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ABSTRACT 

On July 12, 1961, the TIROR I l l  meteorological satellite (1961 rho 1 )  was launched 
carrying two television cameras and a family of radiation sensors in the visible and 
infrared portions of the spectrum. During the period July 18-24, the first hurricane of 
the 1961 Atlantic season, Hurricane Anna, was observed clearly by a five-channel 
medium resolution radiometer on the satellite as well as by the television cameras. 
Data gathered by the radiometer during this period are presented in the form of maps, 
together with supporting television pictures. The possibility to infer stratospheric water 
vapor content above the hurricane by comparing measurements from the 6.9-6.7 
micron water vapor and the 7.5-13.5 micron window channels is investigated. We have 
concluded that only very limited inferences can be made because of our insufficient 
knowledge of the transfer of radiation at low pressures and in the cloud-atmosphere 
interface and because of insufficient accuracy of the sensors flown in TIROS 111. 

1 .  Introductioii 

The first of the TIROS series of meteorological 
satellites whose active lifetime extended over 
the peak of the Atlantic hurricane season was 
TIROS 111. Launched on 12 July 1961, TIROS 
I11 carried a two-camera, quasi-operational telc- 
vision system which observed every hurricane 
of the 1961 season. TIROS I11 also carried an 
experimental medium-resolution radiometer, 
scanning the earth and its atmosphere in five 
regions of the electromagnetic spectrum which 
gathered data from the same storms from an 
orbital height of about 780 km. 

The design of the radiometers, their calibra- 
tion, the information flow, and the data reduc- 
tion techniques have been described previously 
(BANIIEEN, HANEL, LICHT, STAMPFL & STROUD, 
1961; NORDBERG, BANDEEN, CONRATH, KUNDE 
& PERSANO, 1962; HANEL & STROUD, 1961). 

The physical significance of the experiment and 
its synoptic use potential have also been dis- 
cussed oarlier (HANEL & WARK, 1961; FRITZ & 
WINSTON, 1962). 

In this paper, we shall describe the radiation 
patterns observed in five intervals of the solar 
and terrestrial spectrum over “Anna”, the first 
Atlantic hurricane of 1961. This description 
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presented in the color maps, Figs. 1 to 13, is 
based on automatically processed data tele- 
metered from the TIROS I11 satellite. We shall 
also discuss the possibility of inferring the 
stratospheric water vapor content over the hur- 
ricane by comparing measurements from two 
different channels. 

2. Design of the  experiment 

To aid in understanding the radiation maps 
shown, the basic characteristics of the radiation 
sensors will be reviewed. The medium-resolution 
radiometer flown in TIROS I11 is practically 
identical to the first of its kind flown in TIROS 
11. There are five channels in the radiometer, 
each sensitive to a different part of the electro- 
magnetic spectrum by the use of filters and 
other optical elements. The nominal bandwidths 
of the five channels are: 

Channel 1: 5.9-6.7 microns, water vapor ab- 

Channel 2: 7.5-13.5 microns, atmospheric 

Channel 3: 0.2-7.0 microns, reflected solar 

sorption 

window 

radiation 
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FIG. 1 .  Hadiat,ion map: chanuc4 I 
(5.9-6.7 microns), orbit 132, 21 
July 1961, 1545 GMT-1602 GMT. 
Hurricane Anna is centered near 
latitude 13.8" N, longitude 72.3" W. 
Original grid scale: 2.5 degrees of 
longitude per mesh interval. 

Channel 4: 7.0-32.0 microns, terrestrial radia- 

Channel 5: 0.5-0.75 microns, response of TV 
tion 

system 

The radiometer employs a chopper which 
causes each sensor, consisting of a thermistor 
bolometer and associated optics, to view alter- 
nately, and at, a rapid rate, in two directions 
180 degrees apart. The response of each sensor 
is proportional to the difference in the irradia- 
tion of the sensor from the two directions. The 
optical axes of the sensors are nearly parallel 
to one another and inclined to the spin (TV 
camera) axis by 45 degrees. The satellite spins 
a t  about 9.3 rpm, causing the field of view to 
scan over the earth and space. 

When viewing directly downward from a 
height of 780 km, the "spot" on earth viewed 
by the radiometer has a diameter of about, 68 km. 
As the nadir angle increases, the scan spot be- 
comes increasingly elongated in the direction 
viewed. TIROS is spin stabilized, and as it 
revolves in orbit, the radiometer scan geometry 
over the earth passes through a sequence of 
rather complicated pat,terns. However, in any 
configuration, at  least one direction of the sen- 
sors must always view outer space, which 
establishes the necessary reference level for each 
of the five spectral regions. 

3. Calibration 

The calibration of the three infrared sensors 
(TIROS I11 Radiation Data Users' Manual, 
1962) is carried out by simulating the outer 
space reference and the earth signal for each 
viewing direction respectively in the laboratory. 
The field of view of the radiometer in one direc- 
tion is filled by a blackbody target at  liquid 
nitrogen temperature (80"K), which is esson- 
tially equivalent to the space reference, while 
the field of view in the other direction is filled 
with a blackbody target whose temperature is 
varied over the range expected when viewing 
the earth and its atmosphere. Thus, the radiant, 
emittances measnred by the satellite and shown 
on the maps for these three channels are expres- 
sed in terms of an "equivalent temperature", 
TEE, in degrees K of a blackbody filling t,hr 
field of view which would cause t'hc same res- 
ponsc from the radiometer. 

In the calibration for solar radiation (TIROS 
I11 Radiation Data Users' Manual, 1962) onc' 
direction of each sensor is merely masked with 
black tape to simulate space. To simiilak 
reflected solar radiat.ion from the earth and its 
atmosphere, a white diffuse reflector of known 
spectral reflectivity is illuminated a t  normal 
incidence by a standard lamp of known spectral 
radiant intensity a t  a measured distance away, 
thus determining the spectral radiant emittance 

Tellus XVI (1964), 4 
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from the rcflect.or. M’i t h the il I iiiiiinirt rt l reflcct or 
filling tho field of view, t.hc oiitprit. sipnal fi*om 
each sensor is meastired. ‘rhr npcct.rnl rculinnt. 
emittmwo from tho rrflwtor is int.egi*c%t.ctI o w r  
the spc t ra l  response ciirvcs of cnch scnwr to 
yield that portion of tho rdintion vicwccl t o  
which cach sensor rcsponds. ‘rhe result. of such 
integration is the “cffective radiant amitttmco”, 
W. Thris the measiirements of raflmtad solar 
radiation are expresmd in terms of t.hat portion 
of the radiant emittance, in watts per sqiiare 
meter, to which each sensor rmponds. It is 
stipulated that the radiation originntos from a 
diffuse target completely filling the field of view 
of t,he sensor. I n  ordor to intarprct these men- 
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. b  

Yia. ‘1. ((1) Radiation map: channel 
2 (7.5-13.5 microns). Original grid 
scale: 4.5 degrees per mesh inter- 
val (cf. Fig. 1). ( 6 )  Radiation map 
channel 2 (7.5-13.5 microns). Ori- 
ginal grid scale: 1.25 degrees per 
mesh interval (cf. Fig. I).  

siirements in terms of reflectance of insolation 
(or loosely “albedo”),onc must know theeffective 
radiant emittance, w*, which would be mea- 
xiired by each sensor if the field of view were 
filled by a cliffiisrt reflector of unit roflectivity 
when illiiminated by one solar constant at 
normal incidence. The valiies of w* for channels 
3 and 5 have been calculated t~ be, respectively, 
763.8 watts m-* and 108.6 watts m-*. 

4. Construction of the maps 

The maps shown in Figs. 1-13 were produced 
by automatic data processing techniques. with 
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FIG. 3. Radiation map: channel 3 
(0.2-7.0 microns). Original grid 
srale: 2.5 degrees per mesh interval 
(cf. Fig. 1). 

Fro. 4. Radiation map: channel 4 
(7.0-32.0 microns). Original grid 
srale: 4.5 degrees per mesh inter- 
val (rf. Fig. 1). 

the exception of tho shading between cont,ours 
which was done manually to enhance the dis- 
play. Fig. 2 b was specially produced at a scale 
twice as large as in the other maps, and the 
isotherms were hand-traced and labeled to in- 
crease resolution in displaying the data. 

I n  producing the maps in Figs. 1-5 (except 
2b), a computer program selected all data 
having a sensor nadir angle of 58 degrees or less 
during the time period 1545 GMT to 1602 GMT, 
21 July 1961, averaged all data points falling 

within il. Morcator Proinction grid element, with 
a mesh interval of 2.5 degrees of longitude 
(about 278 km square at the equator), and 
printed the average value for each grid element 
a t  the appropriate location on the map. Fig. 
2 b was produced in the same way, except t,hat 
data from 1545 GMT to 1557 GMT were used 
and the mesh interval was 1.2.5 degrees of 
longitude, thus increasing the area resolution by 
a factor of four. The sub-satellite track is 
shown with sub-satellite points indicated for 

Tellus XVI (1964), 4 
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FIa. 5. Radiation map: channel 5 
(0.5-0.75 microns). Original grid 
scale: 2.5 degrees per mesh inter- 
val (cf. Fig. 1). 

FIG. 6. Composite radiation map: 
channel 2 (7.5-13.5 microns), or- 
bits 89 and 90, 18 July 1961. The 
incipient Hurricane Anna is cen- 
tered near latitude 12.0” N, longi- 
tude 49.0” W. Original grid scale: 
2.5 degrees of longitude per mesh 
interval. 

each minute of time. That the camera princi- 
pal point track lay southwest of the sub-satel- 
lite track is evidenced by the displacement of 
the data center of mass with respect t o  the 
sub-satellite track. The minimum spin (television 
camera) axis nadir angle was 16.0 degrees and 
occurred at 1558: 30 GMT. 

The “composite” maps in Figs. 6-13 were 
produced for the indicated time periods from 
two or three consecutive orbits in the same 
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fashion as the maps in Figs. 1-5 described above, 
but with a limiting nadir angle of 56”. The 56 
degree nadir angle threshold was chosen after 
some experimentation to provide perfect conti - 
guity between adjacent orbits. Only data from the 
atmospheric window and the narrow band solar 
channel are shown in the composite maps. The 
data from each orbital pass run from the north- 
west to the southeast (cf. Figs. 1-5) with the 
higher numbered orbits positioned increasingly 
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486 w. R .  BANDEEN et al .  

FIG. 7. Composite radiation 1 

channel 5 (0.5--0.75 microns) 
Pig. 6). 

nap: 
(rf. 

TIROS IU SCANNING RADIOMETER 

westward due to t,he earth’s rotation. The 1at)i- 
tudinal gaps near 10” S in the data of Figs. 6-11 
result from the inability of the automatic data 
processing system to cope in this case with a 
particular scanning mode called the “closed 
mode”. The “closed mode” occurs whenever 
the spin axis nadir angle is less than about 17.0 
degrees (or greater than its antipodal value, 
163.0 degrees), under which conditions the radio- 

FIG. 8. Composite radiation map: 
channel 2 (7.5-13.5 microns), or- 
bits 102, 103, and 104, 19 July 
1961. The incipient Hurricaue 
Anna is centered near latitude 
11.0” N, longitude 58.0’ W. Origi- 
nal grid scale: 2.5 degrccs of longi- 
tutlc per mesh interval. 

meter sensors never scan across the horizon 
but scan continuously the earth throughout a 
complete rotation of the satellite. In  contrast, 
to the “open mode” where the radiometer sen- 
sors scan tho earth from horizon to horizon for 
a portion of each rotation of the satellite such 
that there are two horizon pulses available for 
spin synchronization in every scan, in the 
“closed mode” the spin coordinate must be 

Tellus XVI  (1964), 4 
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TIROS IU SCANNING RADIOMETER 

F I G .  9. Cornposite radiaiion map: 
channcl 5 (0.5-0.75 microns) (rf. 
Fig. 8 ) .  

TIROS SCANNING RADIOMETER 

FIG. 10. Cotnposite radiation map: 
channel 2 (7.5-13.5 microns), or- 
bits 117 and 118, 20 July 1961. 
Hurricane Anna is centered near 
latitude 11.5” N, longitude 65.5”W. 
Original grid scale: 2.5 degrees of 
longitude per mesh interval. 

extrapolated by the computer for a period of 
about ten minutes. This extrapolation is extre- 
mely sensitive to error propagation, and, con- 
sequently, in many orbits i t  is observed that 
closed mode data spots are mislocated on earth 
due to accrued spin coordinate errors. While 
these niislocation errors of the order of several 
hundred miles would generally be negligible in 
large scale analyses (e.g. the planetary heat 

Tellus XVI (1964), 4 

balance), they cause “smearing” of the images 
of such observed features as the cloud systems 
associated with individual storms. For this rea- 
son, the closed mode data were eliminated in 
Figs. 6-11. I n  Figs. 12 and 13 there are no lati- 
tudinal gaps because by 24 July 1961 the satel- 
lite spin vector had turned out of the orbital 
plane by 21.5 degrees and, hence, there were no 
closed mode data. In  Figs. 1-5, a small amount 
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FIG. 1 1 .  Composite radiation mall: 
rhannel 5 (0.5-0.75 mic-rona) (rf. 

TIROS III SCANNING RADIOMETER 
- 9 0 .  eo. 70' 60. 50- 40. 3 v  20. 

m 1 

Fro. 12. Coinpouitv ratlia- 
tion map: c-hannel 2 (7.5- 
13.5 microna), orhit8 174 
arid 175. 24 July 1961. Tho 
dissipating Hurrirano Anna 
is renteruct near latitude 
17.6" N, longitude 89.0" W. 
Original grid srale: 2 5  tle- 
grres of longitude per mush 
intrrvtrl. 
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TIROS E SCANNING RADIOMETER 

13. Composite radia- 
map: rhannel 5 (0.5- 
Inirrons) (rf. Fig. 12). 

of closed mode data is included south of t,hc 
equator. However, it was determined by a sepa- 
rate manual analysis that, the closed mode data 
in this case did not appreciably affect any of the 
pattern images and hence the data were left 
intact,. 

Figs. 1-13 include examples of all orbits 
where cloud systems associated with Hurricane 
Anna can bo clearly identified. Unfortunately, 
some data of interest were either not available 
e.g., orbit 88 on 18 July (cf. Figs. 6 and 7)  and 
all orbits on 22 and 23 Jnly. The population of 
measurements within a grid element varies 
from 1 along the southwestern edge to more than 
GO (or about one-fourth of this number for 
Fig. 2b) along the northeastern edge of an orbi- 
tal area. This large variance results from the 
complicated geometry of the scan. 

After the computer averages the individual 
measurements within each grid element, i t  con- 
t,orrrs the grid point averages with filler num- 
bers, and prints the maps on a high speed prin- 

'I'c.1lu.r XVI ( I  964). 4 

ter. ltcplacing the filler numbers by manually 
shading between contour intervals (or tracing the 
isotherms in Fig. 2b) produced the maps shown 
in Figs. 1-13. The data in these figures are 
also available in unanalyzed grid print form at 
a higher resolution (TIROS I11 Radiation Data 
Catalogue, pp. 291-292). Two limitations of the 
map form of data display are re-emphasized, 
viz., ( 1 )  the direction from which a measure- 
ment is made (i.e., nadir or zenith and azimuth 
angles), and (2) the number of individual mea- 
surements making up each grid point average 
(or the amount of data smoothing) are not 
readily apparent. These limitations must be 
kept in mind when attempting to interpret siich 
maps. 

5. Discussion of the maps 
Hurricane Anna moved from a point just 

north of Venezuela to the coast of British Hon- 
duras during the period 20-24 July 1961. A t  
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490 w. R. BANDEEN ~t al. 

FIG. 14. Television picture taken by TIROS 111, orbit 132, 21 July 1961, 1549:50 GMT. Hurricane 
Anna is the upper cloud mass, centered about 7 0  miles north of the Guajira Peninsula of Colombia. 
The Colombian coast runs horizontally to the west anti joins Panama (near the upper left fiducia.1 
mark). Lake Maracaibo is cradled in the upper righthand quadrant of the contra1 fiducial cross. 

1550 GMT on July 21, Anna was centcrcd a t  
latitude 13.8" N, longitudc 72.3" W, and was 
still growing in intensity. Orbit 132 of TIROS 
111 passed almost directly over the hurricane at 
that t,ime, and the attitude of the satellite was 
such that all radiometer measurements over 
Anna were made under sensor nadir angles of 
less than 15 degrees. Figs. 1-5 show the stark 
relief in which the hurricane stands out from 
its surroundings in all five spectral regions. For 
comparison, in Figs. 14-15 two television pic- 
tures taken by TIROS I11 a t  about the same 
time the radiation data were acquired show 
Anna, the extensive cloudiness just t o  the 
south of it, and the scattered-to-clear regions 
over equatorial South America. 

Fig. 14 shows Anna centered about 70 milcs 

north of thc Guajira Peninsula, with the Colom- 
bian coastline running laterally to the west antl 
joining Panama. Lake Maracaibo is cradled in 
the upper right-hand quadrant of the central 
fidncial cross. A second extensive cloud system 
is seen south of Anna over Venezuela. The tem- 
peratures shown in Figs. 2 and 4 clearly outline 
this second system and indicate that its mean 
top is at, a lesser height than the hiirricane. Also, 
the increased t,empcratures on these maps over 
the region stretching from Venezuela to Peru 
indicate that the band of clouds shown for this 
region on the reflected solar radiation maps 
(Figs. 3 and 5) is at a still lower height, or is 
thinner, or both. 

The hurricane stands out clearly in both solar 
radiation channels. The observed upper limits 

Tellus XVI ( 1964), 4 
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FIG. 15. Television picture taken by TIROS 111, orbit 132, 21 July 1961, 1552:20 GMT. The cloud 
mass which is south of Hurricane Anna is seen at the top of the picture. The central fiducial cross is 
near the headwaters of the Orinoco River in southern Venezuela. The lower portion of the photo- 
graph reveals the scattered-to-clear condition over the Amazon region of Brazil. 

for grid element averages for w over the hurri- 
cane are 240 watts/metere and 40 watts/meter*, 
respectively, for channels 3 and 5. The subsolar 
point at 1550 GMT was latitude 20.4" N, longi- 
tude 55.9" W, some 18 degrees from the storm 
center. Taking the solar radiation incident upon 
the hurricane as E* COB 18", the reflectance of 
sunlight in the direction of the satellite may be 
determined by a simple ratio. However, there is 
evidence that between the time of the original 
calibration and launch day, the response of 
channel 3 degraded to about 0.75 of its cali- 
brated level and that between launch day and 
orbit 132 it  degraded still further to about 0.69 
of its calibrated level. On the other hand, al- 
though no pre-launch degradation was observed 
in channel 5, an appreciable postlaunch degra- 
dation was observed amounting to about 0.85 

Tellus XVI (1964), 4 

33 - 642899 

of its calibrated level by orbit 132. The reasons 
for these degradations are not yet fully under- 
stood. Since there is no satisfactory on-board 
calibration of the TIROS radiometer, the post- 
launch degradation estimates have been based 
upon a statistical treatment of large quantities 
of data using the earth itself as a calibration 
target. Therefore, incorporating the above cor- 
rection factors, the upper limits of the reflect- 
ance, r ,  over the hurricane shown on the maps 
become 

1 - . - - -  240 
Channel 3: r = - - 47.9%, 

(1) 

Channel 5: r =  - 45.7%. 

(2) 

763.8 (cos 18") 0.69 

1 . - -  40 

108.6 (cos 18") 0.85 
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492 w. R. BANDEEN et al. 

In  interpreting these values, one should re- 
member that they are averages of a large 
number of "spots", smoothed over thousands 
of square kilometers, and that the reflectances 
of the individual spots are both higher and 
lower than the grid point averages. For example, 
the maximum reflectances calculated from indi- 
vidual spots over the hurricane (including the 
degradation corrections) were 73 % and 69 %, 
respectively, for channels three and five. 

The patterns in the maps for both solar radia- 
tion channels are very similar. The large cloud 
system south of the hurricane over Venezuela 
and the band of cloudiness stretching from it 
southwest across Colombia into Northern Peru 
stand out clearly in Figs. 3 and 5, and can be 
identified in the television pictures in Figs. 14 
and 15. The high reflectance region around 
22" S and 63" W infer the presence of clouds, 
but the relatively high temperatures measured 
by channel 2 indicate that the cloud tops were 
not very high. The broad band of high channel 
2 temperatures running from the Amazon basin 
across Brazil to the Atlantic Ocean compares 
well with the low value measured for reflected 
solar radiation, inferring the absence of cloudi- 
ness and indicating that the radiation sensed in 
the window channel emanated near the surface. 
The channel 4 and channel 1 maps also show a 
similar pattern, and the photograph in Fig. 15 
confirms the scattered-to-clear condition over 
the Amazon region of Brazil. 

In Fig. 2a, values of TBB below 240°K are 
shown for the region north of latitude 30"N 
off Florida for channel 2. Widespread cumulo- 
nimbus clouds with anvil tops were reported in 
this region a t  the time, and undoubtedly con- 
tributed to the low temperatures observed. 
However, a complication in interpreting mea- 
surements in this region is that they were all 
made under nadir angles of nearly 58". The 
comparable zenith angles at the top of the 
atmosphere were about 72", meaning that the 
radiometer was viewing along a path of more 
than three atmospheres. Under these condi- 
tions, appreciable limb darkening plus the pos- 
sibility of space beyond the horizon being con- 
tained in the field of view might contribute to 
the observed low temperatures in addition to 
high cloudiness. 

On 17 July 1961, TIROS I11 photographs 
indicated a concentration of cloudiness near 
12" N, 43" W, and Navy reconnaissance noted 

TABLE 1. Locations of Hurricane Anna derived 
from conventional data compared with locations 

derived from radiation data. 

Date (1961) Time(GMT) Lat. (ON) Long. (OW) 

18 July 

19 July 

20 July 
20 July 
20 July 

21 July 
21 July 
21 July 

22 July 
22 July 
23 July 
23 July 
24 July 
24 July 
24 July 

1600 12.0 

1520 11.0 

0000 11.5 
1200 11.9 
1440-1 645 11.5 

0000 13.0 
1200 13.4 
1550 13.8 

0000 13.7 
1200 14.5 
0000 15.2 
1200 15.8 
0000 16.1 
1200 16.6 
1541 17.5 

(Figs. 6, 7) 

(Figs. 8, 9) 

(Figs. 10, 11) 

(Figs. 1-5) 

(Figs. 12, 13) 

49.0 

58.0 

60.2 
63.8 
65.5 

67.6 
71.5 
72.3 

74.8 
78.2 
81.4 
84.3 
86.7 
88.3 
89.0 

an extensive area of strong radar echoes well to  
the east of the Windward Islands. Figs. 6-13 in 
conjunction with Figs. 1-5 illustrate the ability 
of both infrared and reflected solar radiation 
measurements to locate and track storm systems. 
For comparison, Table 1 lists approximate loca- 
tions of the storm as derived from conventional 
data (Annual Tropical Storm Report, 1961) and 
from Figs. 1-13. It can be seen that tho loca- 
tions derived from the satellite radiation dat,a 
complement well the conventionally determined 
storm positions. 

Figs. 6 and 7 locate the incipient storm at 
about 12.0" N, 49.0" W at  1600 GMT on 18 July. 
Figs. 8 and 9 locate the storm at about 11.0" N, 
58.0" W at 1520 GMT on 19 July. I n  Figs. 10 
and 11, the storm was observed by both orbits 
117 and 118 near the southwestern and nor- 
theastern edges respectively of their data areas. 
The image of the storm resulting from a compo- 
site of data in the overlap region of the two 
orbits is apparently distorted near 11.5"N, 
65.5" W, due to the storm's motion between 
about 1440 GMT and 1625 GMT on 20 July. 
The winds in the storm reached hurricane velo- 
cities about this time. Figs. 1-5 locate the hurri- 
cane at 13.8" N, 72.3" W at  1550 on 21 July. 
There were no reducible data on 22 or 23 July, 

Tellus XVI (1964), 4 
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TIROS 111 METEOROLOGICAL SATELLITE RADIATION OBSERVATIONS 493 

but Figs. 12 and 13 locate the dissipating storm 
at about 17.5" N, 89.0" W over British Hondu- 
ras at  1541 GMT on 24 July. 

The composite maps of both channels outline 
the July Intertropical Convergence Zone near 
10" N and give evidence of a clear winter sub- 
tropical zone in the southern hemisphere, al- 
though from this aspect, i t  is especially unfor- 
tunate that the closed mode data are missing. 

All of the reflected solar radiation maps exhi- 
bit a rather remarkable characteristic. There 
are vast regions where the reflectance8 mea- 
sured by the radiometer are uniformly low, 
yielding values of less than 10 % calculated aa 
in equations (1) and (2). In  fact, the average 
reflectance values of all maps, even after 
applying our estimated corrections for instru- 
mental degradation, falls in the region 15 % to 
20 %, or about half of the generally accepted 
albedo of the earth. Of course, such a small 
sample over a limited region of the globe does 
not permit the drawing of general conclusions 
regarding the planetary albedo, but the infer- 
ences set forth a clear challenge for concerted 
work in this area, utilizing present and future 
satellite radiation data. 

6. Discussion of possible inferences from 
coordinated measurements from chan- 
nels 1 and 2 

It is to be expected that an analysis of 
coordinated measurements by two (or more) 
channels should yield information not ob- 
tainable from any single channel. One applica- 
tion of this type arises from coordinated obser- 
vations in the water vapor absorption channel 1 
and the window channel 2. Moller has proposed 
a method for estimating the relative humidity 
of the upper troposphere and the temperature 
of the ground or of the clouds from comparisons 
of measurements made by these two channels 
(MOLLER, 1962). In a previous paper (BANDEEN, 
CONRATH, NORDBERQ & THOMPSON, 1963), three 
of us suggested that the water vapor content 
of the stratosphere over a large storm whose 
cloud tops extend to the vicinity of the tro- 
popause could be inferred from coordinated 
channel 1 and channel 2 measurements. The 
attempted application of this hypothesis to 
Hurricane Anna has pointed up several factors 
which seem to preclude a successful test of 

Tellus XVI (1964), 4 

the method at this time. We shall discuss 
these factors together with a brief review of 
the original concept below. 

Each infrared channel "sees" many different 
layers in the atmosphere. The contribution of 
each atmospheric layer to the integrated 
response of a particular channel depends upon 
the vertical distributions of tempemture, pres- 
sure, and the various infrared absorbers (pri- 
marily HsO, CO,, and OJ, and upon the posi- 
tions and strengths of the various absorption 
bands with respect to the spectral reaponse 
curve of the particular channel. Because of 
strong absorption of water vapor in the 6.3 
micron band, generally (in the absence of clouds) 
a broad region throughout the middle and upper 
troposphere predominates in contributing to the 
response of channel 1, with little or no contribu- 
tion from the surface of the earth. 

Because of only weak absorption by ozone 
and water vapor in the atmospheric window, 
radiation from the surface of the earth or from 
clouds predominates in the response of channel 
2, with small contributions from the atmos- 
phere. Because channel 4 includes the window 
as well as strong water vapor and carbon 
dioxide absorption bands, it receives important 
contributions from both earth and atmosphere. 
The air temperature generally decreases with 
height in the troposphere where a preponderance 
of the important absorbers is found; hence, it 
follows that usually the equivalent blackbody 
temperatures, TBB, measured by channel 1 
should be lowest, those measured by channel 2 
highest, and those measured by channel 4 
somewhere between the first  two. This pattern 
generally prevails throughout Figs. 1, 2, and 4 
with channel 1 temperatures 20" to 40°K lower 
and channel 4 temperatures 10" to 20°K lower 
than the channel 2 values of TBB. The one ex- 
ception to this pattern is over the hurricane, 
where the TEE values for all channels are indi- 
cated aa 220"-230°K. 

I f  we define a fictitious level, called the 
"effective height of radiation", aa the height 
at  which the TBB measured by the mtellite 
corresponds to the real atmospheric tempera- 
ture, it follows from the previous paragraph 
that the effective height of radiation from chan- 
nel 1 should be highest and that for channel 2 
lowest, with the channel 4 height falling in 
between. FRITZ & WINSTON (1962) have shown 
that the effective height of radiation for the 
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494 w. R. BANDEEN et al. 

TABLE 2 .  Reversal of the usual order of infrared channel equivalent blackbody temperatures i n  
three spots over Hurricane Anna. 

T,, (uncorrected) 

spot 1 spot 2 spot 3 
(OK) (OK) ( "K) 

Channel 1 (5.9-6.7 microns) 
Channel 4 (7.0-32.0 microns) 
Channel 2 (7.5-13.5 microns) 

229.6 232.0 231.5 
223.9 217.0 217.0 
208.4 213.3 211.9 

AT,,=(Chan. 1 T,,-Chan. 2 TBB)= +21.2"K + 18.7"K + 19.6"K 

window channel of TIROS I1 affords a good 
estimate of the heights of the tops of large-scale 
overcast clouds, although cirrus are not clearly 
defined because they are partially transparent. 

From radiosonde data taken near the hurri- 
cane, the ambient air temperature ranged from 
230" to 220°K in the height interval from about 
11,000 to 12,000 meters, inferring that the 
smoothed mean height of the hurricane clouds 
as mapped in Fig. 2 lay within this layer. How- 
ever, the smoothing contained in the grid point 
averages and the 10°K contour intervals used in 
the maps obscure much of the fine structure 
which is possible within the 5 degree instanta- 
neous field of view of the instrument. 

For example, a computer listing of the indi- 
vidual data points making up the maps revealed 
several individual spots (remembering that a 
spot diameter on earth is about 68 km) over the 
hurricane, where there was a dramatic reversal 
of the usual order of T,, measurements from 
the infrared channels coincident with the mini- 
mum observed channel 2 temperatures. Three 
of these spots, each from a different swath, 
yielded the values of TBB (cf. Tiros I11 Radiation 
Data Catalogue, pp. 291-292) given in Table 2. 

Even more dramatic are the analog traces of 
the raw data as they were telemetered to the 
ground from the satellite. In  Fig. 16 the analog 
traces from channel 1 and channel 2 during one 

I 
FIQ. 16. Superimposed analog signals of the 5.9-6.7 micron water vapor channel 1 and the 7.5-13.5 
micron window channel 2 from one swath over Hurricane Anna. Time increases to the right along the 
abscissa, extending 6.446 seconds, the period of one satellite rotation. The ordinates show originally 
calibrated equivalent blackbody temperatures, T,,, and estimated corrections, ST,,, to be applied 
during orbit 132 for, respectively, channel 2 on the left and channel 1 on the right. The error bars, 
drawn where the sensors were looking directly over the hurricane, indicate one standard deviation of the 
analog signals. 0.1309 seconds is the sampling period normally employed in automatic data processing. 

Tellus XVI (1964), 4 
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FIG. 17. Scatter diagram of equivalent blackbody temperatures, T,,, measured by channels 1 and 2 
during eight swaths over Hurricane Anna. Estimated corrected values of TBB are shown in parentheses by 
the originally calibrated values. Only measurements having sensor nadir angles less than 40" are 
plotted. The solid linear regression line was fitted by least squares. The dashed boundaries are displaced 
from the regression line by the equivalent of two standard deviations (cf. Fig. 16)  in the channel 1 
measurements. 
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swath over the hurricane are superimposed. The 
minimum channel 2 TBB = 197°K (uncorrected) 
is the lowest measurement recorded over the 
hurricane, resulting in a difference, AT,,, be- 
tween the equivalent blackbody temperatures 
of channel 1 and channel 2 of 223.5-197.0= 
26.5"K (uncorrected). Normally, in processing 
the data by a computer, a sample is taken every 
0.1309 seconds. Fig. 16 illustrates how the 
sharp dips and peaks can be missed in the nor- 
mal computer processing if they fall between 
samples, e.g., the lowest channel 2 TBB appear- 
ing in the computer listing is 208.4"K (cf. 
Table 2 and Fig. 17). (Actually the channel 2 
signal in Fig. 16 dropped so low that the logic 
of the computer program failed, and, in this 
swath only, the data over the hurricane were 
rejected in the automatic processing.) 

The temperature and height of the tropopause 
averaged from 12002 radiosonde runs made at 
Jamaica, Trinidad, and Swan Island, were 
about 199.5"K and 16,000 meters respectively. 
I f  one assumes that the clouds radiated as 
blackbodies with their tops at a level where the 
air temperature was approximately equal to the 
channel 2 TBB measurements, one concludes 

Tellus XVI (1964), 4 

that the cloud top lay near the tropopause 
(BANDEEN, CONRATH, NORDBERG & THOMPSON, 
1963). It was also suggested (BANDEEN, CON- 
RATH, NORDBERG & THOMPSON, 1963) that the 
much higher accompanying channel 1 TBB mea- 
surements (corresponding to a higher effective 
radiating height) resulted from a combination 
of the usually strong temperature inversion 
above the tropical tropopause and a very moist 
stratosphere. 

The radiance emerging from the top of the 
atmosphere and in the direction of the satellite 
to which a given radiometer channel responds, w, may be calculated from the equation of 
radiative transfer 

00 - 
= jA=. BA (To) 91 n(4)  df. 

+ yo s ;oBA(T( .*) )~l . - ( . . ,~~,  (3) 

where 

BA = Planck function 
T =Temperature 
92 =Spectral response of the infrared sensor 
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496 w. R.  BANDEEN et al. 

=Spectral beam transmissivity in the direc- 
tion of the satellite 

1 =Wavelength 
u* =Reduced path length of the optically active 

Subscript “0” = 

gas 

Surface of clouds or of the ground, assumed 
to radiate as a blackbody at  ambient tem- 
perature within the spectral region of inte- 
rest 

In  our calculations transmissivities ti  = ti 

(Leu*) given by ELsAssER (1960) were used 
where L is the generalized absorption coeffi- 
cient. To transform the actual distributions of 
gas, pressure, and temperature along a beam 
to the satellite to the equivalent “reduced path, 
u*” in a homogeneous atmosphere for which 
values of ta are tabulated, we used the equation 

where 

P =Pressure 
T = Temperature 
k =Exponent expressing the degree to which 

pressure broadening and the overlapping of 
the wings of the individual lines is considered. 
=Actual path length of the optically active 
gas along a beam in the direction of the 
satellite 

Subscript ‘‘8’’ = 

Indicates standard conditions of pressure 
(1013.25 mb) and temperature (293°K) for 
which transmission data are tabulated 

u 

The distribution function of water vapor which 
we would like to know is the specific humidity 
q(h)  as a function of height, h. The relationship 
between u and q(h) in differential form is given 
by 

where 

P(h) =Pressure as a function of height 
T(h)  =Temperature as a function of height 
Rb =Gas constant for dry air (the effect of 

water vapor on the atmospheric mean 
molecular weight is considered negligible) 

0 =Zenith angle of the beam in the direction 
of the satellite assuming a plane-parallel 
atmosphere 

h =Height above the earth 

The integrations of equations (4 and 5 )  were 
carried out on an electronic computer, and the 
integrations of the transfer equation (3) were 
accomplished by means of Moller-type radiation 
charts (MOLLER, 1951). 

Suppose that a cloud surface near the tropo- 
pause radiates as a blackbody at  a known am- 
bient temperature; consequently, B, would be 
known in the equation 

N = B, ~ ( u : )  + B(T(u*))dt(u*), (6) s:. 
where the spectral subscripts and the integra- 
tion over the channel response function of equa- 
tion (3) are omitted for clarity. Further, suppose 
a measurement, N, in the water vapor channel 
is made at  a known zenith angle, 0. It is impos- 
sible with the information at  hand to reclaim 
the function T(u*)  or, by extension, the desired 
function q(h); one can only hope to determine 
various combinations of the integral and of 
~ ( u : )  which will satisfy equation (6) for the 
known values of B, and of N. However, by 
assuming plausible profiles of temperature, pres- 
sure, and water vapor, and, therefore, knowing 
from equations (4) and ( 5 )  the functional rela- 
tionship u* =f[T(h) ,  P(h), q(h), C O S ~ ] ,  one should 
in principle be able to infer at  least gross fea- 
tures about the upper air water vapor abund- 
ance over the storm clouds, viz., whether the 
air is very wet or very dry. In  attempting to 
apply the method in practice, one might expect 
that a measurement of B, can be obtained from 
the window channel 2. The assumption that the 
cloud top radiates as a blackbody at  its ambient 
temperature is of critical importance and is 
discussed further in (d )  below. Although of 
relatively small effect at high altitudes, correc- 
tions of the order of 1°K due to absorption by 
ozone, water vapor, and carbon dioxide could 
theoretically be applied to the window channel 
measurement ( WARK, YAMAMOTO t LIENESCH, 
1962). 

Radiative transfer calculations for the res- 
ponse characteristics of the water vapor and 
window channels listed in (TIROS I11 Radia- 
tion Data Users’ Manual, 1962) were carried out 

Tellus XVI (1964), 4 
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TIROS 111 METEOROLOGICAL SATELLITE RADIATION OBSERVATIONS 497 

for normal incidence, indicating that AT,, 
values of about 10°K would be expected for a 
saturated stratosphere over cloud tops at  the 
tropopause radiating as blackbodies at  ambient 
temperature, taking the pressure dependence 
exponent k = 1 as given by ELSASSER (1960) in 
equation (4). Specifically, the tropical tempera- 
ture profile from the Handbook of Geophysics 
(1960) was used, modified above 22 km by the 
low latitude model proposed by NORDBERQ & 
STROUD (1961), and the water vapor content up 
to 21 km was assumed to be saturated with 
respect to ice. Above 21 km, a constant mixing 
ratio of 0.1 1 gm kg of water vapor was assumed. 
The tropopause temperature in this model was 
193.2"K, occurring at  16.8 km. These results 
were in essential agreement with preliminary 
calculations made by BANDEEN, CONRATH, 
NORDBERG and THOMPSON (1963). Of course for 
a completely dry stratosphere the channel 1 
T,, measurement would be equal to the tropo- 
pause temperature, 193.2"K, aasuming that the 
cloud tops at  that level radiate as blackbodies 
at  ambient temperature. In general, the maxi- 
mum calculated TBB of 10°K decreases as either 
the stratospheric water vapor content decreases 
from saturation or as the blackbody radiating 
(cloud) surface is lowered from the tropopause. 
For a given water vapor distribution the AT,, 
decreases as the cloud top is lowered toward 
increasingly warmer layers until it reaches zero. 
A further lowering of the cloud top then results 
in the channel 2 T,, value once again resuming 
its "normal" relationship, i.e., higher than the 
channel 1 T,, measurement. 

However, by no plausible combination of 
conditions could we calculate a TBB as large as 
the 26.5"K (uncorrected) of Fig. 16. A closer 
examination of the measured values in both 
channels 1 and 2 indicates that with applicable 
corrections the measured maximum value of 
AT,, = 26.5"K can indeed be reduced to a value 
comparable to the 10°K required by the theory. 
The causes for such a correction are discussed 
in item (a) below. However, this method has 
not yet succeeded in practice to yield meaning- 
ful inferences of stratospheric water vapor con- 
tent due to a number of complicating factors. 
Some of these factors have been resolved, at 
least in part, but others require further work 
before the method can be subjected to a valid 
test. We shall discuss briefly these factors below 
in items (b )  through (e). 

Tellus XVI (1904), 4 

(a) Errors in the calibration 

The calibration must be accurate in absolute 
terms because of the requirements of determin- 
ing accurately the effective radiating height of 
the cloud tops by means of channel 2 and of 
determining accurately the small difference, 
A T,,, between two relatively large numbers. 
The estimated accuracy of the experiment as 
determined by the calibration is k5"K and 
+4"K for channels 1 and 2 respectively. But 
any changes in instrumental response after the 
original calibration, while they may not be of 
prime importance for such applications as the 
contour mapping of weather systems (cf. Figs. 
1-13), will seriously affect applications of the 
data where absolute measurements are required. 
Like the two solar radiation channels discussed 
above, the response of each of the infrared radia- 
tion channels was also observed to degrade as 
time passed. By observing the stability of the 
"space viewed (zero reference)" levels and by 
analyzing large masses of data statistically 
using the earth itself as a "calibration target", 
it was possible to develop degradation models 
for each channel and, hence, estimate correc- 
tions as a function of time. These corrections 
attempt to restore the telemetered data to 
absolute measurements. It is emphasized, how- 
ever, that the corrections are only simplified 
attempts at  correcting empirically for several 
complicated degradation mechanism which are 
not yet fully understood. The estimated correc- 
tions-additive for channel 2 and subtractive 
for channel 1-are shown beside their respective 
calibrated equivalent blackbody temperatures in 
Fig. 16. It is seen that after applying these cor- 
rections, the AT,, directly over the hurricane in 
Fig. 16 decreases from 26.5"K to (223.5- 8.6) - 
(197.0 + 3.7) ~ ( 2 1 5 . 0  -200.7) = 14.3"K. 

(b) System noise 

The spectral response of the water vapor 
channel is the narrowest of all the infrared chan- 
nels and is situated in the short wavelength 
wings of the Planck distributions for tempera- 
tures observed in the atmosphere. Hence, chan- 
nel 1 receives less radiant energy than channel 2, 
and its gain must be set much higher, thus 
decreasing its signal-to-noise ratio. This de- 
creased signal-to-noise ratio is strikingly evident 
in Fig. 16 where the error bars indicating the 
standard deviations, (I, are considerably larger 

 21533490, 1964, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/j.2153-3490.1964.tb00184.x by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [16/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



498 w. R.  BANDEEN et al. 

TABLE 3. A possible modification of extreme value of T,, considering only system noiae and 
instrmmentd degradation. 

TBB 
(calibrated TBB 

T B B  values (noise and 

corrected) 
(calibrated altered by degradation 

values) 1.1  u 1 .1  u) 6 T B B  

Channel 1 223.5'K - 4.8'K 218.7"K - 12.4"K 206.3'K 
Channel 2 197.O"K + 5.0°K 202.O"K + 4.3"K 206.3"K 
ATBB 26.5'K 16.7'K 0 

for channel 1 than for channel 2. The standard 
deviations were determined by examining the 
fluctuations of the space viewed (zero reference) 
levels of both channels which ideally should be 
zero. One hundred and twenty-six values in 
equal time intervals were sampled in the space 
viewed portions in 8 consecutive scans over the 
hurricane and were subjected to statistical ana- 
lysis. The resulting standard deviations were 
then applied to the radiation measurements over 
the hurricane. Unfortunately, the noise level of 
the data over the hurricane was greater by 
almost a factor of two than the best quality 
data which have been obtained a t  other times 
in the TIROS system. It will be shown that if 
considerations of instrumental degradation and 
of reasonable statistical fluctuations (noise) are 
applied to channels 1 and 2, the resulting tem- 
perature difference AT,, reduces to zero. For 
the degradation correction, the values obtained 
in (a )  above were used. Considering noise, 
channel 1 measurements were arbitrarily redu- 
ced by 1.1 u and channel 2 measurements were 
increased by the same amount (Table 3). A 
AT,, of zero resulted which would infer a 
nearly dry stratosphere. (Assuming a blackbody 
cloud surface a t  a height below the tropopause 
corresponding to 206.3"K and assuming that 
the tropopause temperature is lower, a small 
amount of water vapor would be required in the 
stratosphere to counteract any water vapor in 
the region of the temperature minimum.) 

The application of a value of 1.1 u in opposite 
directions to channels 1 and 2 though realistic 
is rather arbitrary. The magnitude of the AT,, 
values over the hurricane is, therefore, investi- 
gated further statistically. A scatter diagram 
of all pairs of T,, measurements having nadir 
angles less than 40" (which corresponds to zenith 

angles less than 46") was plotted from a com- 
puter listing of the eight swaths centered over 
the hurricane (Fig. 17). A linear regression line 
was fitted by least squares and boundaries were 
drawn at  a distance of 2 standard deviations 
(cf. Fig. 16) in the channel 1 TBB measurements 
above and below the regression line. A short 
dashed line marks the boundary along which the 
T,, measurements of both channels are equal 
(after making degradation corrections). Fig. 17 
shows that even after correcting for degradation 
and considering noise, the linear regression line 
between channel 1 and channel 2 temperatures 
intersects the AT,, = O  line at a value (215.7) 
which is appreciably larger than the assumed 
tropopause temperature. This would still imply 
a rather wet stratosphere. This conclusion, 
however, depends very critically upon the inter- 
section between these two curves. The nature 
of the scatter in Fig. 17 and the validity of 
fitting a linear regression line shall, therefore, 
be examined in greater detail. 

A further investigation of Fig. 17 indicates 
that only 84 % of all points fall within the 2 u 
range shown by the dashed lines while theoreti- 
cally one would expect 95 % of all points to be 
within this range. This implies that a mechanism 
in addition to the system noise considered above, 
may contribute to the scattering. One such 
mechanism would be the incongruity between 
the fields of view of channels 1 and 2 which will 
be discussed in (c )  below. An additional factor 
contributing to the scatter can be attributed to 
inhomogeneities in the instantaneous intensity 
field viewed by the sensors. For example, if a 
channel 2 TBB measurement of 235°K resulted 
from a high cold cloud filling part and a warm 
surface through clear skies filling the remainder 
of the 5" field of view, the corresponding channel 

Tellus XVI (1964), 4 
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1 TBB measurement would be lower than it  
would be if the 235°K channel 2 measurement 
resulted from a uniform cloud surface filling its 
field of view. Another contributing factor to the 
scatter in Fig. 17 is limb darkening as the sensor 
nadir angles varied from 9” to 40”. However, the 
limb darkening effect was calculated to be less 
than 2°K. Another contributing factor to the 
scatter in Fig. 17 could be a departure from 
horizontal water vapor stratification over the 
area swept by the scans. Such departures are 
to be expected in the lower atmosphere, but 
even high altitude water vapor has been obser- 
ved to occur in concentration centers (D. G 
MURCRAY, F. H. MURCRAY, & WILLIAMS, 1962). 
All these factors make the conclusion of a wet 
stratosphere based on Fig. 17 rather tentative. 

(c) Dkparitiea in the coordination of m m r e -  
menta by two channels 

In  attempting to compare the measurements 
made by two different channels over a highly 
unstratified region such as that presented by 
the tops of storm clouds (cf. Fig. 16), any differ- 
ences in the time or spatial response coordinates 
of the measurements must be known, and cor- 
rections for them (if indeed possible) should be 
made. In  the automatic processing of the radia- 
tion data each channel in a set of “simultaneous” 
measurements is actually sampled 0.0025 se- 
conds after its predecessor in numerical order. 
However, a 0.0025 second sampling time dis- 
parity between channel 1 and channel 2 is not 
appreciable where it takes about one sampling 
interval of 0.1309 seconds for the radiometer to 
rotate completely through one instantaneous 
field-of-view. Of far greater importance is the 
disparity which may exist between the response 
fields of the two channels (Fig. 18). Laboratory 
field-of -view measurements indicate that, as a 
result of a slight misalignment, up to 0.15 of the 
instantaneous response field of channel 1 may 
lie outside the response field of channel 2 and 
vice versa. For example, if the observed channel 
1 TBB measurement at ”A” in Fig. 17 resulted 
from viewing an equivalent blackbody target 
of 216°K (degradation corrected) by 0.85 of the 
response field and an equivalent blackbody 
target of 233°K by 0.15 of the response field 
due to relative misalignment, the measurement, 
but for the misalignment, would have been at 
the tip of the arrow where the remaining devia- 

Tellus XVI (1964), 4 
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t 

FIG. 18. Schematic of response fields deduced from 
laboratory measurements, illustrating the relative 
misalignment between channels 1 and 2. The res- 
ponse in any direction is given in cylindrical coordi- 
nates (0,q,Z) where 0 and q are, respectively, the 
radial and tangential direction angles and 2 the 
corresponding response level. The sensor optical 
axis is coincident with the 2 axis. The laboratory 
measurements determine a response (2) for the 
incremental solid angle in every direction (0,q). The 
loci of all points p = p ( @ , q , Z )  describe the response 
fields (or “response surfaces”). The relative response 
levels in two specific directions are illustrated. 

tion from 216°K could readily be attributed to 
noise alone. Similarly, if the observed channel 2 
TBB measurement at “B” in Fig. 17 resulted 
solely from viewing an equivalent blackbody 
target of 216°K by 0.85 of the response field 
and an equivalent blackbody target of 283°K by 
0.15 of the response field due to relative misa- 
lignment, the measurement, but for the misa- 
lignment, would have been at the tip of the 
arrow, inside the 2 o noise boundary. Both of 
these examples illustrate an additional mecha- 
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nism for explaining the scatter of measurement 
in Fig. 17, and point up an important problem 
in attempting to compare measurements from 
two different channels. Unfortunately, the labo- 
ratory measurements are not sufficient to per- 
mit correction for the field-of-view disparities 
between the two channels. 

(d) Nonblackness of clouds 
Thick clouds have generally been assumed to 

radiate as blackbodies in the infrared part of 
the spectrum. To depart from this assumption 
would severely complicate many problems in- 
volving radiative processes in the atmosphere 
and would require extensive theoretical investi- 
gations of multiple-scattering by large particles 
as well as concurrent laboratory and empirical 
investigations of the problem. Relatively little 
work has been done in this area to date, but 
several sources indicate that the effective emis- 
sivity of clouds may depart appreciably from 
1 in the infrared part of the spectrum, especially 
in the window region (DEIRMENDJIAN, 1962a, b; 
HAVARD, 1960). DEIRMENDJIAN (1962b) con- 
cludes that a considerable portion of the incident 
radiation in the window regions is scattered by 
clouds, thereby contributing to the infrared 
sky background usually attributed to blackbody 
emission. Consider a hypothetical TEE mea- 
surement by both channel l and channel 2 of 
208.7”K (cf. Fig. 17). If the emissivity of the 
cloud top were, say, 0.80 in the region 7.5-13.5 
microns while remaining unity in the region 
5.9-6.7 microns, the channel 2 TBB measurement 
would correspond to a cloud top temperature of 
about 215.7”K. To infer upper air water vapor 
content from such measurements under the 
assumption of blackbody clouds would therefore 
be erroneous. We have observed several cases of 
temperature inversions over high clouds in 
middle latitudes where the channel 1 TBB mea- 
surement is still about 7°K higher than the 
channel 2 TBB measurement after considering 
(insofar as possible) the effects of (a), (b), and ( c )  
above. The stratospheric temperature profiles 
at those latitudes are nearly isothermal and in 
fact decrease slightly above the tropopause to a 
height of about 20 km. Thus the role of stratos- 
pheric water vapor in increasing the channel 1 
TBB measurements in these cases is ruled out- 
in fact the drier the stratosphere up to sbout 
20 km, the higher would be the channel 1 TBB 
measurement. 

(e) Radiative tranefer calculations 

In  our initial calculations we used a value of 
k = 1 to account for the pressure dependence 
of equation (4). However, theory and observa- 
tion are not in complete accord in the matter 
of the pressure dependence, and there is some 
uncertainty as to the actual law which should 
be used (MOLLER, 1951; KONDRATIEV & NII- 
LISK, 1960; HOWARD, BURCH & WILLIAMS, 1956; 
KAPLAN, 1952) especially at  low stratospheric 
pressures and gas concentrations which lie out- 
side the laboratory conditions under which 
measurements are usually made. ELSASSER 
(1960) gives k = 1  in equation (4). However, 
there is by no means universal agreement on the 
value of k. For example, KONDRATIEV and 
NIILISK (1960) give k =0.5 and HOWARD, 
BURCH and WILLIAMS (1956) give k = 0.6 for 
a “weak fit” and k =0.72 for a “strong fit” in 
the 6.3 micron water vapor band. The value of 
k is not of great importance if most of the 
absorption takes place at  relatively high pres- 
sures in the troposphere, but it becomes of con- 
siderable importance if most of the absorption 
takes place at stratospheric pressures of less 
than 100 mb. For example, in the case described 
above for a saturated stratosphere a ATBB== 
10°K was calculated using k = 1. A second cal- 
culation was made under identical conditions 
of temperature, pressure, and water vapor, but 
using k = 0.5. This calculation yielded a ATBB = 

23°K. 
There is some doubt as to the validity of 

using the reduction equation (4) in the region 
under consideration. Throughout our calcula- 
tions, we ignored the temperature dependence 
of the absorption line intensities and assumed 
that atmospheric aerosols played no part in the 
transfer of radiation. 

Without attempting at  this time to probe 
further into such questions as the theoretical 
aspects of the pressure and temperature depen- 
dencies, the validity of equation (4), the pos- 
sible roles of other absorbers, and the question 
of scattering by clouds in the infrared, we shall 
merely state that a need for additional theore- 
tical as well as experimental studies of radiative 
transfer at high altitudes is indicated before 
measurements in the lower stratosphere of the 
type discussed above can be interpreted with 
confidence. 

Tellus XVI (1964), 4 
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7. Concluawns 

The radiation maps of Hurricane Anna show 
that a severe storm of this type stands out 
clearly in all three of the infrared channels, and, 
in the daytime, also in the two solar channels 
of the TIROS medium resolution radiometer. 
The ability of the window and solar channels 
to track an intense storm system to a good 
degree of accuracy is demonstrated. 

A detailed quantitative review of the ability 
of comparative measurements in the window 
and water vapor absorption channels to infer 
stratospheric water vapor content shows that 
the proposed method does not appear as promis- 
ing as it did initially when the method was in- 
vestigated qualitatively ( BANDEEN, CONRATH, 
NORDBERG & THOMPSON, 1963). Although the 
principle of inferring stratospheric water vapor 
content over very high clouds remains valid, 
meaningful inferences at this time are precluded 

pending further investigations and work in a t  
least five areas of uncertainty: namely system- 
atic errors due to degradation of the instru- 
ments during flight, random errors due to noise 
in the telemetered signals, incongruities between 
the response fields of channels 1 and 2, nonvali- 
dity of the assumption of the “blackness” of 
clouds in the atmospheric window, and the 
uncertainties of radiative transfer theory aa it 
applies to our calculations. 
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