northeast to central

Minnesota. The 500 mb chart also shows this trough which extends to a

low center near 64 0N, 107 0W. Cloud patterns associated with the southern

storm are extensive. A trough at 500 mb just off the west coast of the

U.S. supports a surface low drawn near 49 0N, 136 OW. An occlusion extends

south-southeast to a triple point near 43 0N, 134 0W. This system is

moving rapidly and precipitation begins at stations on the Washington

and Oregon coasts by 0600Z. The cloud pattern associated with this

system appears to be well organized with the cirrus shield already on

shore at the satellite pass time.

On 23 November 1979, a dominant 500 mb low pressure center is

located in central Minnesota at 23/QOOOZ. A deep 500 mb trough extends

south-southwest to the Texas panhandle and continues southwest into

northwest Mexico. On the surface there is a double low system with one

low center in south central Minnesota with an occluded front to a second

low drawn on the triple point in central lower Michigan. A warm front

continues eastward to extreme southern Maine. A cold front extends south

through Indiana and into the Gulf of Mexico near New Orleans, Louisiana.

Considerable cloudiness accompanies this storm system, extending from

the Canadian border across Mexico and into the eastern Pacific. Another

system is just off the west coast of the U.S. at 500 mb. The surface

map shows a cold front just on the west coast from northern California

through western Oregon and Washington. Extensive cloudiness also

18



accompanies this storm with cloud bands extending along the west coast

of the United States. The surface and 500 mb maps can be found in

Aufderhaar's thesis (1980) in which a number of cloud and precipitation

cases also were chosen in the comparison studies for SST/M channels.

On 30 October 1979, the SSH sounder appeared to be in proper

working condition. We have selected nine stations where radiosone and

surface reports were available for comparison calculations. On 23 November

1979, however, the SSH data were available only for one station along the

satellite pass, i.e., Dodge City, Kansas. The unavailability of SSH data

probably was caused by the malfunction of the instrument.

Radiosonde observations (RAOB) under this study were generally

available at OOOOZ and 1200Z for most of the stations, while the satellite

scan times as shown in Table 2 were between OOOOZ and 0600Z on the res-

pective dates. Thus, the OOOOZ radiosonde observations were considered

to be most representative and were used in the calculations. However,

surface temperature differences between the times of the satellite pass

and radiosonde observation could be quite significant due to radiative

cooling effects. Since the surface temperature is normally available

hourly from most of the weather stations, we have obtained surface

temperature values closest to the satellite pass time in conjunction

with the comparison calculations. In addition, temperature corrections

in the 70 nt layer nearest the surface, which was considered to be the

depth of the radiative cooling, were also carried out by means of a

linear interpolation for the temperature difference (between the OOOOZ

and satellite pass time values) at the surface and zero difference at

70 mb above the surface. The temperature corrections were then subtracted

from the RAOB temperatures. Note that the surface temperature difference

19



between OOOOZ and the satellite pass time may be as much as 5K

Upwelling radiances were computed from Eq. (5) using the known

temperatures and mixing ratios from RA0B and the transmittance program

described previously. A trapezoidal rule was used to perform the inte-

gration in which 40 pressure levels were employed with 1000 mb being

the lowest layer. For stations whose surface pressures are reported to

be less than 1000 mb, the surface and atmospheric terms in Eq. (5) were

computed utilizing the reported surface pressure and layers above this

pressure level.

There also were cases when the RA0B station did not coincide

exactly with the SSH footprint. Because of the horizontal variability

of the SSH data, we have devised a distance-weighed method to obtain an

average measured radiance from the available SSH data around the RAOB

station. This procedure is especially important for wing channels (E5

and E6) which are affected significantly by the surface condition.

Radiosonde observations were available up to 31 km for the clear

column case studies with the exception of Chihuahua, Mexico, on 23

November 1979, where the observation was up to 24 km. Where the upper

air observation was not available, the spring/fall climatological

profile was substituted.

Figure 8 shows results of the comparison of observed and cal-

culated radiances. The average deviations are found to be 2.9, 0.6,

2.7, 4.6, 4.0, and 3.9 for channel 1 through 6, respectively. Generally,

comparisons reveal that the calculated radiances are greater than observed

values with only few exceptions. For channel 1, because of the lack of

the upper air soundings, the discrepancies between the observed data

and computed radiances may well be due to the unreal iable temperature

20
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values from climatology. This argument also may be applied with decreasing

significance to channels 2 and 3. We note that for channel 3, there is

a point in which the observed data is greater than the computed radiance

by as much as 3.2 radiances. This point is for Desert Rock, Nevada,

where the available RAOB soundings only were up to about 100 mb. Apparently,

the climatological temperature profile used was inapplicable to this

station on 30 October 1979. For channel 4, which responds largely to

the middle troposphere with little effect from the surface and upper

atmosphere, we see a maximum discrepancy in which the calculated values

are consistently greater than the observed data. Only for this channel

we feel that a definitive conclusion about the discrepancy may be drawn.

In Table 3, the exact radiance values for these cases also are given.

At this point, it appears pertinent to discuss the surface

effect on the computed radiances in relation to the cc-mpari-on .rogram.

We note from Table 2 that there are three RAOB statieils which are over

desert areas. Since the height of the standard meteorological instrument

shelter is 6 ft., this could cause the actual surface temperature in

desert areas to be underestimated by 3s much as 300C during the daytime.

Assuming that all other physical factors are correct in the context of

theoretical calculations, then we would expect that the computed radiance

for channels with peak weighting functions close to the surface will be

much lower than the observed values. In addition to the surface temper-

ature problem, there are also inherent problems associated with the surface

emissivity in the infrared region. As shown in Eg. (5), emissivities in

the infrared are normally assumed to be unity. However, for certain

minerals and rocks, emissivities could be as low as 0.8-0.9. Although

effects of the warmer surface and lower emissivity are opposite and may

22
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Table 3. Comparisons between the observed and computed radiances.

Location El E2 E3 E4 E5 E6

Desert Rock, Calc. 56.0 43.9 44.7 56.9 74.7 91.0
NV Obs. 49.4 41.9 47.9 55.7 75.0 85.5

Winnemucca, Calc. 55.8 43.9 44.3 56.1 69.6 81.3
NV Obs. 52.6 43.5 42.2 52.0 66.3 77.8

Dodge City, Calc. 55.4 43.8 44.5 54.4 67.2 78.5
KS Obs. 51.4 43.3 42.4 50.1 62.9 76.1

Jackson, Calc. 54.4 40.8 43.4 60.2 79.9 97.8
MO Obs. 53.5 41.3 40.7 55.0 76.0 95.2

Monett, Calc. 54.7 41.8 43.7 59.6 78.6 95.8
MO Obs. 52.6 41.5 40.7 55.1 75.0 92.4

Little Rock, Calc. 54.8 41.4 43.3 59.9 79.3 96.6
AR Obs. 52.5 41.3 40.7 55.2 76.1 94.8

Centerville, Calc. 54.5 40.7 43.4 57.2 78.4 96.2
AL Obs. 5V' 1 41.7 40.4 53.3 72.7 91.2

Boise, Calc. 56.7 45.3 45.1 55.4 69.6 81.9
ID Obs. 52.6 44.4 42.7 50.7 63.6 75.1

Peoria, Calc. 53.9 41.1 43.2 57.7 75.9 92.7
IL Obs. 51.3 41.3 40.2 52.0 70.7 87.7

Salem, Calc. 54.9 41.7 43.0 57.5 75.3 90.9
IL Obs. 51.9 41.3 40.3 51.9 70.5 88.3
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be compensated for each other, they do pose difficulties in making

definitive comparisons between observations and computations for surface

channels 5 and 6. However, in view of the greater computed radiances

for essentially all the cases, in spite of the colder surface tempera-

tures used in the calculation, the discrepancy between the observed and

computed radiances for these two channels appears to be in harmony with

the finding for channel 4. It should be noted that not only the desert

stations exhibit the general discrepancy for channels 5 and 6, other

stations listed in Table 3 also show that the computed radiances for

these two channels are greater than the observed values.
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2.2 DMSP Block 5D SSM/T Sounder

2.2.1 Characteristics of the SSM/T sounder

As described in subsection 2.1.1, the Passive Microwave

Temperature Sounder (SSM/T) is part of the Defense Met-orological

Satellite Program (DMSP) Block 5D package. The SSM/1 sensor is a cross

track scanning radiometer, which acquires data at 32 second intervals

and at seven angular positions separated by 12 degrees. The instan-

taneous field of view ("footprints") of a scan for the SSM/T along the

satellite subtrack are shown in Fig. 9. The horizontal resolution is a

near circle of 174 km diameter in the nadir direction, while it is an

ellipse with a major axis of 304 km and minor axis of approximately

213 km at the maximum scan angle of 360 from nadir.

As shown in Table 4, seven operational frequencies were chosen

in the vicinity of a strong oxygen absorption band in the 50-60 GHz

region. Figure lO depicts the weighting functions of the SSM/T channels

in the nadir direction for a surface emissivity of 0.97. Channel 1,

50.50 GHz, is a window channel and senses at or near the earth's surface.

Channels 2, 3, and 4 (53.20, 54.35, and 54.90 GHz) have weighting func-

tions that peak at increasing heights in the troposphere. The weighting

functions of Channels 5, 6 and 7 peak in the stratosphere with Channel 5

peaking highest in the atmosphere near 28 km. The weighting functions

result from consideration of atmospheric absorption due to water vapor

and molecular oxygen. The weighting functions presented in Fig. lOalso

include the transmittance corrections for antenna gain characteristics.

25



F cN
ccI

/.0 
L.-

CIjj

U2



Table 4. Channel parameter design specifications*

Channel Polarization Frequency Bandwidth NETD
(GHz) (MHz) (°K)

1 50.5 400 0.6

2 Principally 53.2 400 0.4
Horizontal

3 54.35 400 0.4

4 54.9 400 0.4

5 Orthogonal 58.4 115 0.5

6 to Channels 58.825 400 0.4
1-4

7 59.4 250 0.4

*After Rigone and Strogryn (1977).
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2.2.2 Comparisons between SSM/T data and calculated brightness

temperatures

In this subsection we compare the observed data from SSM/T

channels and computed brightness temperatures. We shall first present

the basic transfer equation in the microwave region ani discuss the

methods used for the determination of the surface erissivity. We then

present the resulting comparisons between the observed data and computed

brightness temperatures.

In the microwave region, the brightness temperature in the

upwelling direction under the local thermodynamic equilibrium assumption

may be expressed by

TB( ) = T - (Ps) + : + [I_

X Tsp T (p)

X T(p) dp , (7)

where denotes the frequency, c. the surface emissivity, Ts the surface

temperature, T,.(p) the transmittance with respect to the top of the at-

mosphere, Ps the surface pressure, and T the atmospheric temperature

which is a function of pressure. The first term in Eq. (7) represents

the radiation contribution from the surface, while the integral term

takes into account atmospheric contributions from the surface to the

top of a clear atmosphere in which the reflection contribution from the

surface is included in the formula. It is apparent that to simulate

the upwelling brightness temperature requires prior knowledge of (1)

the atmospheric transmittance of a given frequency, which, in general,

is related to the relevant gaseous and temperature profiles, and (2)

the surface characteristics, which are described by the surface
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temperature and surface emissivity. The transmittance program employed

in this study has been described in a previous AFGL report by Liou et al.

(1979) and so we shall not give further discussion here. However, the

surface emissivity and surface temperature are important factors in the

brightness temperature computation and require some analysis.

It is well-known that one of the major problems in microwave

sounding over land areas is the uncertainty of the surface emissivity.

Gloersen, et al. (1972) have presented microwave emissivity values

ranging from approximately 0.80 over wet bare soil to 0.98 over a uni-

formly vegetated surface. This background variability coupled with

atmospheric uncertainties (e.g., clouds and precipitation) consider-

ably complicate the remote sensing effort. In a clear atmosphere the

radiative transfer problem is somewhat simplified and the surface emis-

sivity may be estimated by an objective scheme. Two such schemes were

investigated in conjunction with the theoretical computations.

The first method involves solving the radiative transfer

equation for the surface emissivity using the window frequency of

50.50 GHz(vl). This frequency's weighting function peaks at or near the

surface and we may construe that the bulk of the energy received by an

observer at the top of the atmosphere at this frequency had its origin

at the surface. For simplicity of analyses, we define the following

terms:

= T (pS)
1

o ~p T£(p)

b = VT(p) dp , (8)

c r = T(p) ---(p)-- dp.

30C,~~~~~~ = ,))p)1 T)pd

fp s TT~p-)J -- Tp



Substituting Eq. (8) into Eq. (7) and solving for E, we find

TB( ) - b1 - c1  (9)
Ts a, -c

For the clear column case studies, the atmosphere radiosonde

profiles may be used to generate the transmission function, and the

surface temperature averaged over the satellite "footprint" may be esti-

mated from the synoptic reports. Consequently, Eq. (9) may be used to

solve for the 50.50 GHz surface emissivity from the observed brightness

temperature TB(). Moreover, it has been generally found that the

emissivity does not have appreciable change in value between 50.50 and

59.40 GHz (Gloersen, et al., 1972). Thus, the 50.50 GHz value may be

employed in brightness temperature calculations for the remaining

channels.

The second method involves an attempt to derive both the sur-

face emissivity and surface temperature from channel 1 (50.50 GHz) and

channel 2 (53.20 GHz), the wing channel whose weighting function peak

was nearest the surface. We divide the transfer equation for 50.50 GHz

by that for 53.20 GHz (z2) to give

( z) Ts a2  = TB( ) - b i - c l + c( ) c(

E(N2 ) Ts a 2  T 'B(Z2)  b 2 . c 2 + '({2) c2  ' (10)

where the subscript 1 refers to 50.50 GHz and 2 refers to 53.20 GHz.

Since E(v1 ) - E( 2)' we find

= TB ( )- b, - c, - (al/a 2)[TB( 2) - b2 - C 2 ]
ENJ(al/a,) C2 - CI (11)

Subsequently, the surface temperature may be obtained from Eq. (9).
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Surface temperature and emissivity values generated by

methods 1 and 2 are presented in Table 5. The emissivities calculated

by method 1 seem to be more in agreement with published values (Gloerson,

et al., 1972) for the different types of ground surfaces than those of

method 2. Therefore, the emissivities of method I were used for the

clear column calculations of the remaining SSM/T frequencies.

Figure 11 shows comparisons between the SSM/T data and

computed brightness temperatures. Note that the 50.50 GHz diagram is

not shown since the calculated and observed values will match extactly

for this frequency when method 1 is used. At 53.20 GHz there is

generally agreement between the calculated and observed brightness tem-

peratures, with most of the calculations slightly underestimating the

observed values. The brightness temperature at 53.20 GHz is significantly

affected by the surface. In addition, we have pointed out previously

that the observed surface temperature is normally smaller than the true

surface temperature. These facts may provide a possible explanation for

calculated brightness temperatures being lower than the observed data at

this surface channel.

In reference to Fig. 10, it is seen that the weighting

function for 58.4 GHz has the heighest peak at about 28 km. Since

the soundings are normally available up to about 30 km, the calculated

brightness temperatures are affected significantly by the climatological

temperature profile used in the calculations. Because of the uncer-

tainty of utilizing the climatology, the comparisons shown in Fig. 11

for this channel, where the calculated values are slightly smaller than

observed data, may not be conclusive.
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Table 5. Generated emissivities and surface temperatures.

Station Method 1 Method 2
Tl(°K) T2 (OK)
s s

Jackson, MS .954 289.8 .890 303.4

Centerville, AL .949 289.8 .895 301.1

Little Rock, AK .958 287.1 .901 299.4

Monett, MO .971 287.1 .902 301.9

Salem, IL .969 282.1 .873 302.5

Peoria, IL .940 285.9 .894 295.9

Dodge City, KS .933 273.2 .896 281.3

Del Rio, TX .924 284.6 .905 288.9

Great Falls, MT .908 275.9 .933 270.6

Glasgow, MT .902 281.4 .927 275.7

Greensboro, NC .935 290.9 .873 305.2

Chihuahua, MEX .912 280.6 .948 272.4

Desert Rock, NV .900 281.5 .814 307.5

Boise, ID .906 273.2 .921 270.2

'Derived from the surface report.

'Computed from method 2.
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The peaks of the weighting functions for 59.40, 58.82, 54.35

and 54.90 GHz shown in Fig. 10 are well below 30 km where the tempera-

ture profile is known through RAOB. Moreover, from transmittance

calculations, we find that atmospheric transmittances for 59.4, 58.82,

54.35, and 54.90 GHz are approximately 0.000, 0.000, 0i.023 and 0.003,

respectively. Thus, the brightness temperatures at these four fre-

quencies are not appreciably affected by the surface but are mainly due

to the contribution of the atmosphere. In Fig. 11 we see that the

calculated brightness temperatures at these four channels overestimate

the observations with 58.82 GHz by a larger amount in the average.

This find appears to be in agreement with the infrared calculations

reported in subsection 2.1.2.
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SECTION 3

COMPARISON BETWEEN OBSERVED NIMBUS 6

DATA AND CALCULATED RADIlANCES

In parallel to the comparison program using the DMSP data

set described in Section 2 and in order to have an independent investi-

gation and cross-check concerning the discrepancies between the

observed and computed radiances, we have also carried out a smaller

comparison program employing the Nimbus 6 HIRS and SCAMS data. In this

conjunction, we have examined more than 20 weather stations over the

United States and their sounding reports for 25 August 1975 during which

both the SCAMS and HIRS data are available. However, we have eliminated

a number of stations either because the station is too close to water

and sea surfaces or because the station does not have adequate upper

air soundings. These elimination processes leave us with only 12

stations for infrared computations and 10 stations for microwave calcu-

lations in the comparison program. Moreover, as pointed out previously,

radiosonde data are normally available up to about 10 mb or about 16 Ion or

so. Because of the unavailability of soundings above about 10 mb, again

a standard climatological profile is assumed for the temperature and

water vapor concentration. The sources of transmittances employed in

this investigation dfld the characteristics of HIRS and SCAM channels

have been well documented in the papers by Feddes and Liou (1978), Liou

and Duff (1979), and Liou et al. (1980).
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Figure 12 shows comparisons between the calculated and observed

radiances for the 15 m C02 and 11 pm window channels. Near the center

of the band (channel 1), the observed radiances show a great variety of

values ranging from 45 to 75 erg sec- I cm- 2 sr- I /cm-', revealing strong

horizontal temperature gradients in the upper atmosphere between these

stations. However, the computed values vary only slightly because of

the use of the standard atmospheric temperature for all the stations.

For channel 2 the influence of the unreliable upper air soundings still

can be noted. For channels 3-5, with weighting functions peaking at

levels progressively close to the surface, we find that the calculated

radiances are generally higher than the observed data for three channels

withstandard deviations of 1.35, 1.35, and 1.61 radiances, respectively.

The overestimations of the calculated values in these cases are in

general agreement with results presented in subsection 2.1.2. We note

that surface contributions for these three channels are nominal and their

upwelling radiances are mainly contributed from the atmosphere.

Comparisons for channels 6 and 7 in the wing of the 15 Pm C02

band also indicate significant discrepancies between the calculated and

observed radiances with calculations overestimating observed data by

2.85 and 3.87 radiances in the average, respectively. We wish to point

out here in accord with the discussions in subsection 2.1.2 that up-

welling radiances for these two channels are affected appreciably by

the surface condition. Andin spite of the colder temperatures employed

in the calculation, the computed radiances are found to be generally

greater than the observed values. For the 11 uM window channel, the

computed radiances are generally much lower than the observed data.
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The lower computed values may be explained by the colder observed sur-

face temperatures used in the computation. In addition, we also note

that not only the temperature field but also the water vapor concentra-

tion affects the upwelling radiance for this channel. The uncertainties

in the observed surface temperature and mixing ratio hamper an adequate

physical explanation for the discrepancy in this case.

In the microwave transfer calculation, the surface emissivity

plays a very significant role in brightness temperature values as pointed

out in subsection 2.2.2. The SCAMS instrument consists of one window

channel at 31.65 GHz, one water vapor channel at 22.235 GHz, and three

oxygen channels at 52.85, 53.85, and 55.45 GHz. Because of the diver-

sity of the sounding frequencies, we have not attempted to derive the

surface emissivity from the observed data in conjunction with the

comparison program. But rather, we have assumed known emissivity values

for the respective frequencies in dry surface conditions based on the

report by Gloersen et al. (1972).

For channel 1 at 22.235 GHz, a surface emissivity of 0.95 for

dry surfaces is used according to Gloersen et al. Resulting comparisons

shown in Fig. 13 reveal fairly good agreement between the computed and

observed brightness temperature. The standard deviation of calculated

values from observed brightness temperatures in this case is 1.28'K.

For channel 2 at 31.65 GHz, we use a surface emissivity of 0.96 accord-

ing to the aforementioned report. A similar comparison as in channel 1

is shown with a standard deviation of 1.570 K. A surface emissivity of

0.97 is utilized for the oxygen band again based on the report by

Gloersen et al. The differences between observed and computed values
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for channels 3 and 4 are similar to those for channels l and 2 with

respective standard deviations of 1.59 and 1.78. In the center of the

oxygen band (channel 5), we find that the computed values are con-

sistently higher than the observed data. These discrepancies may be

attributed to the fact that the weighting function peAk of this channel

is above about 10 mb where no observed temperatures are available from

the radiosonde. Apparently, the standard temperature profile assumed

could be higher than the actual profiles on 25 August 1975. Except

channel 5 at 55.45 GHz, we do not see a consistent discrepancy between

the computed and observed brightness temperatures for channels 3 and 4

at 52.85 and 53.85 GHz. Note that the observed surface temperatures

used in the calculation, as pointed out repeatedly in the earlier sub-

sections, were underestimated. Moreover, it should be emphasized that

the surface emissivities used in this particular study were not obtained

from an objective means but were assumied values for all stations. In

any event, the surface emissivity problem in the microwave region

introduces extreme difficulties in making appropriate comparisons

between observations and computations. It would be desirable for the

purpose of investigating the possible discrepancy between the observed

and computed brightness temperatures to develop a retrieval scheme from

the available sounding channels for the inference of the surface

emi ssivity.
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SECTION 4

CONCLUSIONS

In this report, we have carried out comparison programs

involving the computed radiances and brightness temperatures, utiliz-

ing the observed temperature and mixing ratio profiles from radiosonde,

and the observed data from DMSP and Nimbus 6 satellites. Comparisons

have been done for carefully selected stations where colocated satel-

lite data and conventional meteorological observations are both

available. We have first presented comparison results using the DMSP

and SSM/T data in which the characteristics of these two sensors have

been described in some details. We subsequently discuss a parallel com-

parison program utilizing the Nimbus 6 HIRS and SCAMS data to

independently examine the probable discrepancies between computations

employing the conventional transfer equation and satellite observations.

Below we summarize highlights of these investigations.

(1) For the SSH 15Aiim CO2 temperature channels, appreciable

discrepancies between computations and observations are shown for

channels 3-6 whose weighting function peaks are below the tropopause.

Computations generally exceed the measured radiances with channel 4

showing the largest differences which is affected insignificantly by the

surface and upper air soundings. This conclusion seems to be in general

agreement with the findings presented by McClatchey (1976).

(2) For the SSM/T temperature channels, we also find that

computations overestimate the observed values for 54.90 and 54.35 GHz
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which are influenced little by the surface and upper air soundings.

This conclusion is subject to the reliability of the surface emissivity

determination from the surface channel (50.50 GHz).

(3) Utilizing an independent data set from the Nimbus 6 HIRS

15 Pm C02 channels, the computed radiances are found to be generally

higher than the observed data for channels whose weighting functions

peak below the tropopause. This find is in agreement with (1). However,

due to the uncertainty in the assumed surface emissivity, the SCAMS data

and computed brightness temperatures do not show consistent discrepancies.

(4) Because of the unavailability of the upper air soundings,

no definitive conclusion could be made for channels whose weighting

function peaks are above about 31 km.

In view of these finds, there appears to be definitive dis-

crepancies between the computations and observed radiances, with the

computations overestimating the measured data, at least in the infrared

frequencies whose upwelling energies arise primarily from the atmosphere.

It is likely that the overestimation in the theoretical computation

may be due to the incorrect account of the Planck source function in

the integral solution of the fundamental transfer equation. Following

these investigations, it seems logical to recommend that a carefully

designed field experiment, involving simultaneous and colocated infrared

radiance observations in the 15 pm C02 frequencies and temperature and

mixing ratio measurements, be carried out to further examine the quanti-

tative validity of the radiative transfer equation which has been basic

to the sounding of the temperature profile from orbiting meteorological

satellites.
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