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·ABSTRACT 

Comparisons were made in four case studies between terrain surface 

temperatures recorded at the Pawnee National Grassland in Colorado and 

surface temperature measurements obtained by airborne and TIROS VII 

radiometers under clear sky and cirrifoxm cloud conditions . Theoretical 

values for the surface temperatures that would be observed by an. undegraded 

satellite radiometer were obtained from a radiative transfer computer 

program. A high degree of internal consistency was found between the 

theoretically-computed temperatures and those recorded by airborne and 

satellite systems. Under cloud-free conditions, the corrected TIROS VII 

surface temperature measurements were found to be in good agreement . 

with the actual grassland surface temperatures . Values ranging from 0 . 31 

to 0 . 61 were calculated for the equivalent blackbody cloud cover of the 

cirrus and cirrostratus layer present at satellite overpass during Orbit 1596. 

The foregoing estimates of cloud blackness in the infrared were significantly 

larger than the widely reported visual opaque sky cover of zero to one-tenth. 

1. Introduction 

Subsequent to the successful orbiting and operation of the TIROS system, several 

studies were conducted to relate the surface temperatures of the earth to m easurements 

obtained by the satellite-borne radiometer. The scanning radiometer carried on board 

the TIROS experimental satellite made it possible to obtain mean temperatures for rela

tively small areas of the earth's surface under optimum viewing conditions . Temperature 

data thus received was computer processed and stored on the Final Meteorological 

Radiation Tapes (FMRT) . An extensive description of FMRT may be found .in TIROS Ill 

Radiation Data Us~&~ Manual (NASA. 1962). 

1 
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However, an even.more detailed radiation analysis can be readily accomplished 

by 'utilizing various photogrammetric techniques in conjunction with the original satel

lite analog traces and Fujita's Scanning Printer (Fujita, 1964) . The resulting meso

scale radiation analysis is, primarily, made possible by the application of a much 

smaller data sampling interval than the one used by the computer in preparing the 

synoptic scale FMRT. 

Due to several complicating factors, an accurate determination of surface temp

eratures from satellite observation has proven to be somewhat difficult. Previous 

studies by Bandeen, et al., (1963), Fritz and Winston (1962), Nordberg (1962), and Wark 

et al., (1962), have invariably arrived at uncorrected estimates of surface temperatures 

which were several degrees lower than the actual surface (shelter) temperatures . The 

surface temperatures, as measured through the TIROS Channel 2 fi~ter, are obtained 

from the 8-13 micron "window" region of the spectrum. The complications arise from 

the fact that the window is not completely non-absorbing. Water vapor and ozone 

absorb a small but significant percentage of the outgoing longwave radiation and must 

be taken into account when interpreting satellite-measured temperatures. In addition, 

the atmospheric temperature structure. can exert an appreciable influence on the magni -

tude of the outgoing longwave radiation. Thus, the spatial moisture and temperature 

qistributions must be known or inferred from satellite data in order to accurately de

termine surface temperatures . 

Clouds in the atmosphere., in the form of liquid water or ice crystals, present 

another problem in interpreting satellite temperatures since much uncertainty exists 

as to the optical depth of various cloud types . In the case of thin LCir.riform clouds, a 

varying amount of background radiation is absorbed which results in an underestimation 

of surface temperatures by the satellite. Absorption of this type is very difficult to 

evaluate at the present time since little is known concerning the infrared opacity of 

cirriform clouds . 

Partly cloudy skies result in the satellite viewing both earth and cloud, thus obtain

ing a weighted mean value for the ourgoing longwave radiation. Als.o, for satellite 

zenith angles greater than 30 deg, limb darkening becomes significant and must be 

considered. 

In addition to the foregoing meteorological considerations, the satellite radio

meter response was observed to degrade slowly with time after launch. In order to 

correct for this effect, curves have been constructed based upon the observed temporal 

decrease of the mean global temperature as measured by the various TIROS satellites. 

Care has to be exercised when applying such correction curves since an individual 



3 

satellite measurement may vary markedly from the mean. 

The primary objectives of this report were to further examine the problem of 

relating satellite-measured temperatures to the actual temperatures of the earth's 

surface and to obtain an estimate on the equivalent blackbody cloud cover of drriform 

type clouds. Four individual cases were examined in detail by utilizing TIROS VII 

radiation measurements combined with conventional synoptic analysis, supplemented by 

radiative aircraft and direct surface temperature measurements. In all preyious in -

vestigations estimates for the surface temperatures were based on air (shelter) temp

eratures and the time of day or night. The resultant differences between the observed 

air temperatures and estimated surface temperatures ranged as high· as 25C for desert 

areas at midday. Thus it was obviously desirable to employ actual surface tempera -

ture measurements· whenever possible. 

In connection with the foregoing, Marlatt (1964) has conducted a series of experi

ments whereby surface temperatures were obtained for the Pawnee National Grassland 

area in Colorado . In addition, the equivalent blackbody temperatures for the same 

region were measured at altitudes ranging from 5, 000 to· 19, 000 ft msl by a radiometer 

mounted on the underside of a Cessna 180 aircraft. The aircraft flights and surface 

temperature meastirements were timed to ~oincide with the overpass of TIROS VII. 

2. Radiative Transfer and Satellite Measurements 

The earth's surface can be considered as a blackbody which emits diffuse thermal 

radiation (flux) in accordance with the Planckian Function. The atmosphere, however, 

absorbs and radiates in a much more complex manner through discrete bands in the 

electromagnetic spectrum. That portion of the total emitted flux fr01n the earth's sur

face and atmosphere which passes through the TIROS radiometer filter -lens combination 

has been defined by NASA (1962) as the effective radiant emittance W (watts/m2). 

· Since longwave radiation is essentially isotropic we have 

>-2 
w - .,, f N(A,T) ¢>- d'>.. 

.>-., 
<. 1 ) 

where 4'>- is the spectral response or radiometer sensor- efficiency over the infrared 

wavelength interval X. 2 -A 1 • outside of which 4'>- = 0 . N(A,T) is the specific in

tensity per m1it wavelength in the direction s 5 (satellite zenith angle) . The rela

tively small area of the earth's surface viewed by the radiometer (scan spot) has an 



apparent bright;ness or specific intensity per unit wavelength as given by 

I 

N().,T) - EA N(A.,Te) Te + J N(A.,T0 ) dTA 

Te 

4 

( 2 ) 

where E).. is the emissivity of the earth's surface; Ta and Te ' respectively are the 

air and surface temperatures; Te is the transmissivity per unit wavelength from the 

top of the atmosphere to Che surface; and TA is the transmissivity .per unit wavelength 

from the top of the ~tmosphere to any particular atmospheric level. 

· Equation (2) is the general equation for longwave radiative transfer through the 

atmosphere ... The limiting cases for equation (2) correspond to Te =I and Te = 0 
In the former case, the radiation escaping into space would be entirely from terrestrial 

objects, while the latter case represents radiation escaping solely from the atmos

phere . The normal case for the earth-atmosphere system, considering the entire 

longwave spectrum and clear skies, is one in which well over half of the total surface 

radiation eventually escapes to space accompanied by a relatively small amount of 

radiation from the atmosphere. The ratio between the escaping surface and atmosphe

ric radiation exhibits a pronounced variance with wavelength . This variance essentially 

reflects the change of Te with A . · Equation (2) also implicitly depends upon the satel -

lite zenith .angle ( ~s ) since Te is a function of path length through the atmosphere . 

Therefqre, the major difficulty in evaluating equation (2) involves the exact estimation 

of Te • In addition, heterogeneous soil and vegetative composition can create a 

complex surface emissivity gradient resulting in values significantly less than unity for 

~A ·in equation (2). 

The integral term in eql!.ation (2) is important in reflecting the variance of atmos

pheric temperature structure. For example, a temperature inversion would act to in

crease the amount of atmospheric raoiation escaping to space. Anomalous moisture 

distributions and the presence of clouds also contribute greatly to the change of T A 

with height. 

Several solutions .for equation (2), based upon theoretical considerations, have 

been offered in the past. Brunt (1940), Elsasser (1942), and Moller (1951) have 

derived various equations and radiation diagrams to obtain estimates for N ( A, T ) 
in equation (2). More recently, Wark et al., (1 962) and Bandeen et al., (1963) have 

computed N (A., T ) for the 8-12 micron wavelength interval using the latest 

available absorption coefficients and absorber profiles. The calculations were made 

for a number o~ model atmospheres at varying satellite zenith angles . Good agree

ment was· found between the computed temperatures which would be observed by an 
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undegraded satellite sensor and the actual satellite observed temperatures. It was 

also found that an error ranging from OC to IOC or more can be introduced into the 

satellite-measured surface temperature if the water vapor content of the viewed air 

column is ignored. 

3 . Aircraft and Surface Temperature Data 

Aircraft flights up to 19, 000 ft conducted by Marlatt (1964) over the Pawnee Grass

land area have obtained integrated measurements of N ( >.. , T ) at varying flight 

altitudes for the 8-13 micron interval. The aircraft measurements were acquired with 

a Barnes 30-deg field-of-view IT-2 infrared radiometer. Frequent calibratfon checks 

insured an accuracy of 1 deg in the radiometric data. Surface temperatures were 

measured at the Pawnee site by a network of 28 small electronic stabistors spread 

over a circle of 100-ft radius. A change in the stabistor temperature produced a 

linear resistance shift which was recorded by a wheatstone bridge circuit. 

The Pawnee National Grassland and the surrounding grasslands comprise an area 

of roughly I, 600. square n mi. The entire region is relatively flat with an elevation of 

approximately 5, 000 ft msl . Vegetation consists of native grasses with small plantings 

of winte r wheat scattered throughout the area . Therefore , considering the uniform 

terrain, uniform vegetation and small areal extent of the grasslands, the mesoscale 

value for Te in equation (2) can be assumed constant . However,_ in the microlayer, 

individual temperature deviations from Te may be quite large especially during periods 

of direct solar insolation. 

4 . Temperature Computations 

In order to utilize the raw Channel 2 data from TIROS VII, it was necessary to 

obtain corrections for water vapor and ozone absorption along with sensor degradation. 

Degradation curves for TIROS VII indicate a maximum error of approximately SC for 

the various orbits and temperature range encountered in the present study. 

Theoretical values for the surface temperatures that would be observed by an 

undegraded .satellite sensor were obtained by employing th~ infrared intensity computer 

program as described by Wark et al . , {1962) . The basic radiative transfer equation 

utilized in the computer program was a modified form of equation (2) . The computer 

printout was tabulated in terms of theoretical equivalent blackbody temperatures 

TBs( 'E ) where e· is the mean surface emissivity within the 8- 13 micron inte·rval. 
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Radiosonde data from Denver were used in all cases to obtain the temperature 

and water vapor profiles. Denver was chosen due to its similar height above sea level 

and close proximity to the Pawnee Grassland. Above the termination altitude of the 

radiosonde ascent, values for temperature were taken from the AROC Standard Atmos

phere (1960) . Water vapor mixing ratios above 300 mb were assumed to be saturated 

with r espect to ice . Upon r eaching a value of 0.112 gm/kg, the water vapor mixing 

ratio was assumed constant to the top of the atmosphere . The upper limit of the atmos

phere was taken 0. °I mb. 

Surface temperatures (Te> inserted into the computer program were actual sur

face temperatures as measur ed at the Pawnee s ite . As previously discussed, Te was 

assumed to be a representative surface temperature for the entire grassland area. 

Along with a knowledge of surface temperatures, an accurate estimate for the 

soil and vegetative emissivity ( EA. ) was necessary in order to calculate the amount 

. of longwave radiation emitted by the earth's surface . Rider and Robinson (1951) and 

Marlatt (1964) have determined that the surface temperature of a short grass area, 

as obtained by sensors in dir ect contact with the surface, gives to within~ 2C the 

equivalent blackbody temperature of the surface as measured by an infrared radio

meter held a few inches above ground level. As an initial estimate , s ince the uniform 

grassland terrain exhibited quasi-blackbody radiative characteristics, € A. was 

assumed to be unity for the 8-13 micron spectral interval. 

The mesospheric ozon~ distribution employed in the computer program was 

based on measurements made at Arosa, Switzerland over a three-year period by 

Diitsch (1959) ; Since the case studies examined in this r eport occurred during late 

summer and fall, which corresponds to the observed seasonal mid-latitude minimum 

amounts of ozone, the vertical ozone concentrations selected ranged from 0. 257 to 0. 274 

atmo-cm (S. T . P. ). 

5. Evaluation of Infrared Absorption by Cirriform Clouds:: 

The equation used to calculate the 8-13 micron equivalent blackbody cloud cover 

(n) of cirrif.6rm >. type clouds is given by 

n - ( 3 ) 
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where N~ ·is the ~errestrial background infrared radiance as derived from measure
ments recorded below the high ~ir.riform clouds by the Cessna 180 aircraft. The 
vertical measurements obtained by the aircraft were adjusted slightly to correct for 
the ii:icreased atmospheric absorption at the satellite zenith angle .of view~ N5 is 
the radiance measured by the TIROS VII radiome ter plus an additive correction for 
sensor degradation and atmospheric absorption from the aircraft altitude to 0.1 mb. 
N c is the radiance of a bla~ody cloud filling the entire sensor field of view and 

' 
is therefore a function of the cloud-top temperature. 

n . may be considered as an absorption index. For examplet a value of n =1 
for an opaque overcast cloud layer would indicate complete absorption of the outgoing 
longwave energy. Thus the radiance received by the satellite sensor would be solely 
a function of the cloud-top temperature . Values less than one would indicate varying 
degrees of cloud absorption within the radiometer's field of view . It must be noted 
that an increase in the satellite zenith angle affects a longer path l engt,h through any 
·intervening cloud layers for the outgoing radiation directed towards t4e satellite radio
meter. However, for ci.rriiform. clouds~ the exact functional relationship between il). -
frared attenuation and path length is not known with any certainty at the t>resent time. 

6 . TIROS VII Case Studies 

Orbit 2015, 2 November 1963 

Synoptic Analysis: 

Tl)e general synoptic pattern at satellite overpass time (17202) was dominated 

by a large continental polar air mass centered over the Arkansas-Louisiana border. 
The 17002 surface ·mesoanalysis for Colorado, in conjunction with the 1800,Z 850 mb 
analysis, revealed a mountain °high0 over the Rocky Mountains along with a very pro
nounced "lee side trough. Adiabatic warming of the sinking air on the eastern slopes of 
the Rocky Mountains resulted in the formation of the observed.low-level l ee side 
trough. Clear weather prevailed over most of Colorado with scattered to broken 
cirrus .in the northeas tern quadrant. The Pawnee site was reported by pilot observa
tion as clear from horizon to horizon. 

Surface dew points for eastern Colorado ranged _from 25F to 35F with air 
(shelter) temperatures in the high 50' s. Precipitable water calculations for the 
grassland area at 18002, based on the interpolated 2 November 12002 and 3 November 
00002 upper-air soundings for Denver, resulted in an estimated value of 0. 63 cm. 
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Exam4J.ation of the upper-level charts rev.ealed a longwave ridge located directly 

over eastern Colorado. The net effect of the warm low-level trough and the upper-air 

ridge was reflected in the H>00-500 mb thickness analysis which disclosed a narrow 

tongue of warm air located directly over eastern Colorado. 

Radiation Analysis: 

In several respects, Orbit 2015 was the most ideal case studied. The satellite 

zenith angle was less than IO deg while passing over the Pawnee site. The perinadir 

track (locus of maximum radiometer resolution) intersected the northwest corner of 

the grasslands with the satellite traveling towards the northeast. The satellite nadir 

angle over the grasslands was 51 deg which resulted in a relatively small radiometer 

'field of view (scan spot) comprising an area of approximately 2, 000 square n mi. 

Since the Pawnee National Grassland area is on the order of 1;1 600 square n mi, with 

the surroundi!?-g region also mainly grasslands, a valid comparison was possible 

between the satellite and aircraft radiation measurements. 

Channels 2 and 5 were analyzed for Orbit 2015. The Channel 2 analysis reveals 

an area of relatiV.ely low temperatures for the Rocky Mountains in central Colorado 

as comp.ared. t;o the adjacent lower te+-r~in in eastern Colorado, Nebraska and Kansas . 
. ' ' ' I ' 

· The highest temperatures observed by TIROS VII were found immediately east of the 

Rocky.- M.oUIJtains coinciding with the position of the 1000-500 mb thickness ridge. 

Atmosphe.ric contrib1;1tion to the outgoing longwave radiant energy, as given by the 

integral term i~ equatio11 (2), is evidenced· by the preceding observation. In addition, 

a marked temperature gradient was also observed by the satellite along the eastern 

mountain slopes in Colorado. This gradient apparently resulted from a coupling of 

the orographic temperature change and the warm troposphere overlying the grasslands 

to t:Qe east of the mountains. 

Also of interest was the amount of detail present in the Channel 2 analyses as 

a f4nction of sateHite zenith angle ; The Rocky Mountain area in central. Colorado 

served as a good example of this ~ffect . Reference to Orbits 2015, 1008, 1567, and 

1596, .listed in terms of increasing satellite zenith angle, reveals the increased 

smoothing tendency present in the Channel 2 analyses due to subsequent averaging of 

surface t~mperatures over a larger ::adiome.ter' s field of view . 

Referring to F:lg . . 1, we find the :aircraft measured equivalent blackbody temp

eratures plot.red as a flinction of time. The measurements were recorded at altitudes 

ranging ~rom 6,000 ft to 17,000 ft msl. While over the grasslands, the aircraft 

flew .a criss-cross pattern at a constant altitude over a circle thirty miles in diameter. 



9 

The nearly linear temperature increase with time irrespective of flight altitude, as 

shown by Fig. 1, suggests very weak water vapor attenuation of the outgoing vertical 

longwave radiation. The preceding observation correlates rather well with the warm 

dry atmosphere viewed by the aircraft radiometer. Of particular interest when 

examining Fig. 1 is the ·observed amount of surface heating by solar insolation. During 

the one-hour period from 1000 to 1100 (MST), we find an apparent 4. 5 deg increase in 

the radiative temperature of the grassland surface. This significant increase clearly 

illustrates the need for obtaining simultaneous surface and satellite observations during 

the daylight hours in order to make any valid temperature comparisons. 

~e surface temperature coinciding with Orbit 2015 was lacking due to an instru

ment failure at the Pawnee equipment site. In addition, the 1800Z Denver sounding was 

interpolated from the preceding 1200Z and following OOOOZ soundings hence no attempt 

was made to theoretically calculate Tss( € ). Referring to Table 1 and li~iting our 

discussion to aircraft and satellite temperature measurements, we find a difference 
I 

of 2. 7C between Tse and TBB· The preceding value corresponds well with similar 

values of Ts - ·· Tss( € ) obtained at ~ =O deg for Orbits 1567 and 1596. The e s . 
value of 7. SC for Orbit 1008 seems slightly high but may be due to incr¢ased water 

vapor and ozone absorption resulting respectively from a relatively moist atmosphere 

and higher radiative temperatures. 

An interesting feature on the Channel 5 analysis is the reflectance maximum 

associated with the mountain area in Colorado. Examination of the l 700Z hourly 

synoptic reports gave no evidence of any low-level cloudiness over the mountains. In 

addition, the temperatures observed by Channel 2 preclude the existence of high 

clouds. Snow had fallen during the previous 48-hour period; therefore, . the maximum 

shown by Channel 5 over the mountains was due to reflection by the partial snow 

cover. 

A reflectance (albedo) chart constructed frOII\ the-Channel 5 radiation data shows 

a maximum value of 0. 24 for this region. By way of contrast, the grassland area was 

found to have an albedo of 0.11 . The highest reflectance value of 0. 53 was found to 

correspond to an overcast area of cirrus and altocumulus in northern Wyoming and 

low back-scattering angles of 10 deg to 20 deg. 

Orbit 1567, 3 October 1963 

Synoptic Analysis: 

A mountain "high" and lee side trough were again in evidence on the-IOOOZ 

surface mesoanalysis and 1200Z 850 mb .analysis for Colorado and the adjacent plain."s 
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states. Clear weather existed over the entire region with the exception of a few isolated 

_·_stations reporting high scattered clouds. A weak quasi-stationary front, without any 

attendant cloudiness, was located across Nebraska and Kansas. Light haze was reported 

by pilot observation over the Pawnee Grassland site. The 1200Z upper-air sounding 

for Denver indicated a precipitable water content of 1. 36 cm for the nearby grasslands. 

The upper-level charts revealed a broad longwave ridge overlying the entire 

western half of the United -States . This resulted in westerly winds over Colorado with 

a general tendency for downward motion aloft. 

Radiation Analysis : 

Satellite overpass occurred at 1022Z (0322 MST). Channel 2 was analyzed for 

Orbit 1567. The TIROS VII perinadir track intersected the Pawnee 'Grassland with the 

satellite traveling towards the southeast. While over the grasslands the satellite 

nadir angle was 93 deg (alternating mode), which resulted in the radiometer viewing 
. . 

the Pawnee site from a more remote location to the southeast :a.long the orbital track. 

The sat.ellite zenith angle at the time of radiometer observation was 4 7 deg. 

Examination discloses the Channel 2 temperature analysis to be devoid of any 

striking or prominent patterns . The most notable features were the slightly colder 

area associated with the Rocky Mountains in Colorado and the temperature gradient 

towards colder ground to the extreme northeast. 

Fig. 2 illustrates the equivalent blackbody temperature profile for 3 October 

as obtained by aircraft radiometer measurements over the Pawnee site. This series 

of aircraft measurements was made at flight altitudes ranging from 5, 000 ft (surface) -· to 19, 000 ft msl. A mean surface equivalent blackbody temperature ( T Be ) was cal cu -

lated by averaging the radiometer readings obtained while at a constant altitude of 

19, 000 ft over the grasslands. 

The relatively flat slope of the fitted temperature curve in Fig. 2 indicates a 

slight cooling trend. Considering a uniform emitting surface, it appears from Fig. 2 

that any correlations between surface and satellite temperature observations at 

night are much less sensitive to small time differences in the data. The temperature 

variance due to terrain composition becomes much larger when the aircraft leaves 

the grasslands and passes over non-homogeneous sections of the earth's surface 

such as vegetation, small lakesi trees, etc. 

Referring to Fig. 3, we find a simplified diagram portraying the surface temp

eratures of the Pawnee Grassland as obtained from ground, aircraft and satellite 

observations coinciding with Orbit 1567. The theoretically-calculated blackbody 

temperature TBB( € ) of 272.0K agrees closely with the observed temperature {TBB) 
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of 273. 3K as recorded by the satellite. Thus by utilizing the infrared intensity computer 

progra~ and employing actual surface temperatures along with excellent temperature 

and humidity data from the 12002 Denver radiosonde ascent, plus corrections for 

s ensor degradation, the ~orrected TIROS VII Channel 2 data appear to give an accurate 

indii;;at.i<:>:i?- ~f surface temperature under clear sky conditions for Orbit 1567. However, 

it must be noted that a detailed knowledge of the temperature and humidity profile of 

the viewed air mass is necessary in order to correct the raw satellite data. 

Figure 3 also indiqi.tes a remarkably high degree of internal consistency between 

temperature measurements obtained from ground, aircraft, and satellite systems for 

Orbits 1567 and 1596. 

Orbit 1596, . 5 October 1963 

Synoptic Analysis : 

Orbit 1596 followed Orbit 1567 by almost exactly two days. In addition, the 

general synoptic pattern and air mass characteristics changed very little during the 

intervening period. Slight warming occurred over the grasslands along with somewhat 

lowe r surface pressures. The precipitable water content for the grasslands, as calcu -

lated from the 5 October 12002 Denver sounding, was 1. 06 cm. This value compares 

closely with the value of 1. 36 cm obtained for 12002 on 3 October . Table 1 reveals 

an effective water vapor mass of I. 99 cm at ~s =47 deg for Orbit 1567 and 1. 95 cm 

at s
5 

=57 deg for Orbit 1596. Thus the water vapor content viewed by the satellite 

sensor was almost identical for both orbits. 

However, the most significant atmospheric change from the cloudless skies of 

Orbit.1567 was the appearance ·of cirrus and cirrostratus over northern Colorado and 

Wydming. As shown by the IOOOZ surface mesoanalysis, the leading edge of the cirrus 

and. cirrostratus layer was located immediately east of the grassland region. Thin 

scattered cirrus were reported over the Pawnee site by pilot observation. Eastward 

move ment of the upper-level trough, as indicated by the 3 October and 5 October 

12002 500 mb charts, was responsible for the pronounced backing and velocity increase 

of the upper-air winds over Colorado. Thus the grasslands were located in a region 

where southwesterly flow aloft and upward vertical motions were favorable for the 

formation of the observed high level cloudiness. 

Radiation Analysis: 

Satellite overpass for Orbit 1596 occurred at 09262 (0226 MST) . The spatial 

orientation of TIROS Vil for Orbits 1567 and 1596 was almost identical. While viewing 
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the Pawnee site, the satellite zenith angle for Orbit 1596 was 57 deg. This was 10 deg 

greater ·than Orbit ,1~67 due to a slight eastward shift of the satellite subpoint track. 

Channel 2 was analyzed for Orbit 1596 . The clear areas over Nebraska and Kansas 

were again characterized by a lack of promi:r:ient features or temperature gradient. 
. . 

However,. the cirrus and cirrostratus· over Colorado and Wyoming were indicated 

. rather well on the Channel 2 analysis as .evidenced by the pronounced temperature 

gradient and area of lower temperatures. 

Referring. to Fig. 2i. we find very similar temperature curves obtained by air

craft radiometer measurements over the grasslands coinciding with Orbits 1567 and 

1596. The surface warming between orbital passes was reflected by a 4. lC in-

crease in the aircraft obtained mean equivalent blackbody temperature. Simultaneous 

measurements at the Pawnee site revelrled a 4 . 4C increase in the surface temperature. · 

We thus fine! an .internal consistency between the surface and aircraft observations due 

in large .part t.o . the similar atmospheric water vapor content present in both cases. 

Therefore, the principal difference between Orbits 1567 and 1596, with regard to 

TIRQS VII observation of the Pawnee site, was the presence of cirrus and cirrostratus 

during.the latter orbit. 

In connection with the above, Fig. 3 reveals a marked decrease in the satellite 

measured grassland temperature (TBB) for Orbit 1596 due to infrared absorption by 

the overlying cirrus and cirrostratus layer. The corresponding temperature dif

ference between. TBB ( i) and TBB was 14. SC, ·.otherwise the diagrams in Fig. 3 are 

simila+ and consistent. The observed internal agreement between the various modes 

of temperature measurement lends additional weight to the accuracy of the values of 

n obtained from equation (3). 

Since Orbit 1596 corresponds to a satellite zenith angle of 57 deg when viewing 

the Pawnee site, it was necessary to examine the cloud type and distribution as 

observed by surface stations within the radiometer's field of view . The 80 per cent 

power scan spot centered on the Pawnee site; in conjunction with the lOOOZ surface 

mesoanalysis, revealed a cloud coverage ranging from thin scattered cirrus to thin 

overcast cirrostratus . The estimated visual opaque sky cover ranged from zero to 

one-tenth . Viewing conditions from the surface ·stations were exc.ellent with the moon 

near its zenith at .the time of. observation. The lunar illumination was also good, since 

the full moon phase had occurred two days earlier on 3 October. 

As we have noted, the general synoptic pattern and satellite orientation were very 

similar 'for Orbits 1567 and 1596. Thus, by evaluating equation (3), it was possible to 
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obtain an estimate on the equivalent blackbody cloud cover (n) of the cirriforrm type 

clouds present over the grasslands during Orbit 1596. 

The only term in equation (3) subject to some uncertainty was N6 therefore, 

the following tabl e was constructed to give an indication as to the variance of Ne and n 

with several assumed cloud-top temperatures. The sel ected range of cloud tempera

tures and heights employed in calculating Ne were obtained from the temperature versus 

height profile given by the 5 October 1200Z Denver upper-air sounding. 

Table 2. Variance of Ne and n (TIROS VII, Channel 2) as a function 

of assumed cloud temperature for the cir riform layer over the Pawnee 

Gr.assland at 0926Z on 5 October 1963. Ne=27. 0 watts/m2(278 . SK), 
2 

N s=20. 5 watts/m (264. OK). 

Cloud Height 
Cloud Top Temp. (deg C) Above ·MsL Ne 

-20° 25, 000 ft. 16 . 3 w/m 2 

-30° 29,000 ft . 13 . 1 w/m 
2 

-40° 32~800 ft. 10.5 w/m 
2 

-so0 36, 800 ft. 8 . 3 w/m 
2 

-60° 42, 500 ft. 6.3w/m 
2 

n 

0 . 61 

0 . 47' 

0 . 39 

0 . 35 

0.31 

Considering the relatively large range of cloud temperatures listed above in 

Tabl e 2, we find a much smaller variation in the values of n , especially at the lower 

temperatures. The values of n in Table 2 also contrast significantly with the reported 

visual opaque sky cover of zero to one-tenth. Thus, at the satellite zenith angle, the 

cirriforn:t cloud layer present over the Pawnee Qrassland appeared much more opaque 

in the infrared than in the visibl e. 

Orbit 1008, 26 August 1963 

Synoptic Analysis : 

The mountain "high" and l ee side trough were again evident on the ISOOZ surface 

mesoanalysis and 1200Z 850 mb analysis . However, in contrast to the previous cases , 

the 26 August surface chart disclosed widespread cloudiness , fog and some precipitation. 
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The surface chart also revealed a low pressure center located in north-central South 

Dakota. Extending from the low were a stationary front across central Kansas and 

Nebraska and a cold front trailing across central Wyoming. Colorado was thus posi

tioned directly in the warm sector of this cyclonic system. In addition, an examina

tion of the surface chart indicated the presence of cirrus and altocumulus over most 

o'f Colorado . A 40-per cent cirrus coyer was reported over the Pawnee site by pilot 

observation. The precipitable water content, based on the 26 August 12002 Denver 

sounding, was a relatively ~oist 2 . 94 cm. 

The 12002 500 mb analysis for 26 August revealed southwesterly flow aloft over 

Colorado. Areas of reported shower and thunderstorm activity at the surface were 
. . 

foun.d to co~respo:D.d to divergence at 500 mb . 

.Radiati011 Analysis: 

Channels 2 and 5 were analyzed for Orbit 1008 . .TIROS VII overpass occurred at 

1427Z (0727 MST) at a satellite zenith angle of 38 deg. The Rocky Mountains in 

Colorado were again characterized on the Channel 2 analysis by an area of somewhat 

lower temperatures . Higher temperatures were found in a narrow band east of the 

mountains and to the rear of the advancing cold front . The foregoing warm areas 

correspond quite well wit4 the less cloudy or cloud-free sectors normally associated 

with an extratropical cyclone . The low pressure center in South Dakota and stratus 

and stratocumulus .over Nebraska and Kansas were also defined rather well on the 

Channel 2 analysis . The lowest observed temperatures were found immediately north 

of the surface low pressure center in South Dakota. 

The Channel 5 and Channel 2 analyses were found to be in generally good agree

ment. The maximum Channel 5 reflectance values were associated with the high cold 

cloud system connected with the South Dakota surface low . Ground fog and stratus 

over Kansas and Nebraska also gave relatively high reflectance values. 

The 80 per cent power radiometer scan spot centered on the Pawnee site, in con

junction with the 15002 surface mesoanalysis , encompassed a total broken cloud cover 

composed of scattered altocumulus and cirrus. However , the Channel 5 analysis in -

dicated low reflectance values for the grasslands area. The preceding observation 

reveals the apparently thin transparent nature of the scattered warm sector cirrus 

and altocumulus in the visible spectrum. 

Referring to Table 1, we find a temperature difference of 4 . 7 deg between Tss( E ) 

and Tss for Orbit 1008 due to infrared absorption by the cirrus and altocumulus within 

the radiometer's field of view . As previously discussed, the Cha;nnel 2 analysis dis

closed high temperatures for the Pawnee Grassland. Thus , the relatively small 
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observed temperature decrease of 4. 7C was a result of absorption by scattered warm 

sector clouds. . No attempt was made to calculate values of n from equation (3) since 

the cirrus and altocumulus were located at widely spaced levels in the atmosphere. 

7. Conclusions 

Under clear sky conditions, the corrected TIROS VII surface temperature measure

ments were found to be in good agreement with the actual grassland temperatures. In 

addition, the temperature measurements recorded by ground, aircraft and satellite 

sensors revealed a high degree of internal consistency, especially for Orbits 1567 and 

. 1596. The foregoing observed agreement lends substantial weight to the accuracy of 

calculated values ranging from 0 . 31 to 0. 61 obtained .for. the infrared blackness of 

cirriform clouds present' ' ·: at satellite overpass during Orbit 1596. Furthermore, the 

low values of zero to one-tenth reported for the visual opaque sky cover of the cirriform 

layer indicated that the high clouds were considerably more opaque in the infrared. 

The significantly greater infrared absorption has many interesting implications per

taining to upper~tropospheric warming and the heating effect of high clouds on the 

surface climate. Further research will have to be accomplished in this area in order 

to determine more precisely the radiative equilibrium conditions present in the 

vicinity of cirriform clouds at various heights. 
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1008 

1567 

1596 

2015 

Sensor Aircraft Satellite H20 Mass 0 3 Mass 
Date ZenithAngle(~5) (cm.) (atmo.-cmJ Te Tssm Degradation Tss Tssm-TBB Altitude -. -. Tse Tse-TBBce> 

oo 2.94 0.257 292.3 283.0 - - - 17,000ft. 290.8 
8-26-63 m.s.I. 

38° 3.73 0.325 292.3 282.0 2.3 277.3 +4.7 - -

oo 1.36 0 .272 278.5 273.0 19,000ft. 275.3 
10-3-63 m.s.I. 

47° 1.99 0.397 278.5 272.0 3.3 273 .3 -1.3 

oo 1.06 0.274 282.9 277.5 17,000ft. 279.5 
10-5-63 m.s.I. 

57° 1.95 0.499 282.9 276.0 3.5 261.5 +14.5 

11 -2-63 ~s< 100 * (0.63) 4.5 284.0 17,000ft. 286.7 
m.s.I. 

*Estimate based on interpolated sounding 

Table 1. Te is the surface t emperature as directly measured at the Pawnee Grassland equipment site . 
Tse and T BB are, respectively, the equivalent blackbody temperatures measured by aircraft and TIROS 

VII (Channel 2) infrared radiometers. TBs has been corrected for sensor degradation. T88 ( € ) is the 
theoretically comput ed temperature that would be observed by an undegraded radiometer at the 0 .1 rnb level 
and the indicated satellite zenith angle . 
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Fig. 3. Diagram portraying Pawnee Grassland temperatures as obtained from ground, 

aircraft and satellite observations plus theoretical equivalent blackbody temperatures cal -

culated by the infrared intensity computer program. Symbols are the same as given in 

Table 1. 
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Fig. 21. Channel 2 (8-13 micron) equivalent black.body t emperatures (°C) from TIROS 
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