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PREFACE 

This publication covers most of the work performed under Contract NASw- 
65 from 1958 through 1968. Due to the multiplicity of activities pursued during 
this period, the report does not contain all scientific papers completed. We 
feel, however, that the two secF3ns of this report-(1) technical articles, and 
(2) abstracts-provide an adequately comprehensive view of the past ten \ears1 
activities. A l l  papers not contained in this publication have been previously 
issued in special contract reports or published a s  theses or papers. 
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INTRODUCTION 

This contract, over the last ten years, has .=en as varied and 'nteresting 
a s  the development of meteorological satellite sensors and applica- 
tions. Many individuals a t  the University of Wisconsin, NASA, and other 
agencies have participated and cooperated in our research efforts. A l l  of these 
efforts and the related expenditures have provided: 

1. The first radiation measurements from a meteorological satellite 
(Weinstein and Suomi) 

2. The first application of these data to studies of atmospheric 
energetics (Shen and Suomi) 

3. The first measurements of the earth's planetary albedo and radiation 
budget during a seasonal period (House) 

4. The £irst multi-annual study of the earth's radiation budget for all 
seasons Wonder Haar). 

A l l  of these results, and many ctkrs, were possible because of the excel- 
lent engineering and data reduction support provided by my co-investigator, 
Professor Robert J. Parent, and his staff. To these individuals and to my 
students and colleagues in the Department of Meteorology, I extend my thank- 
ful appreciation. 

V. E. Suomi 

vii 
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The use of sun glitter to study the slope statistics of the sea  was suggested 
and explored by Cox and Munk [l,  21. Thek basic idea can be summarized a s  
follows. If the sea surface were entirely calm, then an overhead observer would 
see  a single, mirrorlike reflection of the sun a t  the horizontal specular point, 



The sea, of course, i s  never mirror flat, but due to the short wavelength of 
light, can be considered a s  constructed from many small facets, each with i t s  
own inclination. The farther a facet is from the horizontal specular point, the 
greater is the inclination required to reflect light toward the observer. The lo- 
cation of the reflected light source can therefore be interpreted a s  a certain 
sea slope, and the average intensity of the light coming from this location can 
be interpreted a s  the frequency with which this particular slope occurs. 

Cox and Munk estimated sea- slope distributions using sun glitter photo- 
graphs taken from an aircraft. They also suggested an empirical relation be- 
tween the variance of the slopes and the surface wind velocity. 

With the advent of the ATS-1 synchronous satellite, the sun glitter has 
appeared a s  a major phenomenon on the photographs received daily from the 
spin- scan camera. 

- The purpose of the present work is to adapt the Cox-Mmk technique to 
pictures taken from a much larger altitude, by a synchronous satellite. The 
main modification involves the use of a sequence of photographs of a limited 
area (taken over a time period) rather than a sinule photograph of the whole sun 
glitter area. 

Such data from the satellite were used to calculate tk.2 slope distribution, 
and from it the wind velocity, for the locations of Palmyra, Fanning and Christ- 
mas Island, on the 16th and 19th of April, 1967. The calculated values were 
compared to direct wind measurements obtained a t  these locations during the 
"Line Island Experiment" [3]. 

Utilizing the data from the scanning type electronic camera, i t  was possible 
to by- pass the highly de~rading photographic and photometric processes and to 
do a l l  the quantitative wc.rk on the received video signal. - 
The Svnchronous Satellite a s  the Observer 

In their work, Cox and Munk photographed the sun glitter from aircraft elti- 
tudes, and studied the slope distribution from a single photograph. This was 
done by identifying each location within the glitter with the specific sea slope 
which would cause reflection a t  that location. 

The basic assumption involved in using different locations within a single 
glitter is that the statistical characteristics of the sea surface are essentially 
constant over the whole area of the sun glitter. When tne photograph is taken 
from an aircraft this assumption is true. However, when the photograph is 
taken from synchronous altitude (35,783 km), the sun glitter covers a circle 
whose diameter can exceed 3000 km, and with regard to such a large area the 
above basic assumption is no longer plausible. 



This point is brought out in Figure 1, which shows a sequence of six photo- 
graphs of the same portion >f the ocean (5' N- 15" N and 160" W-270" W), taken 
at intervals of about 23 minutes. The sun glitter is apparent in all  the frames, 
and i t s  shift to the west can be clearly seen. Note the calm area of the ocean 
which appears a s  a dark area in the midst of the sun glitter in the second frame. 
In the third frame this area already includes thz horizontal specular point of re- 
flection, and the light intensity reflected from part of i t  is greater than tire 
light scattered from the clouds. In the last frame the specular point of reflection 
has moved outside the calm area and the sun glitter ends sharply a t  its edge. 
Thus, Figure 1 shows that the sea  roughness may vary considerably over the 
glitter large area. But we also note that the shape of the calm area did not 
change appreciably in the two-hour period between the first and the last frame. 
This leads to an alternative assumption, viz., that the statistical characteris- 
t ics of the sea surface a t  a fixed point in the open ocean does not vary appre- 
ciably over a period of several hours. 

Recalling that the synchronous satellite is in a fixed position relative to 
the earth while the horizontal s p c u l a r  point of reflectiorr shifts with t i m e  from 
eas t  to west, we see  that this assumption allows us to  adapt the Cox-Munk 
technique to  the case of observation from a synchronous satellite. Specifically, 
the values of light intensity reflected towards the satellite from a fixed point 
at different times, can be interpreted in terms of the sea slope distribution 
around that point. 

The Satellite. The Points of Reflection and The Sun Submint 

The ATS-I Satellite is positioned over the equator a t  about 150' Wrst  
Longitude. From a height of 35,783 km, i t s  spin-scan camera [4, 51 usually 
observes the portion of the earth bounded by 70"W and 236" W, and by 52.5" N 
and 52.5"s. This area is scanned by 2018 horizontal (west to  east)  lines. The 
optical resolution is 2. 0 nautical miles when the telescope is pointed straight 
down. The normal down scan takes 20 minutes acd the retrace an additional 
Z minutes. The optical system bandpass is 4750A to 6300A. The camera video 
output i s  linear within + 270, up to the i!.tensity of 10,000 foot larnberts. 

The data a t  the ground sta5on was available i n  three forms: a s  pictures, 
on analog tape and on digital tape. On the digital tape, the maximum intensity 
was divided into 250 units, and each line into 8192 picture elements, of which 
the limb distance of an equatorial line occupies 7128 picture elements. 

Accurate techniques were derived for navigation on the pictures [ 6 ] .  This 
work utilized the simple method of two landmarks-Baja, California and Hawaii- 
which were not overcast on the specific days used for analysis. The accuracy 
achieved with this method was better than 50 miles. 





The points of reflection in our study corresponded to Palmyra Island 
(50" 53'N, 162'0StW), Fanning Island (3" 54'N, 159" 23'W), and Christmas 
Island (1 " 55'N, 157 201W). Actual wind measurements were obtained on these 
three islands during the "Line Island Experiment. " 

On the 16th of April, 1967, the sun subpoint traveled along the 10' N lati- 
tude, and on the 19th of April, along the 1 1 ' N. The exact longitude and lati- 
tude of the sun subpoint a s  function of time, were obtained from the Air Alman- 
a c  [7]. 

The Geometry of Reflection 

To apply the method, we need an  answer to the following geometrical ques- 
tion: given t!!e longitude and latitude of the sun and the synchronous satellite 
subpoints, and of the point of reflection, what is the tilt magnitude and direction 
and the angle of incidence, a t  that point of reflection? 

To derive the necessary fonnulae we shall use the following notation 
(Figure 2): 

0 - The center of the earth 
S - The sun subpoint 
A - The synchronous satellite 
P - The point of reflection 
i - An index taking values S, R, or P 

Qi - The point created by the surface and a vector parallel to i and 
N 

starting a t  0 
8i - Latitude of i (or of Qi) 
+i - Longitude of A - longitude of i (or of Qi) 

r - The tadius of Earth 
h - The synchroncius altitude 
i - Vector between the satellite and the point of reflectios - 
n - The nornal required for reflection from P 
CV 

8 - The northward tilt a t  P 
4 - The eastward tilt  a t  P 
f3 - The magnitude of the total tilt a t  P 
o - The angle of incidence 

An elementary manipulation of rectangular and spherical coordinates yields the 
formulae : 

-r cos9 sin+p - 1 
+l = tan 

P 
h + r(l - cost3 cos* ) (1) 

P P 



Fig. 2: The geometry d reflection 

-r sinep - 1 
O1 = tan 

[fi+r12 - 2r(h+r) coso COS+ + P ci)s2e ] l/z 
P P P 

and 
cose sin$ + cose sing - 1 1 1 s s + = tan 

n cose cosgl + cases C O S + ~  1 

- 1 sine + sine 
en = tan 

1 S 

[cos2 e1 + cos2 e + 2 c0se1 case COS(+ -+ )] 1/2 
S S 1 s 

A t  the point of reflection the tilt in the east  (or g) direction is given by 

and the tilt in the north (or 0) direction by 



8 = O n - 8  
P 

(6 1 

Recalling that 4 and 8 are orthogonal, we get for the total tilt magnitude 

p = tan-' [tan' B + tan' +] 1/2 

and the angle of incidence is given by 

-1 
w = tan [tanz (8,-8,) i tan' I+,-+,)] 1/2 

If both the point of reflection and the sun subpoint are near the satellite s u b  
point, i. e., i f  all 0 and 4 values are small, the above equations can be 
approximated by the simplified formulae: 

Slom Robabilitv and Liaht Intensity 

Cox and Munk [ l ,  2 )  and Cox [8] have shown that the probability density 
P of the slope (determined by the location) is related to the received intensity 
J, from this location, in the fo1lov.-ing manner: 

where: H - the solar energy flux per unit area of beam 
w - the angle of incidence 
p (o) - the reflection coefficient 
p - the slope magnitude 
A - the telescope effective area 
p - the telescope Elt from nadir 

They have calculated p (w) for sea water to be: p (w) = 0.020, 0.021, 0.060 and 
1.00 for (respectively) w = O', 30', 60' and 90'. 

In our system (fixed satellite and single point of reflection), the angle p 
is constant. For the case of small angles, w is less than 30 degrees and 
therefore p b )  is also essentially constant. Therefore, the term in brackets 



in Eq. (1 3) d ~ e s  not vary with t ime,  and the only variable correction is 
cos4 p. 

J3ac;caround Liaht 

In addition to the sun glitter two other sources of radiation have to be 
considered. Cox and Munk pointed out two of them, (1) the skylight reflected 
a t  the sea surface, and (2) the sunlight scattered by particles beneath the sea 
surface. Rozenberg and Mullamaa [9] pointed out another source, (3) the 
scattered light in the air column separating the satellite from the water surface. 
Undoubtedly there are more contributors to the background light. 

T'ne sources (1) and (2) were studied by Cox and Munk, who found that 
their contribution depends mainly on the angle between the vertical and the 
veztor from the point under analysis to the observer. In the case of an observer 
on a synchronous satellite this angle is fixed. 

Some idea on the contribution of the scattered light in the atmosphere (3) 
can be received from the maps of Sekera and Viezee [lo] even though they as- 
sume the satellit& a t  infinity. We will use the maps calculated for the case 
of a planetary surface that absorbs all  the incident radiation (A = 3); i. e., 
when the only return is from scattering in the atmosphere. Those maps indicate 
only slight variations in the intensity of the scattered light in the vicinity of 
the satellite subpoint, a s  the sun subpoint shifts away, a s  long a s  the angular 
distance between the sun and the satellite is smaller than about 40 degrees. 
For our small angles case, we can t\erefore assume this contribution to be 
constant. 

The above indicates that the background light can be estimated by measur- 
ing the radiation received from the point when i t  is outside the sun glitter 
l im i t s .  

The camera oil the ATS- 3 Satellite [ 1 11 has three channels: Blue (. 38-. 48 
micron), Green (. 48-. 58) and Red (. 55-. 63); the respective background intensi- 
ties were related to each other a s  5: 6: 2, when calibrated for equal reflection 
from cloud tops, Thus, for reducing the background light, the red channel data 
is the best choice. 

There is of course no way to study the sun glitter in the case of overcast. 
However, in the case of scattered clouds, our method (since it is based on 
measurements a t  a single point) can be used to study the wind velocity in any 
neighborhood within which a clear area of the size of the telescope resolution 
can be found. 



The Slow Distribution 

Cox and Munk found that the slope distribution is "almost" like a two- 
dimensional Gaussian (normal) distribution, the "almost" standing for peaked- 
ness a t  the probabilities of the small slopes, and skewness toward the upwind 
directed slopes. To simplify our discussion we wiil assume the slope distribu- 
tion to be Gaussian and with zero mear.. Thus i f  c is the slope toward the 
crosswind direction and u toward the upwind direction, their probability 
density is given by 

where m e u  are the standard deviations of c and u, and r is their correla- 
tion coefficient. 

Cox and Munk found that r is close to zero, i. e. , c and u are approxi- 
mately independent. In this case the c and u axes are the principal axes of 
the ellipses of constant density (fig. 3). EIowever, they will not in general 
coincide with the north (8) and east  (6) axes, i. e., 8 and t) will be jointly 
normal but correlated. 

Fig. 3: The probability space of the two dimensional nonnal distribution of 
the waves slope. 

C - slope in  the cross wind direction 
u - slope in the upwind direction 
+ - sbpe in the East direction 
e - slope in the North direction 



The sun glitter scan over a fixed point in the ocean may be considered 
equivalent to traversing the slope probability plane along a certain path. Note 
that in equations (9) and (10) the only variable (with time) is the longitude of 
the sun subpoint +s. For the small angles case, we see that only + varies 
with t i m e  while 8 remains constant. Our path in the slope probability plane 
is therefore a line 8 = const. and the density P measured using (13) is (up to  
a constant) the coiditional probability density 

Tnis density is also normal, with the mean 

and the standard deviation 

where r is the correlation coefficient of + and 8. 

Cox and Munk found Linear relations between the wind velocity W and the 
variances a s  follows: 

where u is in radians and W is the mean wind in  meters per second (measured 
41 feet above the sea surface). Other relations of this type by Cox and Munk 
for sea  covered by slicks, have received support from other works [12]. 

It can be shown (ignoring the anomaly of r #a at  no wind) that 
C U 

Using (18), (19) and (2 1 ) we get that r < 0.2 up t o  average winds of 10 
m/sec. (This was the case  99.67% of the time, on the three islands during 
March and April. ) This and the small 8 rules out any chance to  use (16) a s  
a clue for the wind direction. It a l so  means that ,(i7) will reduce to: 



Equation (22) indicates that a s  could be seen intuitively at  the begin- 
ning of this section, our method estimates the distribution of slopes in the 
East- West direction. We do not usually know whether this direction coin- 
cides with the upwind or crosswind direction, or with any other direction 
between the two. We, therefore, cannot use only one of Cox and Munk's 
linear relations between the wind velocity and the variance (Eqs. (18), (19)) 
but we must use the two of them together. This is done in Figure 4 where 
the lines represent the two linear relations and their uncertainty boundaries. 
The lack of knowledge about the wjnd direction expands the range of possi- 
ble wind velocities for each value of the slopes variance. 

Results 

The comparison between the calculated scalar winds and actual wind 
measurements were made on two dates (the 16th and 19th of April, 1967) for 
each of the three islands (Palmyra, Fanning and Christmas). 

The process of calculating the scalar wind involved the following steps: 

(1) Plotting those scan lines which include the sun gktter, from a 
sequence of consecutive pictures. 

(2) Navigating on each picture to find which line and picture element 
represent each island location. (There were apparent variations in 
the line number, between consecutive pictures, because of the 
spacecraft variable pitch.) 

(3) Plotting the intensity J a s  a function of time. 

(4) Converting time to corresponding East directed tilt 6, using 
Eq. (9 ) .  

(5) Subtracting the background light. 

(6) Finding p from (1 11, and applying the corrections cos4 p (1 31, to 
get values of the probability P (up to a constant). (This correction 
was significant only in cases where the latitude of the reflecting 
point was far from the latitude of the horizontal specular line of 
reflection. ) 

(7) Finding the standard deviation of the probability curve. 

(8) Finding the range of possible wind velocities from Figure 4. 



In Figure 5, some of these steps are illustrated foi two cases: Palmyra 
and Fanning, 16 April 1957. The records on the right side of Figure 5 are 8 
scan lines over the latitude of Fanning Island, taker, in intenrals of 23 minutes, 
the longitude of the island is marked by the vertical line. These & intensities 
yield the normal curve shown in the siddle. Similar procedure i s  shown also 
for Palmyra Island. 

The calculated standard deviation results are plotted against actual wind 
measurements, a s  points, in Figure 4. The numbers in  brackets near those 
points indicate the measured wind direction relative to the eas t  west direction. 

Except for one of the c points which is only 5 degrees from the E-W direc- 
tion and therefore should have been closer to the a: line, all  other points are 
within the limits suggested by Cox and Munk. 

Conclusion 

Our work shows the feasibility of studying the east-west component of the 
waves1 slope distribution from a synchronous satellite by using the sun a s  the 
radiation source with i t s  movement, relative to the earth, a s  a scanning 
mechanism. 

Using Cox and Munkls [l, 21 linear relation between the variance of the 
wavesw slope and the wind velocity, i t  was possible to  calculate scalar wind 
velocities in the area of the sun glitter and to compare them to actual wind 
measurement taken on the ocean. These comparisons revealed that the enormous 
height of the obsenrer did not degrade the accuracy of the observation. When 
the wind direction is given, the accuracy of the calculated wind velocity is a s  
good a s  if the sun glitter is studied from aircraft altitude, i. e., + 1 m/sec. 

In the course of this work, it became more and more evident that the sun 
glitter is a strong and reliable source of radiation that should be studied 
instead of being avoided. In addition to the geometry of the sea and surface 
wind velocity, much can be learned about the atmosphere above the sea, siiice 
this radiation has crossed the whole atmosphere twice, and the trip is rc.:corded 
in its spectrum. 
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ABSTRACT 

Bidirectional reflectance of solar radiation vs. scattering angles 
from snow and cloud surfaces are found markedly different. The vari- 
ation of bidirectional reflectance with scattering angle depends on 
cloud thickness. Infrared temperature data obtained from the same 
region is used in  conjmction with these observations to  provide 
information on characteristics of clouds located above snow surfaces. 

a. ?- 

Capt., Air Weather Senrice, USAF, Det. 7, Fifth Weather Squadron, APO 
San Francisco, California 96296. 



Nimbus 11 Medium Resolution data from consecutive orbits over 
Greenland on 19 iune 1966 are used to illustrate how such data pro- 
vides information on clouds above snow surfaces. 

A major portion of the polar regions has only a sparse network of meteorol- 
ogical stations. Because these areas are often the source of weather systems 
that affect the middle latitudes, weather satellites, particularly the Uimbus 
system with its polar orbit, provide a valuable souce  of meteorological data. 
Previous research (Popham and Sarnuelson (1965)) has shown the feasibility of 
employing satellites for the acquisition of meteorological information from 
polar areas. 

One of the problems encountered by the analyst interpreting photographs 
obtained from weather satellites over polar regions is the determination of 
clouds above a snow or ice background. The use of multi-channel medium 
resolution radiation data from a single orbit offers a partial solution to the 
problem, a more complete solution is rendered fensible i f  data from the same 
region is obtained from several orbits. 

The purpose of this case study is to illustrate how bidirectional reflectance 
of solar radiation taken in conjunction with long wave radiation emitted by the 
surface and clouds permits one to differentiate clouds from saow or ice back- 
grounds. Furthennore this procedure also permits i n h e n c e s  to be drawn regard- 
ing the type of clouds o b s e d ,  and their approximate altitude and thickness. 

Data Acquisition 

The Medium Resolution Infrared Radiometer (MRIR) on board the Nimbus 11 
satellite is designed to measure radiation emitted and reflected by the earth 
and its atmosphere. The following channels provided data employed in this 
study: 

Channel 2 (10 to 11 microns)-This channel measures surface or n e a r  
surface temperatures over clear portions of the atmosphere; i t  also provides 
cloud cover information. 

Channel 5 (0.2 to  4.0 microns)-This channel yields information on the 
intensity of the solar energy reflected from the earth and its atmosphere (Nim- 
bus I1 Users Guide (1966)). 



Definitions 

The quantity measured by channel 5 of the radiometer is the solar radiance 
reflected from the earth. The bidirectional reflectance, p t ,  i. e., fraction of 
radiation incident from direction (80, + o )  which is reflected in the direction 
(8, b) ,  can be de~ ived  from such measurements by letting: 

where N l ( e ,  +) is the reflected spectral radiance in units. watts ~ r n ' ~  sterad'l 
micron-1, H s X ( O o ,  +o ) is solar spectral irradiance with units, watt cm-2 micron-l 
and Qh is the spectral response or channel 5 of the radiometer. Baflman (1967) 
hss  presented an extensive discussion of the measurement and interpretation of 
bidirectional reflectance obtained from Nimbus I1 sensors. The bidirectional 
reflectance depends on the scattering angle, p, defined by 

cos p = sine, sine- cos(+ - 44, ) - coseo. cose ( 2 )  

where 8, is the zenith angle and +, is the azimuth angle, measured coun te r  
clockwise from north, for the incident radiation. The zenith and azimuth angles 
of the reflected radiation are 8 and + respectively. 

Area Studied 

In order to illustrate how bidirectional reflectance and temperature data 
obtained from satellites can be analyzed, a polar area covered fairly homogen- 
eously with snow and a variety of clouds was required. It was also necessary 
that data be available for the ssme region from two successive orbits. Since 
radiation data was available +or only the summer months, the Greenland area 
was selected. 

An ice cap covers 85% of Greenland; only a narrow zone around the coast 
remains uncovered. Snow is received throughout the year on the higher por- 
tions of the ice cap. Surface melting takes place a t  elevations below 2000 
meters (Project Mint Julep (1 954)), nowever most of the ice cap expanse is 
above this altitude. The ice cap therefore serves a s  a homogeneous surface 
whlch reflects solar radiation and emits terrestrial radiation. 

Data 

Gridded maps of digital data from MRIR channels 2 and 5 employed in this 
study of Greenland were obtained from Nimbus 11 orbits 468 and 469 which 
occurred on 19 June 1966 (Nimbus I1 Data Catalog: Volume I (1966)). Far orbit 



468 the data time period was 1 1 1 5 to 1 123 GMT, whereas for orbit 469 i t  was 
1300 to J 09 GMT. The data obtained from orbit 468 and 469 by sensor channel 
5 are shown in. Figure 1 and 2, respectively. Since data obtained from channel 
2 during the two orbits was virtually identical, i t  is sufficient to show the 
infrared temperatures obtained during orbit 468 in Figure 3. The shaded areas 
shown in Figure 4 are believed to be cloud-covered for reasons cited in a later 
section. 

Results and Discussion 

Snow Characteristics 

In order to compare bidirectional reflectance obsenred from a satellite to 
measurements obtained nearer the ground, the role of the intervening atmosphere 
must be considered. The optical thickness of the atmosphere attributable to  
molecular scattering, TRJ and serosol scattering, TM, for wavelengths 0.26 
to 4 . 0 ~  were obtained from Elterman (1 965). These values were then multiplied 
by the weighting functions Hsk and iPh such that a mean optical depth of the 
atmosphere is 

where these quantities are defined in Eq. (1). 

The tables of Coulson e t  al. (1960) were employed to determine the varia- 
tion of bidirectional reflectance with the zenith angle of observabon, 8, the 
solar zenith angle go and optical thickness T' for an atmosphere of Rayleigh 
scattering particles. This procedure is somewhat inaccurate because the aero- 
sol does not scatter radiation by Rayleigh's law; however, no tabulation com- 
parable to that of Coulson e t  al. is available for an aerosol-laden atmosphere. 

Utilizing the solar zenith angle, O0 = 53', and azimuth angle of observa- 
tion, (4- +0) = 90°, simulating those actually encountered in this case study, 
and surface albedo A = -80, (the largest A considered by Coulson e t  al. ) 
values of bidirectional reflectance above the atmosphere obtained for various 
radiometer zenith angles, 8, are shown in Figure 5. It can be seen from these 
curves that when 0 < T' < -02, variations of bidirectional reflectance due to 
variations in opticalwthic&ess are less than 0.1%. 

The computed bidirectional reflectance, p ' = .48, differs from the bidirec- 
tional reLzctances measured w e r  snow surfaces, p' = .64. This difference 
can be attributed to the approximations employed in these computations: Only 
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Fig. 1.  Nimbus I1 M. R. I. R. channel 5 bidirectional reflectance ('70) for orbit 
168 (June 19, 1966: 11 15 to 1123 GMT). 
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Fig. 2. Nimbus I1 M. R. I. R. channel 5 bidirectional reflectance 6) for orbit 
469 (June 19, 1966: 1300 to 1309 GMT). 
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Fig. 3. Nimbus I1 M. R. I. R. channel 2 infrared temperatxres ('C) for orbit 468. 
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Fig. 4. Height contours of Greenland in metars with cloud area shaded. The 
dashed line is the locus of points for which p has the same value for 
both orbits. 



Fig. 5 .  Theoretical bidirectional reflectance (%) a s  a functio.1 of optical thick- 
ness (7') for various observational zenith angles ( 8 ) .  Solar zenith 
angle (eO = 53" ), ~baenrational azimuth angle (+ - +, = 90' ), and sur- 
face albedo, A = .80 . (Coulson e t  al. (1960)) 

calculated radiances for pure Rayleigh atmospheres were avsilable. The tables 
of Coulson e t  al. only presented data fcr an albedo ( .80; this albedo is less  
than that measured over relatively fresh snow surfaces (h-oject Mint Julep: 
Part I1 (1955)). The surface was assumed to  be Lambertian by Coulson e t  al. 
(1960), whereas aged snow surfaces are somewhat specular reflectqrs. 

From this exercise i t  is concluded that the angular dependence of bi- 
directional reflectance i s  probably characteristic of the reflecting surface and 
not of the intervening cloudless atmosphere. 

The bidirectional reflectance of the ice cap depends on the surface compo- 
sition. The Mint julep Project showed that bidirectional reflectance has maxi- 
mum values over the fresh snow surfaces with values decreasing slowly down 
the ice cap s l o p s  as more ablation occurs. Minimum values nzcur at  the 
coastal regions where tundra and rock are exposed during the summer season. 



The effect of surface inclination on bidirectional reflectance values i s  evi- 
dent in both Figures l and 2. The satellite approaches the eastern and southern 
Greenland coasts respectively with i ts  MRIR scarlning perpendicular t o  the satel- 
lite orbit; the corresponding solar azimuth angles are +, = 57" and 33" respec- 
tively. Scrutiny of these figures shows that the bidirectional reflectance iso- 
pleths tend to follow the height contours in regions other than those shaded in 
Figure 4. 

The dashed line of Figure 4 traces areas from which solar radiation i s  re- 
flected to both satellite orbits by the same angle p namely 11 0" d p 5 112". 
The gradients of the ice cap elevation, determined from Air Force Operational 
Navigation Charts, were measured a t  points of the dashed line of Figure 4 i n  
the directions which bisect the azimuthal separation between the incident and 
reflected radiation, i. e. , ( - + 2 Positive gradients are those inclined 
toward the satellite orbit and the sun, negative gradients are those inclined in 
the opposite Wse .  The effect of surface inclination or bidirectional reflectance 
is shown in Figure 6. The dashed lines connect data obtained from the same 

Fig. 6. Varistion of bidirectional reflectance a s  a function of the elevation 
grhct?nt measured in the direction which Wsects the angle between 
the solar azimuth and MRIR scanning azimuth. Negative gradients are 
inclined away from +he incident solar intensity and MRIR. Points 
obtained from the same area are connected by dashed lines: 
orbit 468 ( ), orbit 469 ( r ). 



area a s  i t  was received a t  the two satell i te orbits under consideration. It is 
evident that the bidirectional reflectance i s  lowest when the ice cap  is inclined 
away from the sun and the satell i te.  These results are consistent with data 
cited by Kondrat' yev (1965). The dependence of the bidirectional reflectance 
on the known inclination of the ice  cap aids  i n  the identification of cloud 
covered regions. 

The bidirectional reflectance values from three typical horizontal snow 
aroas are shown in  Figrue 7 a s  a function of the scattering angle p defined i n  
Eq.  (2). These values are in the 60% to 66% range and show little variation 
with scattering angle for 11 0" < p < 135". Although these data extend over 
only a limited range of zenith of observation, Bartman (1967) found that 
fresh snow surfaces exhibit relatively cons tmt  bidirectional reflectance over 
this range of scattering angles. 

In agreement with climatological data, Figure 3 shows that the temperature 
of the snow surfaces exhibit the tendency to follow the topograp.lic features of 
the ice  c a p  and coastal  areas.  The infrared temperatures measured by ihe 
channel 2 sensor range from -15°C in  the central portion of the ice cap  to  -5°C 
near the e ~ i g e s .  

Fig. 7. Bi 
scattering angle: orbit 468 ( ), orbit 469 ( A ). 

surfaces vs.  



Cloud Characteristics 

The shaded areas of Figure 4 me believed to be cloud covered for reasons 
cited below: 

The bidirectional rzflectance values of cloud area A shown in Figure 1 
range from 38% in the c e n t r ~ l  portion of the cloud mass to 60% near the edges. 
Unfortunately bidirectional reflectance data for most of this cloud area were not 
available &om orbit 469 shown in F i ~ u r e  2. 

Infrared temperatures are in the -30" C to  -35°C range for the central par- 
tion of the cloud m ss increasing gradually to - 10" C to -15" C near the edges. 
The structure of ''re underlying surface is such that decreasing bidirectional 
reflectances snr ~ r l c r e a s i ~ g  temperatures would be expected from the ice cap 
toward the coast. The opposite sequence is observed, sugg.?stix that this 
cloud alva is high and relatively thick (cirrus). 

The bidirectional reflectance of cloud area B ranges between 55% and 60% 
in Figure 1 and 62% to 64% in Figure 2. This cloud occurs above a portion of 
the ice cap where the scrface is tilted away &om the incident solar radiatici~ 
during both orbits. Because the bidirectional reflectance values continue to 
dec-.ease down the slope of the ice cap, the inference is made that the surface 
characteristics show through the cloud. Figure 8 shows that the bidirectional 
reflectance values of cloud Bincrease only slightly with scattering angle in 
the "fogbow" region (120" < p < 160"). The bidirectional reflectance variation 
approaches that of the und&lyi"ng snow surface; the clcrlds in area B are there- 
fore assumed to  be thin or scattered in cmerage. 

Figure 3 shows that the temwratures for this cloud area are 5" C t o  10" C 
colder than those of the snow surface. k c a u s e  these temperatures are a blend 
of surface and cloud temperatures, this cloud area is most probably scattered 
to thin broken cirrus. 

The surface below cloud a-rea C extends from the higher elevations of the 
sncw-covered ice cap to the coastal region where exposed rock and tundra 
areas preaominate. The bidirectional reflectance values of Figure 2 s e e m  con- 
sistent with the essurnption of cloudfree conditions and a tundra surface. HOW 
ever, the values observed during orbit 469 differ markedly from those observed 
in orbit 468: Whereas a minimum zone of 3G% bidirectional reflectance was 
observed durina orbit 468. a maximwrr zone of 68% is observed durina orbit 469. 
The change in bidirectional reflectance is consistent with the observations of 
Bartman shown in Fig. 8. This measurement suggests that the clouds in area 
C are sufficiently thick so  that the reflectance of the underlying su-face is not 
apparent . 

Figure 3 shows that the temperature patterns of cloud area C are about 5" C 
to 10" C colder than would be expected under c l e a r  sky conditions. The 
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Fig. 8: Bidirectional reflectance from cloud areas vs. scattering angle: 
orbit 468 ( ), orbit 469 ( b ), measurements by Barman (1967) ( x ). 
Letters refer to cloud area-, designation in Fig. 4. 

bidirectional reflectance indicates that this cloud layer is relatively thick; 
therefore this is probably a middle type cloud (alto cumulus); a blend of thin 
cirrus with midale clouds below could produce a similar temperature pattern. 

Conventional data verify that the latter situation exists. Sondrestrom Air 
Base, located under the western portion of cloud area C, rep~rted a broken 
cloud deck based a t  an estimated 9000 feet with broken cirrus above a t  the 
time of orbit 468. A radiosonde ascent in this area a t  1200 GMT inchcated a 
temperature of - 12" C at  the 590 mb inversion top, this agrees with the infra- 
red measurements near Sondrestrom shown in Figure 3. A temperature dew 
point spread of 8°C to 10" C was maintained to 400 mbs. 

The surface underlying cloud area D is snow-covered ice cap sloping 
toward the west and northwest away from the incident solar radiation. With 
cloudless skies the bidirectional reflectance values from orbit 466 should 
slowly decreas s toward the coastal regisns . Bidirectional reflectance dat:. 
from orbit 468 i s  missing along the northwest coast, and from both orbits nx th  
of SO" N. However, the remaining data show that the bidirectional reflectance 
increases with latitude; this is contrary to what would be expected from snow 



surfaces inclined away from the incident solar intensity. The southern cloud 
area D, had bidirectional reflectance varying in alternating bards from 58% to 
62% in orbit 468 and 6070 to 63% in orbit 469. The bidrectional reflectance 
variation with scattering angle of region Dl in Figure 8 is similar to that c h a r  
acteristic of snaw surfaces. 

Little contrast is noted in  the temperature patterns of the cloud area Dl 
shown in Figure 3. There i s  a tendency for the temperatur? and bidirectional 
reflectsnce values to align in bands parallel to the contours; this suggests that 
these clouds are solid and low rather than high and hroken. The northern cloud 
area D, exhibits a somewhat greater bidirectional reflectance variation with 
scattering angle and colder temperatures than the southern area Dl. This sug- 
gests that the low clouds extend inland from the Baffin Bay area in a north- 
easterly direction, becoming thicker toward the northern coast. This conclu- 
sion was confirmed by Thuie's report of status and fog to the south of their 
station a t  the t i m e  of orbits 468 and 469. 

Conclusions 

Figure 8 shows that for cloud areas where bidirectional reflectance data 
from consecutive orbits were available, the bidirectional reflectance exhibited 
changes in the "fogbow" region which are proportianal to the cloud thickness. 
The bidirectional reflectance of snow shown in Fig. 7 is relatively i n d e ~ n d e n t  
of scattering angle over the range of angles encountered in thls study. Because 
of this difference, the analysis of bidirecootla1 reflectance data from consecu- 
tive orsits in conjunction with temperature data permits inferences to be drawn 
concerning characteristics of clouds above snow surfaces. 
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APPENDIX - Satellite Observations of The Solar Constant 

ABSTRACT: 

More than 40 months of radiometric measurements from the first 
gensration meteorological satellites are used to describe the radia- 
hon budget of the earth-atmosphere system. The geographical and 
temporal variation of the energy exchange ..: tween the earth and space 
is examined with the aid of mean annual and seasonal maps, zonal 
averages and nean global values. 

Maps of the radiation budget components show that the lower 
l a b t ~ d e s  are characterized by radiation patterns which depart cm- 
siderably from the zonal mean value. These maps mark persistent 
features of the atmospheric circulation during each season which 
shouid be included in  numerical models that simulate atmospheric 
conditions. Radiation budgets of latitudinal zones, including the 
polar regions, are used to note areas where changing surface and 
atmospheric conditions modify the large-scale radiation budget, 
even though the dominant effect is due to seasonal changes in inci- 
dent solar energy. On a hemispheric scale, the measurements show 
that, despite the difference in surface features, the northerr. and 
southern hemispkeres have nearly the same radiation budget over 
the coiirse of one year. -' The mean annual planetary albedo was 
found to be 29% and the equivalent radiation temperature of the earth- 
atmosphere sys tem is 252" K. Over al l  time periods for which mea- 
surements were available, the net rae i~r ion  budget of the earth showed 
a small net gain, although t!e value is close to the limit of error in 
the measurements. When these new radiaiian budget data are com- 
bined with estimates of the other energy budget terms the net pole- 
ward heat transport required by balance considerations is derived. 

The study includes a complete error analysis and the satellite 
measurements compare well with the few available independent obser- 



vations. The same sensors used to obtain most of "he radiation budget 
data were used to derive a magnitude of the solar constant equal to 
1 . 9 9 k 0 . 0 3  c a l .  cm-2 . min-l. 

INTRODUCTION 

Radiant energy exchange across the upper boundary of our earth-atmosphere 
system is the primary forcing function of large-scale atmospheric and oceanic 
circulations. For this reason, atmospheric scientists have for many years 
sought more knowledge about the magnitude of this energy exchange and its 
variations with time and location. The significance of such information has re- 
cently been demonstrated by House (1965). Using satellite observations, he 
has shown that because of a lower planetary albedo in  the tropical regions, the 
required poleward energy transport may be a s  much a s  40 percent greater than 
was estimated from earlier studies. More obsenrations of this type will give 
us a better indication of the driving force responsible for large-scale weather 
variations. 

In the past, studies of the earth's radiative budget were based on theoreti- 
ca l  calculations of tne uansfer of radiant energy through the atmosphere whose 
mean state and constituents were defined by available climatological data. One 
of the major difficulties that hindered these theoretical studies, the problem of 
radiative transfer in a cloudy atmosphere, stil l  exists today. A critical synop- 
sis on the earliest work of this kind was summarized by Lettau (1954) and some 
of the more recent studies are discussed by Budyko and Kondratiev (1964) and 
House 11 965). 

An immediate rreed for information about the earth's radiation budget has 
arisen because of the rapid development of numerical models of the atmosphere's 
circulation. These models do not require radiation observations a s  input param- 
eters, but any model that properly describes the variations of atmospheric con- 
ditions must contain a method to account for radiant energy tiansfer. Thus, 
such a model can yield com~uted values of the radiation budget a t  the top of 
the atmosphere over various intervals of t i m e  and for different locations. Be- 
cause measurements from satellite provide o b s e ~ e d  values of this same budget, 
average values of the observations, particulaily of the net radiation, are a good 
cantrol for the developing numerical models. With this in mind, the Committee 
on Atmospheric Sciences of the ICSUAUGG~ listed a s  one of five special areas 
of research to be emphasized in  preparation for a Global Atmospheric Research 
Program (GARP) ". . . studies of the global distribution of radiation balance (net 

' ICSU/~~JGG, Second Report of the IUGG Com. 2e on Atmospheric Sciences, 
15 September 1966. 



flux). . . " A more recent report2 reiterated this need by assigning a high priority 
to the task of obtaining a new radiation climatology. 

The purpose of the present study is to use an  extended time ser ies  of 
satell i te radiation measurerr.ents to determine the mean radiative budqet of the 
earth-atmosphere system a t  various locations and for different tiinc periods, 
and to  inves!.qate variation from the mean state.  

Late in 1959, the first successful obsenraiions of one component of the 
radiation budget (the infrared radiation from the earth) were obtained from sen- 
sors carried on the Explorer VII satell i te (Suomi (1958), Home (1965)). Several 
years later, sensors flown on some of the TIROS satell i tes obtained measure- 
ments of both infrared and reflected solar radiation from the earth-atmosphere 
system. These data were used by House (1965), Bandeen et sl. (1965), Rasool 
and Prabhakara (1967), Winston (1967) and others to  investigate the radiation 
budget over limited periods of time. Even during these time periods the data 
sampling was often quite limited and in  most ca ses  absolute - ~ a l u e s  of ',he 
solar radiation budget parameters could not be obtained. 

In the present ctudy some of the TIROS data will be combined with addi- 
tional satell i te measurements in  order to  describe the earth's radiation budget 
as observed from our first generation of meteorological satellites. Thus, fqL 
the first time we will be able t o  examine more than 40 rnonths ~f satell i te 
observdtions in  a single study. Bec:ause there were occasions when more than 
one satell i te was operating over the same areas  a t  the same time, i t  i s  possible 
to  intercompare these data to check on the absolute accuracy of the nieasure- 
ments. 

The available data may be separated into two time periods: 

a )  a period of intermittent observation: December 1933 - June 1963 

b) a period of continuous observations: June 1963 - November 1965. 

Excluding the Explorer VII values, a l l  of the measurements will be used t o  
derive mean values of net radiation, planetary albedo, and emitted longwave 
radiation on various spatial scales  ranging from global mean values to averages 
over a 10 X 10 degree lati t~de-longitude region. The lower limit was necessary 
s ince most of the radiation data were obtained from sensors with low areal 
resolution. Ekcause of the large data s ~ m p l e  now available, mean values of the 
radiation budget parameters will be presented for each of t l e  four seasons and 

' ICSUAYGG, WMO, COSPAH, Global  Atmos ~ h e r i c  Research Proaramme (GARP), 
Report of the Study Conference held a t  Stockholm, 28 June - 11 July 1967. 



for the annual case. This is possible because every portion of the year was 
observed in 3t least two different calendar years. In addition, selected aver- 
ages that represent the radiation budget during specific years, seasons and 
months will be discussed and compared with the mean values. 

The present study will determine the various spatial and temporal scales 
of the earth's gain in energy from the sun and i ts  loss of longwave radiation 
to space. These results are derived from observations from near-earth satellites. 
As such, they represent only the first stage of a continuous program now under- 
way that should vastly improve our understanding of the energy exchange between 
our planet and space, and of the rzsponse of our earth-atmosphere system to 
variations in that exchange. 

1. THE RADIATION BUDGET: A COMPONENT OF THE ENERGY BUDGE1 

Energy transfer by radiation is only one component of the total energy bud- 
get of the entlre earth-atmosphere system. The principle of energy conservation 
requires that the total energy budget must balance a t  every location and over al l  
time periods, but the radiative portion of any such budget need not do so. It 
is precisely this radiative imbalance which can be qeasured from a satellite 
that is meteorologically important on various spatial and temporal scales. 

Consider a column of unit cross-sectional area extenhng from the top of 
the atmosphere to a level beneath the surface (either land or ocean) where al l  
energy exchange i-1 assumed negligible. Starr (1 951) and others have developed 
the detailed expressions for the energy budget of such a system. In a qualita- 
tive form there expressions may be represented by the concept ot an energy 
balance equation where: 

ENERGY SOURCES + ENERGY STORAGE + ENERGY EXPORT 
(or SINKS) (or RELEASE) (or IMPORT) 

= 0 .  

Such a balance equation validly depicts the energy budget of any portion of the 
earth-atmosphere system. It does not, of course, represent the total eneruetics 
of the column since terms that describe the transformations (conversions) be- 
tween the various forms of energy are not explicitly included. 

The qualitative expression does demonstrate that any imbalance in the 
source and sink term must be compensated by a change in 'Lhe total energy 
content of the column and/or by lateral energy exchange with neighboring col- 
umns. One portion of the total source (sink) term is the radiative exchange 
across the upper boundary or the column. The present ;tudy provides new 
results about this one energy tlansfer term. 



1.1 The Radiation Budaet of the Earth-Atmosphere System 

A sketch of the raaiation budget of the earth-atmosphere system is shown 
in Figure 1. The balance or imbalance of this budget on any space or time 
scale is given by the value of the net radiation RNEA. Positive values show 
a net  gain of energy across the top of the atmosphere by radiative processes 
and the total radiation budget can be written as: 

where: 

I. = direct solar irradiance (cal,/cm2 min) 

A = the planetary albedo (%) 

H = infrared radiation from the earth-atmosphere system 
(cal,/cm2 min) 

The first term on the RHS of Eq. (6) equals the amount of solar energy absorbed 
in the earth-atmosphere system (i. e., Io(1-A) = Ha). N ~ t e  also that the 
product I$ = H r ,  the amount of solar energy reflected and scattered back to 
space from the earth's surface and the constituents of the atmosphere. 

Fig. 1. The radiiiti~r, budget of the earth-atmosphere system. 
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2. AVAILABLE SATELLITE DATA 

Although more than 40 months of sat ,llite observation! are used in the 
present study, they were obtained from three types of sensing systems: 

a )  low resolution hemispheric censors 

b) low resolution flat sensors 

c) medium resolution scanning radiometers. 

A s  seen in Figure 2, low resolution sensors provided most of the data (approxi- 
mately 30 months). They were flown on Explorer VII, Tims IV arid VII and on 
experimental satellites. In order to investigate a continuous time series of 
satellite radiation data commencing in June of 1963, this study a lso  includes 
12 months of data from NASA's medium resolution, five-channel scanning 
radiometer carried onboard TIROS VII. 

2.1  h d i a t i o n  Sensinq Systems 

2.11 Low Flesolution Sensors 

The principles of the iow resolution radiation budget sensors were first 
formulated by Suomi (1 958). On Explore1 VII and on the TIROE satellites, black 
and white hemispheres mounted on aluminized mirrors comnrised the sensing 
system. The design and construction of these sensors has been detailed by 
B. Sparkman (1964) and House (1965). Through the years 'he basic principles 
of this experiment have been applied to different types oi . - nsors, although 
t'le physical construction has been changed to meet t!!a ..: ;rilrements of various 
spacecraft and to provide more accurate measurements. Phe experine ~ t a l  satel- 
l i tes carried a heat budget system consisting of black and white fl-lt disc sec- 
sors. Improved versions of fiat sensors are now being used or&!. . -d the ESPA 
operetional satellites. 

Radiation bddget parameters (longwave radiation, albedo, and net radia- 
tion) are derived from the low resolution sensors by measuring the temperatures 
of the black and white sensors approximateiy every thirty seconds. These tem- 
peratures are used in energy balance equations that equate all  gains and losses 
of energy to  the sensors. The gains of energy by the sensors that are caused 
by direct solar radiation, solar radiation reflected from the earth-atmosphere 
system, and infrared radiatio.1 emitted by the underlying earth a n i  atmosphere 
are obtained by solution of the energy balance equations. These secsor energy 
gains are reduced to effective irradiance values a t  a standard level (30  Wlome- 
ters) by applying the approp~a te  geometrical relationships between the sensors 
and the radiation source(s). The techniques have been develomd in de:ail by 



SATELLITE RADIATION DATA 

Fig. 2. Cummary of satellite radiation data (other MRIR observations during 1901 
and after June, 1964 were not included in this study). 



House and Suomi, et  al. (1967). Low resolution sensors can be c;al:brated 
against the sun after lailnch. This i s  a significant adventage and is done each 
time the satellite passes in or out of the earth's shadow. It is used both a s  a 
check for degradation of the sensors' responses with time and to supplement 
laboratory calibration data needed to deduce the irradiance terms. These "in- 
flight calibration" procedures are also explained in the two references met- 
tioned above. 

2. 12 Medium Resolution Sensors 

A complete description of the medium resolution scanning radiometer is 
given by the NASA Staff Mnmbers (1904). This "beam" instrument had been 
flown on three satellites prior to TXROS VII and, ur-like the LRIR, was not de- 
signed primarily as  a radiation budget sensor since i ts  real resolution was suf- 
ficient for even mesoscale investigations and imagery. 

Data from this instrument were obtained from NhSA in the form of grid- 
point maps. These map values were smwthed and used to form sdasonal 
averages of diffuse albedo (reflectance) and longwave radiation in a rranner 
similar tc *at described by Bandeen et  al. (1965). The most important excep- 
tion to theri technique was that the MRIR albedo data wore not adjusted by a 
factor needed to obtain global radiative equilibrium on an annual basis (see 
Section 2.22). 

2.2 S ~ e c i a l  Characteristics of the Satellite Data 

Although tho data set  used in the present study is the most extensive 
available at t!!e present time, it differs substantially from an optimum system 
for measuring the earth's radiation budget a s  discussed by Godson (1958) and 
others. Ideally, measurements of the earth's radiation budget should be made 
by continuously recording, accurate solar and thermal radiation sensors posi- 
tioned over all  locations a t  the "top of the atmosphere. " In practice, the data 
used in this study w e r e  obtained from several sensors flown on different types 
of satellites, each having different viewing geometries (Figure 3) and orbital 
characteristics (Table 1). 

The results of this stwiy and their intercomparison with future studies are 
related to the special characteristics of the types of data that were used. For 
thls reason, the following sections contain a discussion of the coverage in 
space and time of the satellite observations and the adjustments applied to 
some of the data. 



Fig. 3. Simplified vif-wing geometries of the low and medium resolution TIROS 
radiation sensors. 

Table 1 

Satellite EXD. VII TIROS IV TIROS VII Disc i!UR 

Latitudinal - + 50' - + 50" - + 60" - + 85' 
coverage 

Longitudinal sporadic 360" 360" 360" 
coverage with gaps with gaps 

Local time 24 hr* 24 kr* 24 hr* 0900-2 100 LT 
coverage 

Mpproxirna te orbital s y n d i c  cycles for Explorer VII, TIROS N, and 
TIROS VII were b5, 60 and 75 days, respectively. 

2.2 1 Coverage in Time and Space 

Data sampling distribution in space and time varied for each of the satel- 
lices. Some knowledge of this sampling pattern is necessary in order to inter- 
pret our results. Rados (1967) and Widger (1967) have recently discussed these 
problems in detail for tho TIROS satellites. WitMn the operational lifetime of 
any radiation sensing system, spatial coverage is restricted: 

a) in latitudinal extent by the inchnation of the satellite's orbit to the 
equator 



b) over some regions by a combination of onboard data storage capacity 
and ground station readout frequency 

c) over other aieas because d- ' J r5cording was not possible during the 
time of ground static~n rea J #.!t. 

Local-time sampling over a given location will vary i f  a satellite's orbit had a 
nodal precessicm that departs from - 1.0 degrees per day (i. e., departs from 
the rate and dhl=,.tion of the earth's course around the sun). This departure 
was a common cna~acteristic of the earlier satellite's arbits and 3s a result 
measurements at  a location were obtained at  all local times only during the 
course of one orbital synodic period. 

The sampling constraints mentioned thus far apply specifically to measure- 
ments of the infrared irradiance which are obtained during both day and night. 
Albedo measurements, and the net radiation values derived in part fram them, 
were obtained only when the satellites were over the solar-illuminated portion 
of the earth. Thus, an additional constraint was placed on the albedo calcula- 
tions in order to insure adequate illumination of the area viewed; no calcula- 
tions were made i f  the local solar zenith angle was greater than 70 degrees. 

A l l  of the spatial sampling problems noted above are evident on the maps 
of the radiation parameters obtained from this study. Restrictoras cjn the gross 
temporal coverage can be noted by comparing the albedo (daytime data) and 
infrared (day and night) maps. The samp1ir.g problems &scussed above can be 
summarized with reference to Table 1 as  follows: 

a )  Spatial sampling was limited primarily in the north-south direction by 
the inclination of each satellite's orbit. However, in all cases measure- 
ments were made between + 50' latitude and 18 months of pole- to- pole 
data are used. 

b) The available satellite data represent the two extremes of sampling i~ 
time. On one hand, the satellites in moderately inclined orbits 
sampled over all local times, but only during the course of a finite time 
period never less than 60 days. At the other extreme, some data o b  
tained from a near polar orbit was confined, over most of the earth, to  
only two local times. 

In section 3 the effect of imperfect sampling on the accuracy of the results 
is considered. 

2.22 Data Adjustments 

The MIWR albedo data from TIROS VII were the QI& values used in this 
study to which special adjustments were applied after normal data reduction 
had been completed. This was necessary because these data have a history of 



uncertainty arising from post-launch sensor deterioration (NASA Staff Kember 
(1964)) and because the "albedo" sensor measured only that portion of reflected 
solar radiation from 0. 55 - 0.75 microns. Two adjustments were made: 

a )  one so that the data were more representative of the total (0.3 - 3 micron) 
albedo 

b) a second adjustment s o  that the absolute magnitudes of the MRIR albedo 
values agreed with the albedo values obtained fi-,m the LRIR data when 
the sensors were viewing the same areas a t  the same time. 

In this study the MRIR albedo data were obtained from NASA. The correc- 
tion for degradation suggestod by the NASA Staff Members (1964) was applied 
to al l  the albedo (reflectance) values. However, the factor 1.60 used by 
Bandeen e t  al. (1 965) to adjust the albedo data s o  that global net radiation 
equaled zero was not csed in the present study. Instead, adjustment (a), based 
on the work of Bartman (1967) was applied to the "red" MRIR (0.55 - 0.75 mi- 
cron) albedo values to account for that portion of the reflected and scattered 
radiation (mostly in the blue region) not viewed by the sensor. The adjustment 
was limited to the lower range cif albedo values (i. e., to  relatively cloud-free 
regions); and the largest adjustment increased the MRIR albedo values by a 
factor of 1. 30. 

These adjusted MRIR measurements were compared with LRIR a l b e d ~  values 
obtained over the same regions during the same 5me periods. It was found that 
to force the LRIR and MRIR values t o  agree, each MRIR value had to  be multiplied 
by the factor 1 .  IS. Both Bartman (1967) and So1~;monson (1966) have suggested 
that a factor of this s ize may account for the error in the MRIR albedo +ata due 
to the isotropic assumption implicit in the data r~2zc t ion  technique. 

3 ACCURACY OF THE RADIATION DATA 

Before we can discuss the radiation budget results, the 3ccuracy of the 
albedo, longwave radiation and n e ~  rddiatic; values must be established. The 
"first generation" satellite sensors that providz the r..easurements summarized 
in  this paper were relatively simple instruments. The satellites did not carry 
active onboara calibration eqlApment- ana none 05 the sensors were recovered 
for recalibration in a laboratory. However, most of the data used in this study 
were obtained from low resolution secsors (LRIR) which were designed so that 
an  inflight calibration against the sun vtas possible twice each orbit. By using 
these special measurements a s  well a s  pre-launch laboratory tests  and com- 
parisons with independent measurements made over the same areas a t  the same 
times it was possible to obtain accuracy estimatas for the albedo and infrared 
radiation measurements. Thus, the complete error analysis prsceeded a s  
follows: 



1. Accuracy estimates were derived for the disc LFUR measurements. 

2. The MRIR data were examined by comparing them with disc LRIR data 
obtained over the same regions a t  the same t ime .  

3. Error estimates obtained by House (1965) were used for the hemispheric 
LRIR values. 

3.1 Albedo and Lonawave Radiation Accuracv Estimates 

3.1 1 Random Error 

The effect of random +?:: qr is negligible because the results presented in 
this study are values averaged over space and time. The smallest sample used 
to obtain an average (i. e. , the mean albedo of a 10 x 10 degree region during 
one specific season) was about 400 measurements. The largest amount of data 
(5 X 10' observations) were combined to obtain the mean annual net radiation 
budget of the entire earth. Because only such large samples were used, any 
random error arising from quantization of the satellite signal, noisy dam, etc., 
has been removed from the results. 

3.12 Bias Error 

A special kind of bias error may occur- in  satellite r a d i a t i ~ n  data. It is 
caused by deterioration of some part of the experimeilt due to exposure tc the 
environment of space. In the case of the disc LRIR such an  enor  can be 
caused by a drift in the electronics, by a change in the spectral characteristics 
of the sensors, or by physical damage to the experiment. Fortunately, these 
sensors' long-term stability can be checked each time the satellite passes in 
and out of the earth's shadow by observing their response to  the (constant) 
step function of direct solar radiation. The disc LRIR data used in  the present 
study were periodically checked in this manner and no apparent degradation of 
the black sensors was observed. The white sznsors did change response with 
time but the data reduction technique described by Suomi e t  al. (1967) was 
used to remove the effect of this degradation from the measurements used in  
this study. Thus, no bias error due to sensor degradation should be present in 
the disc LRIR data. 

Additional bias errors that affect the albedo and longwave radiation mea- 
surements may be categorized as: 

- 
a )  determinate bias error (i. e., an error whose magnitude and direction 

can be evaluated with good r mfidence, and 

b) indeterminate systematic error ti. e. , an error whose magnitude and 
direction can anly be inferre? indirectly by refemng to some independent 
standard, if one exists). 

4 3 



Two kiads of determinate bias errors may occur in the disc LRIR albedo and 
infrared radiation values; they are: 

a )  enqr i.1 the original temperature calibration of the instruments; 

b) error due to inaccurate determination of sensor calibration constants. 

Eacn of these errors can act in a positive or a negative direction. A quantita- 
tibe estimate of the bias error introduced into the radiation budget parameters 
by these errors was made by using a technique analogous to that of House (1965). 
This straightfornard scheme uses reasonable estimates of the inaccuracies of 
the sc .lsor temperature measurements and calibration constants to evaluate dif- 
ferentrated forms of the albedc and longwave radiation equations. Results 
showed that the most probable bias errors in the albedo and longwave radiation 
data were + 1% and + 0.01 cal  . min-1. 

The most probable errcr is derived quantitatively by assigning a reasonable 
magnitude & direction to various possible errors. In this way compensating 
effects (i. e. ,  arising from differences in two quantities, each having a bias 
error with the same magnitude and direction) are allowed in the error analysis. 
(This method may be contrasted with a maximum absolute error estimate which 
would not include compensating effects. ) For example, we acsume that al l  
sensor temperature measurements may be either too high or too low since there 
is no reason to expect a sign change after launch. Indeed, i f  the thermistors 
had a drift of calibration due to  the effects of high energy radiation In space, 
each would drift i n  the same direction since each thermistor is fabricated from 
the same material. Similarly, i f  the materials from which the sensors were 
fabricated deteriorated due to the space environment one would expect that 
these changes would a lso  have the same sign. For these reasons, the most 
realistic view is to  assume that any additional bias error arising from sensor 
characteristics may add to  the magnitude of the errors already evaluated but 
should not change their directions. 

The albedo and longwave radiation rneasurernents may contain additional, 
indeterminate, systematic error. Examples are: 

a )  errors due to the sampling in time and space; 

b) errors due to the isotropic assumption. 

Point (a) arises from the sampling constraints discussed in a previous section, 
and (b) results from the data reduction requirements. We can obtain an esti- 
mate of tne magnitude and direction of these possible bias errors by consider- 
ing several ather studies. 

Spatial sampling by these LRIR sensors was quite good. A l l  areas wore 
viewed and when zonal and global averages were formed, each region or zone 
was weighted equally in forming the mean. The temporal sampling problem i s  



worse because, over most of the earth, disc LRIR data were obtained a t  local 
t i m e s  near 0900 and 2100 hours. A first approximation to informaation about the 
diwnal variation of globally averaged albedo and longwave radiation data has 
been presented by Astling and Horn (1964) and by Vonder Haar and Hanson (1967). 
These studies show general agreement and results from the latter are shown in 
Figure 4. Both of the studies contain spatial sampling problems of their own 
and are representative of limited time periods (26 and 90 days, respectively). 
When Figure 4 is considered, i t  is apparent that albedo and infrared measure- 
ments made only near 0900 and 2100 may contain bias errors of + 0.015 ly-min'l 
and -2% since the values that represent these times in the figure differ by these 
amounts from the daily average. 

The anisotropic nature of the radiation measured by the satellites, cspe- 
cially the reflected and scattered solar radiation, causes difficulties in  the use 
of the MRIR satellite radiation data for many purposes (see Bartman (1967)). 
Estimates of the error involved by neglecting the anisotropic effect on these 
data for radiation budget studies have been made by Ruff et al. (1967). They 
conclude that average values of absorbed solar energy (Ha) derived &om MRIR 
albedo values would not be in error by more than 5%. Bignell (1962) has dis- 
cussed the same problem for the hemispheric sensors. Based on his results, 
House (1 965) states that albedo and longwave radiation averages obtained from 
chese sensors may be in error by 1 or 2%, even if persistent anisotropic condi- 
tions (i. e., limb brightening and darkening) occur. Since the flat disc sensors 
give less weight to limb radiation than hemispheres, bias error arising from 
such effects should he even less. 

'me above discussion of possible indeterminate bias error in our results 
shows that we have no firm basis for raising (or lowering) the bias error esti- 
mates derived from an evaluation of determinate bias error. I t  is important tc 
note that a correction for bias error would require that a 2  absolute values of a 
given quantity would be raised or lowered the same amount and in the same 
direction. 

An additional fact concerning any LRIR error analysis has been discussed 
by House (1965) and Suomi et al. (1967). They have shown that albedo and 
longwave radiation values from LRIR experiments are interdependent in  a manner 
that causes any bias error in either of them to  have an opposite effect on the 
other (i. e., if the albedo is too high the longwave values are too low). In 
section 3.22 i t  is shown that this effect is important in minimizing the error in 
net radiation values derived from LRIR measurements. 

3.13 Accuracy Tests 

In order to check the accuracy limits determined above, two tests  were 
performed. They consist of comparisons ke ' .veen disc LRIR measurements and 
independent observations. The tec t s  were essentially limited by the scarcity of 
reliable independert data. 





During the southern hemisphere winters cf 1964 and 1965, disc LRIR 
measurements of outgoing radiation were made over the dark polar regions. At 
the same time, balloon-borne radiometers launched from several locations in 
the Antarctic measured the total upward longwave radiation from the earth- 
atmosphere system. The following winter, 1966, the firsi r d d i a ~ o n  budget 
measurements from the second generation satellites were obtained from a MRIR 
sensor on NIMBUS 11. In the table following, a e y  are compared with the LRIR 
data. 

AVERAGE LONGWAVE RADIATION FROM THE REGION 70-90 S. DURING 
JUNE- JULY-AUGUST 

-2 
Data Source - Date - HL (cal. cm min' 

Disc LRIR presant study 1964 and 0.175 + 0.01 
1965 

Radiometersonde Kuhn and Cox 
(1 967 ) 

1964 and 0.18 
1965 

Nimbus MRIR Raschke et al. 1966 (June 0.18 
(1 967) and July) 

The comparisons agree remarkably well and serve a s  a good tes t  foi our 
LRIR accuracy estimates. They do not, however, give information about day- 
time LRIR measurements nor about the diurnai sampling problem. To tes t  the 
LRIh values over a l l  t i m e  periods and over many locaticns, they were compared 
with MRIR measurements made over the same regions during the same time 
periods. In Figure 5 a scatter diagram of zonal averages of LRIR longwave 
radiation values vs. concurrent MRIR values is displayed. These values depart 
from a one-to-one relationship by less than + 0.02 ca l  cm-2 min'l. Although 
tht! MRIR data are not of high accuracy, this agreement between two completely 
independent data se t s  is very encouraging. A similar Lest of aibedo data was 
not possible becsuse the original MRIR values were erroneous (see 2.22). 

In summary, tests of the disc LRIR measurements against independent ob- 
se.rvations show that these data have absolute accuracies within the error 
l i m i t s  assigned to them. Apparently the local time sampling problem does not 
introduce significant indeterminate bias error .at leas t  on the area scale of a 
latitudinal zone. Because c.f the interdependence of the LRIR albedo and infra- 
red values already mentioned, the tests performed on the infrared data also 
imply that the LRIR albedo values do not contain large bias errors. A third, 
though somewhat indirect, accuracy check is provided in  Appendix A where the 
disc LRIR sensors were used to derive a very reasonsble value of the solar con- 
s tant . 



Fig. 5. Comparison of zonally averaged longwave radiation measurements ob- 
tained from LRIR and MRIR sensors during the same t ime periods, 

3.2 Net Radiation Error Analysis 

Values of net radiation used in the present study were derived from Eq. (1) 
by using albedo and infrared radiation measurements together with incident 
solar radiation values computed by assuming a megnitude af the solar constant. 

3.2 1 Effect af Albedo and Longwave Radiation Accluac y 

Before deriving the most probable error in the net radiaYon data, it will 
be helpful to illustrate the effect of variolis albedo and infrared radiauon bias 
errors on the accuracy of a typical net radiatior~ value. By differentiatit~g 
Eq. ( I) ,  we obtain: 

.We assume the solar constant is known perfectly (dl0 = 0) and equals 2.00 cal* 
cm-2 min'l. Using representative values of 10 = 0.5 c a l -  cm-2. r,lin'*, 
A = 2nd HL - 0.33 c a l *  min'l, we haye detennined dRNm for dif- 
feren, ... agnituies and direcYons of tha possible errors dA and ~ H L .  The 
results are shown in Figure 6 a s  a nomogran. In the first and third qcadrants 
of this figure the net radiation bias errors are minimized. This results when 



Fig. 6. Nomogram showing the absolute error in net radiation (cal. cm-2 mid1) 
resulting from albedo and longwave radiation massurement errors. 

albedo and longwave radiation errors are in opposing directic-is. When the in- 
Wterse is true, the resulting difference between two large nuxnbers can cause 
srrors that are twice as  large. 

FLsure 6 is useful in considering ",he cffect of our A and HL error estimates 
on ner radiation values derived from them. This nomogram shows that e m s  
dA = f 0.01 and ~ H L  = + (I. 01 would result in r,et radiation errors of + C. 005 or 
& 0.015 cal cm-2. min-1 (dashed circles), deuendina c.n the direction of these 
abed0 and l~ngwave radiation errors. As mentioned ia 3.12, the LRXR obsenra- 
tions which compris? 80% of the data used in this study do in fact have inversely 
related albedo and infrared bias errors that would make the smaller value 
(- f 4 watts/m2 ) the reesonable choice, If the solar constant were known per 
fectly. 

3.2 2 Effect of Uncertainty in the Solar Consia~t  

2ecently, Drumrliond e t  al. (1967) nave reported some preliminary results 
from an experiment designed to meas:xe the solar constani from a hig'a aititude 
aircraft. They obtained a value of 1.95 ly . min'l whlcfi may heve an uncer- 
tainty of less than 2%. Until these data became available, most recent studies 
have used the values of 2.00 f .04 (Johnson (1 954)) or 1.98 + 0.1 (Nicolet 



(1 951)) derived from measurements r .ade at the earth' - surface. Because the 
absolute magrzitude and the possible error of the solar constant is important to 
the present radiation budget study, satefi te observations fron the disc LRIR 
sensors were also used to derive a value of this parameter. The results of this 
first measEment of the solar canstant from a satellite yielded a magnitude of 
1.99 ly - min-1 _f 0.03 (f 1.5%). After considering each of the measurements 
mentioned above, a value of 2.00 + 0.03 was chosen for use in the present 
study. 

Because of the uncertainty in 10, our net radiation error e s t h a t e  cannot be 
obtained from Figure 6. Rather, it is necessary to reevaluate Eq- (2) with typi- 
cal  radiation budget values and their associated absolute errors. 

The following data mere used: 

Parameter Value Percent Erroc Absolute Error 

insolation (lo) 0.5 ly/min 1-55 + 0.0075 ly/min - 
Longwave radiation (HL) 0.33 ly/min 3% - + 0.01 ly/min 

albedo CAI 30 (percent) 3.5% - + 1.0 (percent) 

From this evaluation we obtain a most probable bias error for net radiation 
(dRNm) bf + -01 m1- cm-2 - min- (-- 2 7 watts/mZ !. This error results in 
equal measure from uncertainties in the solar constant and from the inaccuracy 
of the albedo and longwave radiation measurements, when the latter e m  are 
inversely related. 

The error analysis presented in this chapter has been directed primarily 
toward the disc LRIR data even though 40% of the measurements used in this 
study were obtained from two other sensing systems. However, the MRIR 
longwave radiation values are shown in 3.13 to have an accuracy comparable 
to the disc LRIR data and in 2.22 the medium resolution sensor's albedo mea- 
surements were adjusted to a g e  with the LRIR data, this forcing their accura- 
cies to be the same. In addition, House (1965) has pravided an error analysis 
for zonal averages of hemispheric LRIR data and his estimates fall within the 
e m  !hits derived in this section. 

For these reasons, all the data used in this study were assigned the 
following most probable bias errors: 



- 2  - 1 
Longwave radiation (HL) - + 0.01 cal* cm - min 

albedo (A) + 1.0 percent 

- 2 - 1 
net radiation (RNm) - +0.01 cal- cm - min 

Because of large data samples, no random error should influence these results. 
These error limits are valid only if no large indeterminate bias error influer.ced 
the measurements, but tests usiag independent observations did not sugqc 
the presence of such errors. Over a typical range of averaged observations 
these absolute e m s  yield percentage errors of 3 - 5% and 2 - 8% for longwave 
radiation and albedo data respectively. Of course, when two regions have the 
same albedo, the e m r  in reflvcted shortwave radiation (H,) is less where the 
incoming solar radiation is greater. 

These error estimates affect the various questions treated in this studyto 
different degrees. Because all random error has presumably been removed 'y 
averagiag aver space and time, and because all apparent sensor degradation 
bias has been resolved, relative values of the radiation parameters can be con- 
sidered without concern. Of course, the relative error in the net radiation re- 
sults will be less wer regions where the earth-atmosphere system has a large 
radiation imbalance. Thus, the tropical latitudes and the winter polar regions 
can be observed more accurately. Indeed, these regions are most important 
from an energy budget viewpoint. One problem that requires great accuracy 
cannot be considered in the present study. it is the longtern (~Umatological) 
warming or cooling of the earth-atmosphere system. We can, within the abso- 
lute accuracy of our measurements, examine the W&we or imbalance of the 
radiation budget aver different areas at various time periods, locate the airnary 
radiation soraces and sink regions, compute required energy transports and in- 
vestigate other similar radiation budget poblems with an extended time series 
of observational data- 

4. RADIATION BUDGET RESULTS 

The exceedingly large amount of albedo and longwave radiation measure- 
ments (5 x 10' ) obtained from the satellite experiments were used to form 
averages over different spatial and temporal scales. -We begin our discussion 
of these results by consider- maps of albedo, longwave radiation and net 
radiation which show the geographical vaqiations of the radiation budget. After 
that, the scale of spatial averaging is increased to £om the budgets of indi- 
vidual latitudinal zones, hemispheres and the entire earth. 

The observations used to form averages for any time period (i. e. , a 
season) are shown in Figure 2 although none of the Explorer VII data were in- 
cluded in the results presented in this section. Mean albedo values were 



obtained by averaging reflected solar radiation and insolation values separately 
and deriving a mean albedo from their ratio. The averaqe insalation for different 
locations and time periods was computed based on a solar constant of 2.00 cal- 
cm-2 - min-l. 

4.1 GewraDhical Variations 

The satellite observations used in W s  study include measurements during 
each of the four seasons obtained in at  least two calendar years. Thus, for the 
first time, we can derive mzan seasonal and annual maps of the radiation budget 
parameters. + Such mean maps are useful for examining regions within latitud- 
inal zones where the radiation budget differs significantly from the zonal mean 
value. For this reason, "high" and "low" regions noted on the maps were cho- 
sen relative to  the Everage for that t i m e  period and zone rather than to some 
absolute magnitude. A 10 x 10 degree latitude-longitude grid was used to con- 
struct the maps since the low resolution sensor data requires this limit on the 
spatial resolution. Thus, the maps show sufficient detail for a study of the 
radiation budget of large areas, but cannot be used to examine the budget a t  a 
specific location. 

Spatial and temporal sampling problems were discussed in section 2.21 
and s o m e  of the constraints mentioned there are evident on the maps. A l l  the 
maps contain both solid and dash& isolines and the dashed lines cover regions 
where the number of satellite observations a t  a grid point was approximately 
25% less than the number of grid points analyzed with solid lines. Isolines of 
albedo, lo-3wave radiation and net radiations were drawn a t  intenrals greater 
than the enor limits of the data discussed in section 3.3. The map values for 
regions where a strong diurnal variation of cloudiness may be expected musr 
be in t e rp t ed  with care since more than one-half of our observations were ob- 
tained near 0900 and 2100 local t imes .  This problem is discussed in sections 
2.21, 3.12 and 6.0, 

A complete set of maps (about 200) describing the radiation budget for all 
time periods (months, seasons and years) observed by the first generation 
satellites will be presented in a separate atlas of the earth's radiation budget. 

4.11 Mean Seasonal Budgets 

(a) Longwave Radiation. Mean seasonal maps of the longwave radiation 
(HL) from the eiuth-atmosphere system are shown in Figures 7 and 8. Such 

+ 
Others (Rasool (1964), Winston and Taylor (1967)) have used TIROS radiation 
data to obtain maps for selected months and seasons and recently Raschke and 
Pasternak (1967) have dane the same with several months of NIMBUS data. 



Fig. 7 .  Mean values of outgoiilg longwave radiation from the earth-atmosphere 
system (HL) during Dec. -Jan. -Feb. and Mar. -Apr. -May. Units are 
10'2 cal* cm-2- and regions of HL > 0.36 cal min'l are 
shaded. 

5 3 



Fig. 8. Same as Figure 7 for June- July-Aug. and Sept. -0ct. -Nov. 



maps are a good indication of atmospheric conditions because clouds play a 
dominant mle in determining the magnitude of the outgoing infrared energy. In 
the absence of clouds, the temperature and moisture content of the atmosphere 
and the local surface temperature strongly influence values of HL. 

The most significant feature common to al l  four seasons is the contrast 
between the zonal pattern c. ' -  lines in the higher latitudes of both hemispheres 
and the presence of many locc regions of high and low outgoing radiation in  
the tropics and subtropics. In these seasonal maps the zonal patterns result 
from many observations obtained over both clear and cloudy regions in  the lati- 
tudes where migratory storm systems dominate the circulation pattern. The 
highs and lows found a t  lower latitudes show persistent features of the earth- 
atmosphere system during the respective seasons. In each hemisphere the 
boundary between these two types of radiation patterns moves north afid south 
in phase with the seasonal path of the sun and from winter to summer t a th  
boundaries range from twenty to forty-five degrees respectively, thus marking 
the equatorward intrusion of storm tracks each season. The east-west con- 
tinuity of the boundaries is quite strong but some breaks do occur. These 
breaks show a s  weakened na-th-south gradients of outgoing longwave radiation 
(i. e., the south-central Pacific, south Atlantic and the region near 20" N, 
140°W during DJF; the region of the summer monsoon and near the Caribbean 
during JJA). Winston (1 967) has already demonstrated that variations in  this 
gradient are related to the mid-latitude circulation pattern in the northern 
hemisphere, thus pointing out a good application of these maps for regions 
where the circulation pattern is not well known. 

Within the regiocs where the outgoing longwave radiation decreases toward 
the poles a t  a l l  longitudes, the effect of the distribution of land and ocean is 
noticeable, especially in the nwthern hemisphere. Thus in DJF the isolines of 
HL drop southward over the continents which are colder than oceans a t  the 
same latitude. In the southern hemisphere lower values of outgoing radiation 
are observed over the Antarctic continent than over nearby ocean regions. 
Seasonal variations in the mean temperature cf the earth and atmosphere a t  
mid-la titudes are also evident in the poleward gradients of longwave radiation. 
These gradients are strongest during the winter seasons and weakest during 
summers. With the exceptio.~ of the zone near SOON during MAM, seasonal 
averages of longwave radiation from the earth-atmosphe-t. system poleward of 
40" latitude can be well represented by zonal mean values when the continent- 
ality effect is considered. 

On the other hand, these maps show that zonal averages of outgoing radia- 
tion over one-half the earth (30°N - 30"s) would give only a rough approximation 
to the true value a t  most longitudes. This is due to  the pronounced nonzonal, 
sometimes even meridional, orientation of the regions of high and low outgoing 
radiation. An elementary climatological view of these regions would mention 
a northern and southern subtropical zone (warm, dry and cloudless) broken by 
a tropical convergence region (warm, wet and cloudy). We will discuss the 



major departures from this simple picture a s  seen in the seasonal 
HL maps. 

High values ~,f  emitted infrared energy that mark the northern subtropical 
zone show definite seasonal variations a: most longitudes. Near 140" W, for 
example, lower values of HL indicate cloudy conditions during the winter and 
spring but a strong high covers the same region for the other six months. The 
entire band is strongest during the summer and least well-defined in MAM. The 
regions of maximum ourjoing radiation have values greater than 0.40 cal  cm-2. 
min'l and the only maxima that is observed near the same longitude during all  
four seasons occurs a t  l Z O O E .  

In recent yeat s continuous photographic and radiometric observation of the 
tropical regions has shown that earlier ideas regarding the position and inten- 
s i ty of cloudiness associated with the convergence zone require modification 
(i. e., Kornfield, e t  al. (1967)). Lower values of outgoing radiation from this 
region ider '  :y i t  on the mean seasonal HL maps. Within the spatial resolu- 
tion of the radiation sensors, the maps show that this cloudy belt is definitely 
discontinuous and marked by persistent regions of low outgoing radiation at 
preferred locations each season. Low regions with a meridional orientation 
(120°W during DJF and MAM, 90"E in hIAIvI) may correspond to the double-ITC 
areas noted by Kornfield e t  al. In several seasons the radiation maps show 
the presence of cloudy regions extending from the convergence zone across 
the subtropics and into the mid-latitudes. A s  a whole, the convergence zone 
is strongest during MAM and most discontinuous in  SON. Four primary HL 
minima (20" , 90" and 160" E; 1 10" W) remain near the same longitudes each 
season and the cloudy belt is not well-defined in the Atlantic sector except 
during MAM. The lowest values of outgoing radiation in this zone (0.30 cal  . min' 1 ) are found over the summer monsoon. 

In the southern hemisphere th.? subtropical region of high outgoing radia- 
tion is best defined during Spring. Primary maxima, exceeding 0.40 ca l  cm-2 
min-1, persist near 40" and 130°E, 90" and 150°W. Lower values of HL 
denote major breaks in the zone over the west central Pacific and eas t  of South 
America, particularly during the summer and fall. Along with i t s  northern 
counterpart and the tropical convergence zone, this subtropical belt +as a 
reasonal latitudinal dis-placement in phase with the solar declination. 

(b) Albedo. Mean seasonal albedo maps (Figures 9 and 10) were a lso  
obtained from the satellite measurements. These maps are less representative 
of atmospheric conditions than the infrared data since the effects of snow, ice 
and deserts emphasize land versus ocean differences better than thermal effects. 
In fact, the mean albedo data provide more information about the type of surface 
in  view (and in  the case of clouds, the pe~sis tsnce  of cloudiness) than about 
the shortwave energy budget. However, since incident solar radiation varies 
only a s  a function of latitude acrose these mean maps, values of reflected and 
absorbed solar energy can be inferred from them. 



Fig. 9. Mean values of planetary albedo (A) during Dec. -Jan. -Feb. and 
Mar. -Apr. -May. Regions of A < 20% are shaded. 



Fig. 10. Same as Figure 9 for June-July-Aug. and Sept. -0ct. -Nov. 
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In general, the albedo and lorlgwave radiation maps show the expected in- 
verse relation between the two quantities. Within the tropics and subtropics 
most regions of high outgoing longwave radiation have mean albedo values less 
than twenty percent. In the south-oentral Pacific and near the eas t  coast of 
Brazil the measured albedos were l e s s  than 15% during all  seasons except DJF. 
Low values of HL near the equator correspond with albedo values of more than 
3090. In the subtropical regions an exception to this inverse relation is found 
over the deserts of Aust ra l i~  and Africa which have both high albedos and high 
values of infrared energy. 

The departures from mean zonal values examined with the aid of the long- 
wave radiation maps apply also to  the albedo data within 30°N - 30" S i f  the 
desert effects are considered. In higher latitudes, however, the effect of 
ocean-land contrasts is much more striking when albedt, rnaps are examined. 
For example, during the northern hemisphere Spring and Summer the oceanic 
regions near 40" - 60"N have a zonal pattern but the continents contain bright 
and dark areas primarily because of the influence of snow and vegetation. Near 
'3udson Bay and eastern Canada the albedo difference of 15% from MAM to JJA . probably due a s  much to changes a t  the surface a s  to changing atmospheric 
:onditLons. The absence of land in the same latitudes of the southern hemi- 
sphere causes more zonal albedo patterns in the corresponding seasons since 
these mean values are obtained from many observations of clear and cloudy 
rcgions in the migratory storm belt. 

The highest mean seasonal albedo values observed over a large area in the 
northern hemisphere were 55% over central C ~ n a d a  during Sp.ing and Fall. Un- 
doubtedly there are higher valses over small areas, but the low resolution sen- 
sors cannot define them especially if they are surrounded by darker regions. In 
the southern hemisphere the albedo isolines show a gradual increase toward the 
pole, and the bode: of the Antarctic continent seen oa these maps has a mean 
albedo greater than 55%. 

(c) N e t  Radiation. The geographical distribution of mean seasonal albedo 
and longwave radiation data were combined with incident solar energy values 
to derive the net radiation maps shown in Figures 11 2nd 12. These maps are 
most valuable for an  energy budget study because they show the geographical 
variation of the net energy gain or loss between portions of the earth- 
atmosphere system agd space. 

Two features of these maps are of special interest. One is Ihe north-south 
movement of the zero isolines which mark the latitudes where the earth- 
atnosphere system is in radiative equilibrium a t  its upper boundary. Except 
during MAM these isolines havs a zonal orientation in both hemispheres and 
they move in phase with seasonal variations of solar declination. The range 
f i ~  latitudinal location is more than sixty degrees in the northern hemisphere 
but less (about 50" ) in the southern hemisphere. This occurs because, unlike 



Fig. 11. Mean values of the net radiation budget of the earth-atmosphere sys- 
tem (RNEc;) during Dee.-Jan.--Feb. and Mar. -Apr.-May. Units are 
cal- cm-2 - nlin-l and isolines cf RNm = 0 . 0  a# double-wid*. 
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Fig. 12. Same as Ngure 11 for June- July-Aug. and Sept. -0ct. -Nov. 



the northern polar regions, the Antarctic is -a net energy sink during a l l  
seasons. 

These maps also show that within the broad zonal belts of net energy gain 
and loss there are definite highs and lows that mark departures from the zonal 
mean. The location of these regions changes with season in  response primarily 
to differences in atmospheric conditions. For example, within the region of 
net energy gain (25" N - 25" S), the principal areas of energy input to our sys- 
tem are located eas t  of A~stral ia ,  in the Atlantic and over the Indian Ocean 
during DJF. At these locations the net radiation values exceed + 0.20 calm 
cm-2- min-1. In other seasons the highs shift t o  different longitudes and 
their intensities drop t o  to. 16 or to. 12 c a l -  cm-2 rnin'l. Note that in JJA the 
Indian monsoon region gains more than to. 12 ca l  ~ m ' ~  rnin'l; here the large 
amount of reflected solar energy is more than compensated by the decreased 
outgoing longwave radiation. Withi.1 the tropics and subtropics there are also 
areas of relatively low net radiation over the deserts of Africa and Australia in 
the spring and summer and over the stratus-covered oceanic desert west of 
South America. Such areas have high albedos and high values of outgoing long- 
wave energy. 

During the warmer months of the northern hamisphsre the important non- 
zonal features in upper latitudes include highs over central Asia and regions of 
lower than average net radiation in the north Atlantic, near Alaska and in north- 
ern China. 

(d) Winter-Summer Differences. A s  an  example of the seasonal variation 
of the radiation budget a t  different locations, maps showing these changes 
£ram winter to summer are shown in Figures 13 and 14. The differences were 
obtained a s  JJA minus LTF and they ranged from zero to + ir. 10 cal - min-l 
and 2 20 percent for longwave radiation and albedo respectively. 

The albedo and longwave maps show large changes that are caused by the 
slimmer monsoon and the seasonal movement of the Bermuda high pressure re- 
gion. Over the Sahara the increased winter 325edo must result from sl-udiness 
associated with storms moving into this region from the north and west. An 
interesting feature wast of c e ~ t r a l  America has a longwave radiatior~ difference 
similar to  the summer monsoon but the albedc change is much less. This im- 
plies that the amount of clouds did not vary greatly from winter to summer, but 
that many more middle and high clouds occur during the summer. Smaller 
changes in  the albedo and infrared maps can be associated with the seasonal 
movement of the tropical cloudy and subtropical clear r e ~ i o n s  d i  -cussed previ- 
ously. 

Winter-Summer differences of net radiation depend on changes in atmo- 
spheric conditions a s  well a s  the seasonal variation of incident solar radiation. 
The extreme zonal orientation of the isolines of net radiation difference shows 
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that despite large changes in  the albedo and infrared fields the seasonal range 
of net radiation a t  a latitude is highly dominated by changes in incident solar 
energy. This results when differences in albedo and longwave radiation have 
compensating effects on the local radiation budget. In the winter-summer ex- 
ample only a few regions do not follow this normal pattern and they cause devia- 
tions from the zonal field. For example, the area south of Japan has higher than 
average net radiation during ths summer and a low value during winter, thus 
amplifying the seasonal range. On the other hand, subtropical regions i n  the 
North Atlantic and near the coast of Chile have normal (low) winter values but 
a lso  low values in summer which combine to reduce the winter-summer range of 
net radiation. 

In this section the primary purpose has been to describe the obserged radia- 
tion patterns on the mear- jeasonal maps. When combined with a suiteble amount 
of cloud cover data and available meteorological information (real or simulated). 
a thorough investigation of ths meteorological cause and feedback cLfect will be 
possible. Obviously ocean-continent differences are not ths only cause of 
zonal anomalies and while some of the local patterns ii. e., the monswn effect) 
were expected, others (in the eas t  Pacific and over the Atlantic) cannot be 
simply explained. Continuous cloud observations from the ATS and ESSA satel- 
lites will be a great aid t o  further research in  this area. 

4.12 Mean Annual Budgets 

The geographical variations of mean annual values of albedo, longwave 
radiation and net radiation are shown in  Figures 15 - 17. In order to  obtain a 
true representation of the annual case, the maps were derived from mean season- 
al data. Mean albedos were obtained by weighting each seasonal value by the 
incident solar radiation for that time period and thus a t  higher latitudes the 
summer situation has the g-atest influence on the mean annual albedo. 

As in the mean seasonal maps, isolines of longwave radiation have a zonal 
orientation over the poleward half of each hemisphere. At these latitudes lower 
values of HL are observed over the continents, especially central Asia and 
Antarctica. The region 10" - 30°N contains a zone of generally high outgoing 
longwave radiation with maxima centered over the western Pacific and the 
Sahara. 

A band of lower HL values results from cloudiness and the high water vapor 
concentrations near the intertropical convergence zone. At most longitudes 
this feature is centered near 5"N on the mean annual map although i t  cannot be 
seen over the Atlantic. Principal minima (HL < 0.34 cal- cm-2 min-l) are 
found south of India, over equatorial Africa and e a s t  of New Guinea. N e a r  1 10" W 
in the northern hemisphere and near New Guinea in  the south lower values of HL 
extending into the mid-latitudes may mark the regions of persistent interaction 
between the lower and higher latitude circulation patterns . 









In the southern hemisphere the subtropical regions of high outgoing infra- 
red energy contain two maxima (east of South America and in the central Pa- 
cific) that have a mean annual location very near the equator. Other maxima 
in this zone, over northwest Australia, west of South America and near Mada- 
gascar, are found a t  20"s. When a l l  of these areas are considered, the 
southern hemisphere region of high outgoing radiation has a greater mean 
annual intensity than i t s  northern hemisphere counterpart. 

ivlany areas on the mean annual albedo map have high and low values that 
are inversely related to the patterns of longwave radiation. This occurs a t  
locations where bright cold clouds or warm dark regions persist during most of 
the year. Examples a,- over the central Paclfic and eas t  of New Guinea. Some 
albedo values that do not follow this pattern are highly influenced by surface 
characteristics (1. e. , the land masses a t  higher latitudes in the northern hemi- 
sphere and the Sahara region). Other departures from an inverse pattern could 
be caused by warm (low) clouds (i. e.,  west of Peru) or the presence of much 
cirrus cloudiness. 

The most ex.z.,sive region of low albedo (less than 2070) is found over 
northern South America and the Central Atlantic. N e a r  70" S a combination of 
clouds with ice and snow yields mean annual albedos near 60%. Similar lati- 
tudes in the northern hemisphere have maximum values greater than 45%. 

The geographical distribution of net radiation has a very zonal nature on 
the mean annual map which emphasizes the dominant role of incident solar 
energy in the radiation budget a t  any location. In the higher latitudes of the 
northern hemisphere the regions of maximum net energy loss by the earth- 
atmosphere system correspond to locations with the highest albedo. However, 
near the Antarctic continent where the albedo is uniformly high, net radiation 
values of -0.12 ca l .  ~rn'~-min-l are found over the relatively warmer regions 
where the outgoing longwave radiation exceeds the zonal mean. In both hemi- 
spheres the earth-atmosphere system is in  radiative equilibrium with space 
near forty degrees of latitude. 

Near the equator, the zonal pattsrn of net radiation gain is disrupted by 
maxima that occur because the longwave radiation is low (near Sumatra and 
over tropical Africa) or because the absorbed solar radiation is very high (east 
of South America). Relative minima are found over warm bright regions such 
a s  the land and oceanic deserts and over cold bright rsgions where the reflected 
solar energy plays E major role (i. e. , 1 1 0" W at the equator). 

These mean annual maps were derived from measurements obtained from 
the first generation of meteorological satellites. A s  such, they represent the 
first stages of a global radiation climatology that can be extended when other 
obsenrations become available. Like the mean cloudiness maps being compiled 
from photographic data, these radiometric averages provide new information 



about the global pattern of atmospheric conditions. However, the quantitative 
nature of the radiation budget data extends their usef,rlness much further. They 
can be used a s  a control for namerical models and provide information about 
the variation of the earth's brightness in  the shortwave and longwave portions 
o i  the spectrum Perhaps the most important use of these data will be i n  studies 
that not only i.; : :r >r  the cause of the measured values but a l so  the effect the 
observed energy cvcl .we has on future atmospheric conditio~is a t  a given 
location. 

4.2 Budaets of Latitudinal Zones 

4 . 2  1 Mean Meridiocal Profiles 

One of the most common depictions of the earth's radiation budget has  al- 
ways been plots of the budget components a s  a function of latitude only. 
Figure 18 presents the data of this study in  such a form. Although the maps of 
the previous section show that these zonal averages do not properly represent 
the true budget a t  many longitudes, especially equatorward of 30a, mean 
meridional profiles are useful to examine gross seasonal  changes forced by the 
variation of incident solar energy. 

The solar energy absorbed in the earth atmosphere system, Ha, a t  any 
latitude is closely related t o  the available energy except near the summer poles 
and the equator. In these regions the higher albedo, especially over Antarctica, 
reduces the Ha values despite the large amount of incident solar radiation. The 
largest amount of solar radiation (0.54 cal . cm-2 min-l) retained by the earth- 
atmosphere system is a t  25" S during summer. On a n  annual basis the subtropi- 
c a l  regions of the southern hemisphere absorb more energy than the same area 
in  the north. 

Zonal averages of re ':acted short wave radiaLon, Hr, show similar depar- 
tures from a pattern forced by the sun. In each seasonal profile the effects of 
the clear, dry subtropics and the cloudy, wet tropical regions are apparent. 
Poleward of 40" i n  both hemispheres the summer averages show that reflected 
solar radiation increases toward the pole and this a l so  occurs during spring in  
the southern hemisphere. The reflected energy exceeds 0.40 ca l  . cm-2 min'l 
poleward of 70" S during DJF. Changing incident solar energy and the general 
increase of the planetary albedo toward the poles cause the mean annual values 
of Hr to be nearly the same at all l a t i t ~ d e s .  The largest annual value (0.16 
ca l  . cm-2 min-1) occurs a t  the south pole and other maxima are found a t  5" N 
and 35"N. 

A different view of the shortwave radiation budget is seen  i n  the mean pro- 
files of albedo. These data  represent the latitudinal variations of the "reflect- 
ing capability" of the earth-atmosphere system. A puzzling feature on this 





plot is the si.jnffics?tly lower albedo of the tropics and subtropics during JJA. 
Tnls effec! ~nflti=nr-. s the Ha values so  that the absorbed solar energy over ~ . e  
e n ~ r c  earth i s  nearly the same d u r i q  JJA and DJF despite the changing distance 
k r n  thc earth to the s*m. k c  rse of :his result, h e  eLfs t  could be inter- 
preted as 3n extreme ex.xnpk? vi S'mpson's hypothesis (see Rossby (1959)) cf 
the response ot a @lamcary system to changes In the  amount of lncident solar 
radiation k y  adlusQnj  ~ t s  albedo. 

Z.>nsi averages sf elbedo measurements also show that the darkest region 
overall is in t!!e subtroptcs of the southern hcmispher snd that t h e  mean albedo 
of the Antarctic; region aiways exceeds 60'70. In the r-orthern polar regicns the 
al.bedo ranges :ram 45 to 55% cltkough valries for the povrly illur1lir.ated seasons 
are b s e d  cn marginal mebsuremants. 

The ather, infrared, -Ion ~f the radiaticz budget is r.otable because of 
tire very small chang5s i n  absolute magnitude a t  most latitudss. Largest sea- 
sons; dif£erence: jc0.10 ca l -  cm-2 - min-l) occur a t  the poles and, a s  ex- 
+pezteci, the Antarcac region has the lowest overall radiation temperature. The 
smallest seasonzl variations are found over the oceans ~f the souther11 hemi- 
sphere and the correspnciing latitudes in  the north show the continental effect. 
When all seasons are considered, the outsoing longwave radidtiatl is highest 
a t  most iat i tdesduring SON, This dses  not cornspond to  the season of low- 
e s t  albedo ftA, which map ae explaned by the presence of more bright clouds 
during the springjfall season and/or more wcrldwide cirrus clouds during JJA. 
On a mean annual basis the highest region of outgoing infrared energy cccurs 
over the suStropics of the southern hemisphere. 

The total radiatian budget of the earth ar.d atmcsphere a t  various lat-tudes 
and tii~es is displayea by the Rhim curves. Near the equator the budget 
changes very Little with season, always being about +0.10 cal  ~ m ' ~  nin'l. 
A t  the ples, however, t\e winter to  summer change is very large: + 0.20 in  
;he south and 2 0.25 ir. the north. The range in  the Arctic is larger becc use of 
changes In the surface albedo whicf! actually result, i n  a definite gain oi enerqy 
dv-ing L3e northern summer. During both summer seasons the reoions fr3m the 
equator to fitty degrees btittide show ~iet energy gains greater than 0.1 1 cal .  

min'l w ~ t k  maxima located near 25's and 15' and 35'N. 

Note that the net radiation deficit is greater a t  60' than a t  the pole in the 
respective winters. ?his was a lso  noted by Zaschke e t  31. (1 967) i n  NIMBUS 
measurements over the southern hemisphere and is caused by the higher values 
of lcngwave raaiation a t  lower latitudes when the infrared component dominates 
the total budget. A similar reversal is found over the southern polar regions 
during surraer and here magnit~des of a l b e d ~  and incident solar energy yi?fd 
a constant value of absorbed energy from 60' - 90"s and thus the infrared com- 
ponent decides the budget. 



At all latitudes away from the equator, the net radiation budget i s  greatest 
in summer, sprinq, fall and winter, in that order. Thus, the total radiative 
forcing function i s  in phase with seasonal changes of incident solar radiation. 
Surface and atmosphere effects are m3st obvious in the polar regions (discussed 
abcrve) and during JJA where the net energy gain a t  25"N is weakened by high 
values of outgoicy longwave radiation s t  this latitude. 

In general, the poleward gradients of net radiation are greatest during the 
colder seasor! ; of both hemispheres, aithough contrast between middle and 
high latitudes in the south during CJF is also very large. For the mean annual 
case the average gradient is -0.03 cal cm-2 - min'l per degree latitude pole- 
ward of 20 degrees. When all  other energy budget effects are negligible tksslz 
net radiation profiles represent the total forcing function that drives the a m -  
sphere and hydrosphere. The role of these radiation budget values on the re- 
quired energy transports of the total energy budget will be discussed in 
section 5. 

4.22 Time-Latitude Sections 

In order to better examine the seasonal changes of 'he various components 
of the radiation budget, time-lstitude sections are displayed in Figure 19, al- 
though the data are the same a s  in the previous section. 

I t  is apparent that one component of the radiation budget, the absorbed 
s o l a  radiation, has a mean seasonal variation a t  al l  latitudes very similar to 
the changes in incident solar energy a t  the top of the atmosphere. Note that 
the region of maximum absorption f > 0.40 cal - cm-2 - min'l ) lies along the 
seasonal path of the sun. Because the earth-atmosphere s y s t e m  absorbs 
energy in proportion to the amount available, the net radiation chart also shows 
a pattern that follows the sun. For example, the greatest seasonal charge in 
net radiation a t  most middie and high latitudes occurs between swnmer and fall. 
A t  this time these regions change from a net energy gain to a net loss a s  the 
insolation falls oif rapidly. 

The time-latitude section of reilested solar radiaticr also shows a depend- 
ence on the available energy, particularly nc 3r the equator. This relationship 
is modified by atmospheric conditions when higher albedo values (> 25%) coin- 
cide with periods of maximum insolation equatorward of 15" . Surface features 
can also influence the reflected energy pattern. For example, the region 40 - 
60" N reflects more solar radiation in the spring than during sumrller probably 
because of snow on the continents a t  these latitudes. 

On both the albedo and longwave radiation sections the seasonal mavement 
of the two subtropical clear regions and the intervening convergence zone can 
be observed. The patterns are not identical because of the features noted on 
the mean seasonal maps. Albedo values less than 20% mark the most northern 
extent of the southern subtropical belt at 5* S. This low zonal value results 





primarily from a region of low albedo over South America and the Atlantic. At 
this same time a major reason for the lower albedo v a l ~ e s  near 35"N IS an ex- 
tensive clear region south of California. The infrared energy from the tropical 
regions is lowest from March until July and the seasonal maps show that these 
zonal means are strongly influenced by low values rkar India and New Guinea. 

A zone of nearly constant longwave radiation is found near 35" S and the 
albedo of the Antarctic, a s  expected, shows the smallest seasonal variation. 
The change in longwave radiation from one season to the next is greatest before 
and after winter in the south polar region. 

Two minima of net radiation over the Arctic are seen on the time-latitude 
section. The one during SON results from relatively high longwave radiation 
values that counter? .t the weak solar absorption a t  this time, while the winter 
minimum is due to low infrared emission from the cold region. This observation, 
together witn the reversal of net radiation near the poles in some seasons, 
emphasizes the importance of longwave radiation on the radiation budget of the 
higher latitudes. 

Over all  other areas i t  is apparent that, on a large spatial and temporal 
scale, changing surface and atmospheric conditions cannot override the influ- 
ence of incident solar energy on the resulting radiation budget. However, with 
the aid of the longwave radiation and albedo s e c t i ~ n s  we can examine the gross 
feedback effects. Over all regions except the tropical convergence zone the 
longwave radiation generally opposes seasonal changes of net radiation forced 
by the sun. Albedo vaiues either remain ths same or decrease a s  the incident 
energy increases. Thus the longwave radiation works a s  a ,mgative feedback 
mechanism and the albedo changes act to amplify seasonal variations of net 
radiation. However, in the cloudy convergence zone (which moves over a 
range of latitude;) the higher albedo and lower infrared values act a s  negative 
and positive feedback effects, respectively. 

Time-iatitude sections of longwave radiation, albedo and net radiation 
derived from 30 consecutive months of satellite measurements are shown in 
Figwe 20. On thzse charts the values poleward of 65" before June 1964 were 
obtained by extrapolation and reference to subsequent polar measurements. 
During this twc and one-half year period the seasonal changes of net radiation 
during each yehr show definite similarities. Some differences do occur, how- 
ever, and they fiust result fmm changes in albedo and/or the amount of out- 
going longwave radiation. 

The period :uric? - November 1963 and the same interval during 1965 have 
a net radiation pattern that is nearly the same a t  all latitudes. Positive values 
of net radiation extend from 15"s to the north pole in JJA with maxima greater 
than +O. 15 cal cm-2 min-1 during botll. years. The albedo sections for these 
times show low values over the tropics and subtropics of both latitudes and 
the generally high outgoing radiation decreased by the cloudy convergence zone 





near i5"N. During these months of 1964 the net radiation pattern is similar to 
the other two years in the southern hemisphere. However, the net gain of 
energy over the northern hemisphere is less in JJA of 1964 and results i n  a more 
moderate change of i.et radiation from summer to fall at  20' - 50" N .  The imme- 
diate cause of this difference was a region of low outgoing radiation and higher 
albedo located near lSON, the normal position of the convergence zone at this 
time. Along with this cloudier tropical region the entire hemisphere had lower 
than average values of outgoing radiation. 

The two t ime  periods between those mentioned above cover the first five 
months of 1964 and 1965. Although the net radiation section does show some 
differences in the radiation bucl~ets a t  these times (i. e., in the southern polar 
regions), the overall patterns were rather similar. The other sections show that 
in the early months of 1964 both subtropical regions had high values of outgoing 
radiation. At the same time in 1965 the winter subtropics were apparently 
cloudier and the convergence zone had a larger latitudinal extent. 

These charts demonstrate that noticeable differences exist between the 
radiation budgets of the same months in different years. With the aid of albedo 
and longwave radiation data, some inferences into the cause of these differ- 
ences can be made. Future work should include the location of the primary 
features that cause a zonal anomaly and an analysis of the atmospheric condi- 
tions before and after such an occurrence. 

4.23 Budgets of Selected Zones 

Figure 21 shows how all the radiation budget components within some lati- 
tudinal zones change from July 1964 through November 1965. 

The two polar regions have some significant differences. For example, in 
the south the shortwave radiation parameters are exactly in phase with seasonal 
changes of insolation and the reflected solar energy always exceeds the amount 
absorbed. In the Arctic, however, the measured albedo was greater than 5W 
only in March, The reduced albedo during the summer, most probably due to 
the melting of ice and surface puddling, shifts the maximum of the absorbed 
solar energy curr= to July. The time of maximum energy gain thus has a one- 
month lag from the t ime of maximum insolation. In both polar regions, the out- 
going infrared energy increases rapidly during the spring; snd decreases a t  a 
slower rate in tne fall. The albedo over Antarctica stays near 60% over the 
entire year but at  the other pole the annual range is 2W. Average net radiation 
values over 70" - 90'N show that the region has a net gain of energy across 
i ~ s  upper boundary from May through August. In contrast, the southern area 
has b.dy a small net gain during mid-summer. 

Mid-laetudes of the northern hemisphere reflect more soisr energy during 
splng partly bemuse of snow on the continents. Although this albedo change 
shifts the Ha curve out of phase with the insolation a s  at  70" - ?OON, the 



Fig. 21. The radiation budgets of selected latitudinal zones from July, 1964 
through November, 1965. 
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increased longwave radiation during the summer counteracts this effect in the 
total radiation budget. The same latitudes in the other hemisphere are charac- 
terized mainly by an unchanging amount of outgoing longwave radiation. 

From 10" N - 10" S the radiation budget component changes very little with 
time. Note, however, that the net radiation values rerpond to very small 
changes of longwave radiation and even to the slight variations of incident 
solar energy. 

A s  a whole, the plots in Fig- 21 show that even on a monthly time scale 
the budgets of large zonal areas do not show many sudden fluctuations. These 
first measurements of the polar radiation budgets over a long time period iUu- 
strate some important differences between the two regions. 

4.3 Global and Hemis~heric Budaets 

4.3 1 Temporal Variations 

In Figure 22, the measured radiation budgets of the northern and southern 
hemispheres and of the entire earth are shown a s  a function of time. Data from 
ten consecutive seasons are displayed beginning with JJA (season UI) of 1963. 
The mean annual values of the radiation budget parameters are represented by 
horizontal dashed lines. 

The radiation budgets of both hemispheres show the expected twelve-month 
cycle faced by the sun. Because they are six months out of phase the net 
radiation over the entire earth has only small temporal variations. The largest 
net gain of energy is found from March-August of 1965. A t  this time the total 
albedo of both hemispheres was quite low and apparently not completely com- 
pensated by increased outgoing radiation. 

One naturally suspects that some instrumental problem has influenced the 
observations a t  this t ime  but extensive data checks gave no resson to discard 
these measurements. In addition, some other facts preclude hasty rejection. 
Note that the albedo increases during the southern hemisphere spring of 1965 
and that measurements during JJA of 1963 (from a different set  of sensors) also 
show relatively low albedos for both hemispheres. An indirect indication that 
the sensors were returning proper values during mid: 1965 was obtained when a 
reasonable value for the solar constant was derived partly &om measurements 
made a t  this time. Another check on the satellite data was made by comparing 
longwave radiation values with seasonal averages of the upward infrared radia- 
tion near the top of the atmosphere derived from balloon-borne radiometers. 
Kuhn and Cox (1967) have summarized such measurements w e r  Guam and 
Canton Islands and a t  Green Bay, Wisconsin. The average deviation of the 
balloon and satellite measurements during March-August 1965 a t  these locations 





was less than 0.01 cal  . ~ m ' ~  min-1, and the balloon data were slightly 
hiaher . 

Of coluse, from only two and one-half years of data, we cannot determine 
i f  the changes in the radiation budget represents true anomalies or just some 
periodic phenomenon. These first measurements, thus, emphasize the need 
for a continuous program t o  observe the earth's radiation budget in order to 
extend this t i m e  series. 

4.32 Mean Annual and Seasonal Values 

Figure 23 and Table 2 present the mean annual and seasonal values of al l  
the radiation budget measurements. In the figure the seasons are listed by 
number (1 = DJF) and the horizontal line shows the mean annual value. 

Thn mean seasonal data emphasize that over these large areas a l l  compo- 
nents of the shortwave radiation budget are in phase with the sun during an 
"average" year. In contrast, the outgoing longwave radiation has a small 
annual range (i. e., 0.03 ca l  ~ m ' ~  min'l for the northern hemisphere, even 
l e s s  for the southern hemisphere). The net result on the total radiation budget 
of each hemisphere is a seasonal variation that closely follows the sun. For 
example, the satellite observations indicate that the most positive net radia- 
tion value for the northern hemisphere occurs in summer and that during the 
winter the same region has a net radiation deficit. 

Some small, second-order features of each hemi sphere's budget can result 
from mean seasonal changes i n  the physical s tate  of the earth-atmosphere 
system (i. e. , changes in the type or amount of cloudiness or changes in the 
albedo of the earth's surface). On the gross time and space scale considered 
in this section, such de;ertures from the overriding solar effect are difficult 
to observe with accuracy. However, a closer view of Figure 23 does show 
that in hemispheres the albedo is larger during December-May than during 
June-November. An inverse relation between the longwave radiation values for 
these t i m e  periods is barely discernible for the northern hemisphere and there 
is some indication that the longwave radiation may even increase a s  the albedo 
increases in the southern hemisphere. Because we are dealing with such rela- 
tively small changes i t  is not realistic to  enter into n discussion concerning 
changes in cloud cover or the heights of clouds that could account for the 
small variations observed. It dues appear, however, that a small secondary 
effect on the radiation budgets of each hemisphere is caused primarily by 
seasonal variations of the mean reflectivity of the earth-atmosphere system. 
this  effect acts to amplify the seasonal variatioris of the net r a d i ~ d o n  budget 
of the northern hemisphere and i t  reduces the variation of the same parameter 
in the southern hemisphere. One possible cause may be the difference in the 
surface albeda of the polar regions during their respective summer seasons. 







Whe? tne %tire earth is consideed, the relative mean seasonal changes 
in the radiation budget are qltite small. There is a slight maximum of absorbed 
sclar ensrgy durlng June- July-August, a consequznce primarily of the lowered 
aibc-do of the n5rther.r hemisphere during this tlme. Average values of cutgoing 
locgware radiation are piirticularly unchanging with season, although they in- 
crease a smali ar;:omt durlng the last six months qf each year. The entire 
earth i s  very close :o radiative squilibrium during t i e  spring-fall transition 
scascns, a idci noted also by House (1 9653. 

The mean annual values of al l  the radiation parameters were nearly the 
same for each hemisphere. This emphqsizes the effect of clouds, rather than 
surface features, on the hemispheric-sczis radiation budgets. For both regions 
(and therefore the entire earth) the mean annual outgoins infrared radiation was 
0.33 cal cr-2 min'l (corresponding to an equivalent black-body temperature 
of 252" K). Calc.ul3tions of London (1957) and wcrk discussed by Lettau (1954) 
agree w:*l~ +&s value to withln 2 or 3 percent. The shortwtve portion of the 
budgets show eac'r. hemisphere t c  have a planetary albedo of approximately 29 
percent, with an indication that ths southern hemisphere may b.? slightly 
"brighter. " On 2 global scale t-his observed albedo value together with inso- 
lation avPraging 0.5 cal - C Z P - ~  - mir!-! requires that, in the mean, each square 
centimeter columr? of the ea ; th -a tnos jhe  system absorb 0.35 and reflect 0.15 
caiories per minute of the incident solar eLepgy. 

Th.2 planetary albedo value of 29 percent is slightly lower than anv eark-2r 
estimate. Bartman (1 967 ) has recently scmmarized the latest theoretical esti- 
mates and few availabk observations; he notes that the recent trend is toward 
lower values (near 30 percent). For example: 

Reference  planet?^ Albedo 

Dines (1917) 
Aldrich (1 9 19) 
Simpson (1 928) 
Baur cnd Phillips (1934) 
Fritz (l94d) 
Moller (1 95 0) 
Hougnton (1 954) 
Lettau (1 9543 
London (1 957 ) 
Angstrom (1 962) 
Hocse (1 965) 
Bandeen et al. (1965) 
Vond~r Haar (1968) 

The earliest estimates (45 - 5%) gave way to  lower values (r.ear 35%) pri- 
marily because of new information about the albedo of clouds. The slightly 
lowered values obtained from global satellite obsetvations a c ~ a - e n t l y  result 



from a better assessment of the jimount of clouds. Only the last  three values 
were derived from satellite observations and in each of these studies the samp- 
ling in space and time was differ-t .  Raschke and Pasternak (1967) recently 
obtained 39% from t h e e  months of NIMBUS data. 

When ihe albedo and longwaks radiation obsewations are used to  derive 
the total (net) radiation budget, we find again that each hemisphere, and the 
earth a s  a whoie, has a net radiation imbalance of plus 0.02 ca l  cm-2 . min-1 
for the mean annual case. This value of approximately + 14 watts - m'2 is 
close to the absoiute accuracy of the satellite sensors for measuring net rsdia- 
tion (f 10 watts m-2). For this reason, we can state  that, within the accuracy 
of our measurements, the entire earth-atmosphere system was nearly in radia- 
tive equilibrium during the time of these obsewations. Although a small posi- 
tive imbalance (i. e., warming of the earth-atmosphere system) is indicated, i t  
must be emphasized that this applies o ~ l y  to the relatively short (in a climato- 
logical sense) time period for which we have data. 

Note that the average solar input to our system is 349 watts m-2 and thus 
the measurements used in this study allow us to examine the global radiation 
balance with an accuracy of + 3%. If a solar constant of 1.95 (see 3.22) rather 
than 2.00 ca l  cm-2 min-1 had been used the net radiation budget would 
still have a small positive imbalance. 

In summary, the mean annuak global and hemispheric satellite otservations 
show that: 

a )  During the time period of observations (approximately 1963-65) the 
entire earth-atmosphere system was i n  near radiative equilibrium. 

b) Despite the physical differences between the hemispheres (i. e. , the 
larger land areas in the northern hemisphere) each had similar albedos 
and the same mean value cf outgoing longwave radiation (0.33 ca l  m-2 
min-1). 

c) On the average over space and time, each square meter of atmosphere 
and underlying surface retained 71% of the solar energy incident on it 
(i. e., the mean value of available solar energy was 248 watts - m-2). 

Point (b) validates the assumptions made by earlier investigators when they 
computed the radiation budget of the northern hemisphere and used it to repre- 
sent the long- period global budget. 



5. ENERGY BUDGET RESULTS AND REQUIRED TRANSPORTS 

Satellite measurements of the radiation budget can be combined with esti- 
mates of the other energy terms to derive the total energy budget of the earth- 
atmosphere system. The results show the principal regions of net energy gain 
or loss on various time and space scales. When the entire earth is considered, 
energy budgets can also be used to compute the required poleward energy trans- 
port by the atmosphere and oceans. 

In a d e r  to note the major mmponents of the energy budget and to point out 
the role of the radiation term, the following section presents a simple depiction 
of the energy budget of the earth-atmosphere system. 

5. i The Enemv Budaet of the Earth-Atmosahere Svstea 

The total energy budget of an earth-atmosphere column (Figure 24) can be 
expressed a s  the sum of two separate budgets, one for the surface and one for 
the atmosphere alone. Foi the earth's surface (either land or ocean) the energy 
balance equation can be written in schematic form* as: 

RNE = net radiation balance of the surface 

LE = net energy removed from or added to the surface by 
phase transformation of water; & = amount of water 
that leaves the surface and is add~d to the atmo- 
sphere, L = latent heat of phase transformation 
(600 cal/gm)) 

GE = subsurface storage (or release) or energy 

AF = subsurface horizontal energy divergence (transport); (the 
term represents the action of ocean currezts and is zero 
for a land surface). 

Similar to (3), an energy balance equation for the atmosphere only is: 

where: 
5 = the net radiation budget of tk atmosphere (a positive 

value represents a net gain of energy by the atmosphere 
due to radiation processes) 

SThe approach and notation used hen closely follows that of Sellers (1966). 



Fig. 24. Major components of the energy budget of the earth-atmosphere 
system. 

Lp = net heat added to or removed from the atmosphere by phase 
transformation of water (L = latent heat of phase transforma- 
tion, P = precipitation that leaves the atmosphere and 
arrives at  the surface) 

H = net energy added to or removed from the atmosphere by 
exchange processes a t  the atmosphere-sWwface interface 

GA = storage (or release) or energy within the a t m o s p h e ~  

AC = horizontal energy divergence (transport) in the atmosphere 

Because the transport and storage a s  well as  the transformation of latent 
energy in the form of water vapor are vital to the atmosphere's energy budget, 
Eq. (4) must be expanded by considering the water budget of an atmospheric 
column. It is: 

where: 

gA = storage (or release) of water vapor in the atmosphere 

ACV = transport (divergence) of water vapor. 



The equation states that any difference between the water vapor added to or 
removed from an atmospheric column must be balanced by an appropriate storage 
(or release) of water vapor and/or transport of vapor in or out of the column. 

Substituting (5) into (4) yields the atmosphere's balance equation when 
latent heat transport and storage are included. By adding the result to (3) we 
obtain the total schematic energy balance equation for the earth-atmosphere 
system: 

This shows that the total divergence of energy (including the latent form) from 
a system must be balanced by the release (negative storage) of sensible and 
lateqt heat within the system and the net radiation balance of the system. 

With the aid of (5) we can obtain an alternate equation: 

Here the transport and storage terms do not include latent heat, and the precipi- 
tation-evaporation difference within the system is considered a s  a source or 
sink of energy. Both (6) and (7) have been derived because they have been 
used in previcus radiation and energy budget work and will be referenced later 
in the present study. 

Each of these equations may be applied to a volume of the earth-atmosphere 
system on any space or time scale. Some of their terms may reasonably be 
neglected when very long time periods and/or very large areas are treated. For 
example, when the entire (global) earth-atmosphere budget is considered, all 
transport terms are zero. If the budget of any size valume is considered over 
long time periods, al l  storage terms are negligible provided no climatic change 
occurs. Of course, there are a few minor effects (i.e., the melting of snow 
and ice) that occasionally take on local importance and which have not been 
included in the general t?quation. 

5.2 Mean Seasonal Enemv Budaets 

The information needed to evaluate the energy budget terms, other than the 
radiative term, on a mean seasonal basis is very limited. In particula~, the 
geographic31 variation of precipitation and ocean storage is not well known. 
However, Rasool and Rabhakara (1966) have recently campiled mean monthly 
values of b e  energy budget terms for latit. Anal zones between 60'N and 60"s. 
Their vaJVues of ocean storage, evaporation and precipitation were used with 
the mearl seasonal RNm data from this study to evaluate Eq. (7). The solution 
gi\ 3s (AC + AF), the net non-latent energy available for transport by the 



atmosphere (sensible heat + potential energy) and oceans, a s  a function of 
latitude and season. 

These values, weighted by the area of each zone, were used to derive the 
req&ed poleward transports during each season (Figure 25). It  was assumed 
that (a) excess energy gained by the entire earth over a season was distributed 
equally by area, and (b) during the polar night the net energy loss poleward of 
sixty degrees is completely represented by the net radiative loss. Because of 
these necessary assumptions and the large uncertainty in the climateloaical 
data, the accuracy of these enerav budaet results is difficult to estimate. 

During the spring and summer in both hemispheres, Figure 25 shows that 
the required transports poleward cf thirty degrees are very small. Thus, in 
every season, one-fourth of the earth's surface area is decoupled from the re- 
mainder, in the sense that only a small net energy exchange between the two 
regions is required. The atmosphere and oceans move energy southward from 
a s  far north a s  30' N during March-August. Maximum cross-equatorial exchange 
(23X i019 cal/day) occurs in JJA and is nearly matched by northward transport 
in  DJF. 

Despite the opposing effect of energy storage and release from the oceans, 
the transport from or into a hemisphere s h ~ w s  the similar pattern of solar domi- 
nance each season. The oceanic effect, however, is evident in the fall curves. 
At this t i m e  the large ocean area in the southern hemisphere continues to store 
energy and evaporation exceeds precipitation a t  the rnid-latitudes. Both of 
these processes have a smaller magnitude in  the n~r thern  fall and thus less 
energy must be brought poleward to  compensate for the decrease in available 
solar energy. 

During each winter season the reduced transport near thirty degrees results 
from a combination of annual maxima of evaporation at fifteen degrees and an- 
nual maxima of energy release by the oceans a t  thirty-five degrees. The polar 
regions require energy input during al l  seasons and the net radiation gain in  
the north during the summer apparently cannot scpply a l l  the energy needed a t  
this time. 

A time-latitude section i,? Figure 26 illustrates the mean seasonal variation 
of the required transport of non-latent energy. Note the abrupt change from 
northward t o  southward transport over the equatorial half of the earth during the 
first four months of each year. The radiation budget maps showed that zonal 
features in the subtropics were least well defined a t  this t ime  and that the 
tropical convergence zone was strong. Together these results ilnply that in- . 
creased atmospheric activity during this transition season may be forced by the 
energy requirements of the southern hemisphere oceans. 

Since the transports in this study include the contribution by the ocean as  



Fig. 25. Seasonal values of the required poleward energy trsnsportr by the atmosphere (sensible heat + 
potential energy) and the oceana. Pointr above the zero line repeaent northward transport. 
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Fig. 26. Time-latitude section of the required transport of non-latent energy 
the atmosphere and oceans. Units are 1019 calm day 'l . 



well a s  the total (sensible heat + potential energy) transport by the atmosphere, 
comparisons with other studies are difficult. Holopainen (1965) presented 
winter and summer transport values and he considered the contribution of both 
mean meridional circulations and eddies in the atmosphere. The shape of his 
curves agrees very well with those in Figure 25, but the magnitudes of his 
transport values averaged only 50 - 6070 of those derived in this study. Some 
of this difference (perhaps a s  much as  4W0 according to Eudyko and Kondratiev 
(1 964)) can be attributed to oceanic transport and the remainder to computa- 
tional uncertainties in both studies. He  has shown that the double maxima in 
winter is due to peak transport values by the meridional cell near the equator 
and by eddies a t  mid-latitudes. This  explains the mechanisms of transport 
for the available energy which is influenced by oceanic considerations noted 
previously. 

Poleward transports of sensible heat by atmospheric eddies north of 20' N 
have been computed by Haines and Winston (1963). Similar seasonal trans- 
ports were derived by Krueger et  al. (1965) in order to infer the conversion be- 
tween zonal and eddy available potential energy. Bcth of these studies show 
seasonal variations over the northern hemisphere in agreement with Figures 25 
and 26. 

The results most comparable with those of the present study are from 
Rasool and Prabhakara (1966), since we used their climatological data. We 
find, however, large differences (> 1 020 cal/day) in the required transport, 
especially during SON and DJF. Their SON values are much closer to the 
transports computed for the preceding six months, whereas in Figure 25 the 
SON and D F  curves are more similar. Such large differences result primrcrily 
from the different radiation budget data of the two stwiles and emphasize the 
importance of these data on the derived transpoits. An additional comparison 
is made in the next section. 

5.3 The Mean Annual Case 

A larger amwnt of climatological data that can be used to estimate energy 
budget terns is available for the mean annual case. In particular, Budyko 
(1963) has determined the mean annual geographical variation of evaporation, 
heat equivalent of precipitation, and oceanic energy divergence. Using these 
maps and the net radiation data of Figure 17, we derived the required net 
energy divergence by the atmosphere (AC) from Eq. (7). For this mean annual 
case, all storage terms are neglected. Figure 27 shows the results; the 
geographical distribution of regio~:. of net sensible heat and potential energy 
export (D) and import  (C). 

The mafx features of this map agree well with the computations of Budyko 
who used empirical expressions to  compute the net radiation budget of the 





earth-atmosphere system. In general, the absolute values of enevgy divergence 
are higher, by 10 to 20 kcal. cm-2 yr'l than Budyko's, especially a t  lower 
latitudes. 

The regions of greatest energy export by the atmosphere are over Colombia 
(160 kcal.  cm-2 yr'l), Southeast Asia and northeast of New Guinea (> 120) 
and equatorial Africa (> 80). Inspection of tne radiation budget maps shows 
that each of these regions have high values of net radiation (>  60 kcal . cm-2 
yr'l). Over Colombia, this results primarily from 3 low albedo and the other 
regions have moderate albedos together with low values of outgoing longwave 
radiation. Each of the areas also receive more than 100 kcal cmW2 yr-1 from 
the release of latent heat. The maximum near Indonesia and Southeast Asia is 
decreased by 10 or 15% because of ocean energy transport from that region. 
Divergence minima near the equator are found over the Arabian Sea and the sub- 
tropical oceans of both hemispheres. Even though these regions have a net 
gain of energy across their upper boundaries, the excess of evaporation over 
precipitation during a year requires that the atmosphere imports energy. A 
notable exception is in the southwest Pacific where the cloudy band noted on 
the radiation maps releases enough latent heat to become a net energy source 
region. 

A t  higher latitudes the continental regions of the United States, Central 
Asia, North Africa and Australia are very close to  net energy balance in that 
the required mean annual atmospheric energy transports are small. Under such 
conditions, small changes in either the radiation or water budgets could influ- 
ence the required atmospheric energy divergence. 

The effects of precipitation maxima near the coasts of Ekitish Columbia 
and Chile are evident in  the divergence centers found a t  these locations. 
Indeed the entire map of atmospheric energy export and import closely resembles 
the geographical distribution of precipitation (Budyko's). These results thus 
reaffirm the current opinion that latent heat processes must be incorporated into 
any nodel designed to simulate atmospheric conditions. 

The required net energy transport by the atmosphere (sensible heat plus 
potential energy) and the oceans across latitudinal zones was a lso  derived for 
the mean annual case. In Figure 28, three curves of (AC + AF) are shown. 
The solid line and the unconnected points show the required transport that re- 
sul ts  when the radiation data of the present study are combined with estimates 
of the other terms in Eq. ( 7 )  derived from the data of Sellers (1966) and Rasool 
and Prabhakara (1 965), respectively. For this annual case, the differences 
between the two curves result primarily f rom differences in  the evaporation and 
precipitation estimates by the two studies. The relatively good agreement be- 
tween the two curves occurs partly because each study used data presented by 
Budyko. The third (dashed) curve in Figure 28 shows the transports contputed 
by Rasool and Prabhakara (1966) using some TIROS VII radiation data and the 
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same climatological values used in our unconnected c w e .  Co~nparison of 
these two cwes shows that the results of the present study require higher 
transport by the atmosphere and oceans in the northern hemispnere and lower 
values in  the south than were derivea by Rasool and Prabhakara. S.~mt: of this 
departure is due to differences in the radiation budget data and the remainder 
can be attributed to the lack of TIROS VII data poieward of sixty degrees. 

These curves illustrate the best estimates at  this time of the required 
energy transport derived from the energy budget method. A l l  of them show that 
s southward transport of non-latent energy (about 1019 kcal yr-l) across ti?e 
equator is required. Both curves derived from the radiation deta of this study 
sho;. that the net transport is nearly the same in each hemisphere and has a 
ma 3n annual value of about 2.2 X 1019 kcal- yr-1 (-- 23 watts - m"2). A region 
c. zero net flux near 5"N marks the mean position of the tropical convergence 
zone. 

The partitioning of this transport between ocean and atmosphere and the 
iatent heat contribution is shown in Figure 29. In this illustration, eacn of the 
terms in Eq. (6) are displayed except that al l  storage terms are assumed to be 
zero for this mean amual case. The required transport (RT) aerived only from 
the net radiation data (RNm) is also shown. It represents the sum of the other 
transpar: terns which sometimes have opposite signs (i. e., southward transport 
of latent heat a t  10" N versus northward transport by the other terms). House 
(1 96 5) has summarized earlier estimates of RT, generally made for the northern 
hemisphere. The resuits of this study agree best with his data and those of 
Lettau (1954) in that the northern hemisphere region of maximum transport is 
-4 X 1 01 9 kcal yr' 1 a t  30' N. In the other hemisphere the radiation data show 
a flat maximum between 30 and 40 degrees of about the same magnitude. Be- 
cause each hemisphere has the same radiation budget, the total net -nergy 
transport across the equator is zero. 

The components of RT (LAG,,, AF and AC) were obtained by using Sellers' 
(1966) values for the latent heat and oceanic transports and obtaining the at- 
mosphere' s contribution a s  a residual. Sellers describes the various sources 
of his data ar.d provides a good summary of previous work. The ocean values 
account for 20 - 25% of the total transport in  both hemispheres. Latent heat is 
transported both equatorwad and poleward from the evaporation maxima cen- 
tered near 25'N and 25'5.  This moistiue converges between 5 and 10 degrees 
north, the mean location of the ITC. More water vapor is moved from the 
southern hemisphere and the net northward flux across the equator (-- 4.5 x 
1016 gm - day- 1 cr - i 019 kcal- y r l )  compensates the southward energy trans- 
port by the atmosphere (PC) and oceans (&)- 

Although obtained a s  a residual, the mean annual meridional values of AC 
show the double maxima and other features also noted by Hobpainen (1965) 
for the northern hemisphere. In general, the values of this study are about 15% 



Fig. 29. The total poleward energy transport required by the radiation badget (RT) and the contrib~itions by 
the oceans (AF), tho atmosphere's transport of latent heat (L.ACv) and sensible heat + potential 
energy (AC). 



larger than his results, but in view of all the assumptions involved there is good 
agreement. Our southern hemisphere results show a pattern of non-latent atmo- 
spheric energy transport quite similar to thst in the north. 

Holopainen has also separated his data into contributions by various eddies 
and by the mean meridional cells. If we follow his suggestion and assign one- 
half of the total atmospheric energy transport to the eddies, a hemispheric 
average of this quantity w e r  a year is 0.85 x 1019 kcal yr'l (4.4 watts m-2). 
A recent evaluation of the mean annual atmospheric energy cycle by Dutton and 
Johnson (1967) gave 5.6 watts. m-2as the amount of energy continually being 
generated and dissipated within the atmosphere. Since the transport of sensi- 
ble heat by the eddies is the primary conversion mechanism between zonal and 
eddy available potential energy the results of this study provide an indirect 
check on the magnitude they derived for this portion of the energy cycle (5.33 
watts. m'Z). The agreement with their computations, based in part on the energy 
dissipation rates of Kung (1966), is relatively good. 

A s  a whole the energy budget data of this section compare well with various 
independent studies- They also point out the need for much mole information on 
the other energy processes, now that radiation data are available on a global 
scale. 

6. SUMMARY 

The purpose of the present study has been to describe the radiation budget 
of the earth-atmos phere system a s  measured by the first generation meteorologi- 
cal satellites. Throughout the text some of the more n o t e w h y  features of the 
otsexved budgets on various spatial and temporal scales have been discussed 
along with their meteorological implications. In the course of these discussions, 
the usefulness of these data for more detailed research, some of i t  non- 
metecrological, has been apparent. 

Special attention should be given to the radiation budgets of the polar re- 
gions since the first extended sei-ts of measurements over them inaicats that 
changins surface and atmospheric conditions may definitely ovemde the normally 
dominant effect of incident solar radiation on the net budget. The mean seasonal 
and annual maps of albedo, longwave radiation and net radiation should be ex- 
amined together with maps derived from tpecific seasons and months (to be 
published in atlas form). 

Despite the large effect of seasonal changes in incident solar energy, time- 
latitude sections and budgets of selected zones have shown that the same sea- 
sons have different radiation budgets in different years. Atmospheric features 
that cause such changes and the response of the circulation pattern to them can 
be studied by using conventional meteorolcqical data, computations of the 



energetics of the atmosphere and numerical models. Indeed, one attribute of 
the radiation data is that they give us a vantage point midway between that 
which has happened and the future response of our system. From the radia- 
tion data, research efforts c3n proceed in either direction. 

On a mean annual basis the measurements during 1963-65 show a small 
net gain of energy by the earth-atmosphere system of a t  least  0.01 ca l  cm'2 
min-1. Although this is a small percentage of the annual incident solar ener- 
gy and may result from some undetected measuring problem, i t  may also repre- 
sent part of a regular fluctuation in  tile eneigy exchange between our system 
and space. The addition of this energy to the mass of the atmosphere would 
raise the mean temperature lSaC/yrj to a 100 meter layer of the oceans, nearly 
I " C/yr; and, a s  suggested by Rossby (1 959), a 1000 meter layer of deep ocean 
water would be wsrrned a t  a rate of less than 0.1 "C/yr. 

Some of the results of this study may aid the development of numerical 
models that are designed to simulate atmospheric conditions. In particular, 
the relative distribution and absolute magnitudes of the radiation budget paan- 
eters can serve a s  a control for the models techniques of computing radiant 
energy transfer and their mean distribli:ions of atmospheric variables that de- 
termine the radiation budget. The required poleward energy transports compu!c?d 
by the energy budget method in this study can bc compared with those derived 
from the plentiful supply of data within the models. Eecause the mean annual 
location of maxilr.;lm regions of reauired atmospheric energy divergence corre- 
sponds very well with the distribution of latent heat release, the ceed to in- 
clude this process in  the models is re-emphasized. These same areas a lso  
have a net energy gain by radiation a t  the upper boundary that is generally half 
a s  large a s  the latent heat term. Thus, the longitudinal variation of the rs2a-  
tion budget between 30 degrees north and south nus t  also be considered in 
numerical models. 

New energy budget results derived from the radiation values and climato- 
logical data compare favorably with independent studies. However, the need 
for more extensive and accurate information about the other energy budget 
parameters is very e v i d e ~ t  now that satellite measurements of the radiation 
budget are available on a global scale. Some information about the energy 
transport from the tropical regions can be obtained from geosynchronous satel- 
lite observations. Thus, the major ene.rg)- exporting areas noted in  this study 
can be examined in detail with the high spatial r e s~ lu t ion  and time sampling 
provided by these new satellite observations. 

Even though the radiation measurements of this study agree with iildepend- 
ent observations from balloons -nd some early results from the NIMBUS satel- 
lites, a considerable effort was devoted to  an error analysis. The v a h e  of a t  
least a passive means of inflight calibration of the radiation sensors cannot 
be overemphasized. The low resolution sensors that provided the bulk of the 
data for this study had this capability, but other problems remain. Some of 



these can be remedied by improved technology, while others require some 
scientific study. A l l  radiation budget experiments require precise knowledge 
of the magnitude of the solar constant and another problem is lack of informa- 
tion about the diurnal variation of albedo and longwave radiation. As in this 
study, same measurements of the solar constant can be obtained from the radia- 
tion sensors and special equipment tiown on satellites may provide better data 
also. The diurnal problem will not be resolved i f  our operational satellites are 
always placed into similar sun-synchronous orbits, and other sensors on 
geosync~~onous satellites may be required. Since the solar radiation terms 
often dominate the total budget, the current emphasis on studles of the aniso- 
tropic nature of reflected radiation should bc continued. 

Estimates of the accuracy of any radiation budget measurements are essen- 
tial in order to compare the observations with those obtained from different sen- 
sors. Like good wine, the value of these data should improve with age, and 
when they have been joined by the results from the second generation satellites, 
we shall have just begun to properly examine the energy exchange between earth 
and space. 
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APPENDIX: SATELLITE OBSERVATIONS OF TEE SOLAR CONSTANT 

1 .  Purpose 

Recent high-altitude aircraft observations by Drumrr'ond e t  al. (1967) have 
provided another estimate of the magnitude of the solar constant. Their value 
of 1.95 ly/min may have an accuracy of + 2% (+ 0.04 ly/min) the same error 
l i m i t  quoted by Johnson (1954) for his value of 2.00 ly/min. 

For many studies this uncertainty may be trivial, but when highly accurate 
albedo and longwave radiation observations are used together with an cstimiite 
of the solar constant in a study of the earth's radiation budget, the chosen 
value significantly affects net radiatior agnitudes and the estimate absolute 
error of these data. (See 3-22. ) In o . to aid the choice of a proper value 



and to estimate its accuracy a third measllrement of the solar constant was 
derived from the obsenpations of heat budget sensors carried on a satellite. 

2. Method 

Black and white flat sensors were useci and the reduction of their measure- 
ments into irradiance and albedo values has been completely described by 
Suorni e t  al. (i967). Twice during each orbit these sensor; pass across the 
terminator. Because of the satellite's altitude the sensors are exposed to 
direct solar radiation while still located above a d a k  earth. On these occa- 
sions only longwave radiation from the earth.ar+d direct solar radiation from the 
sun are incident on these sensors. In this study we will examine a long-time 
series of such measurements, remove the contributioa due to IR radiation and 
thus obtair. the solar constant a s  seen bv the sensors (the direct solar radia- 
tion). This measurement can be used to obtain the magnitude of the solar con- 
stant i f  the effects of sun-sensor geometry, sensor absorptivity tnd earth-sun 
distance are nmoved. 

3. Measured Values 

Suomi e t  al. (1957) define two quantities that are measured each time the 
sensors pass from night to day. For flat spinning sensors they are: 

D* = ( E g - E W ) t  = 21 0 r' cos y Od - a  W I) 

where the E values are proportional to energy loads on the black or white sel -  
sors at  location t, the day side of the terminator, or N, the night side of the 
terminator. 10 i s  the sol= constant, r' the factor to account for variations 
in earth-sun distance, y the angle between the solar radiation and a normal 
to the sensors and a' the ratio of a sensor's absorptivities for shortwave 
radiation. With tt.e aid of the illustration in Figure A 1, i t  is seen that the 
solar constant a s  seen by the sensor set i s  given by @*+ W*) = E B ~  - EwN 
(i. e., the total longwave and shortwave radiation less the longwave component). 
In practice, both D* and W* were computed at point t about 2000 t imes  m d  
the variation of their sum with time is also shown in Figure A 1. 

Now 

and thus the white sensor's absorptivity ratio is eliminated from consideration. 
The quanbty (D* + W*) varies with t ime  primarily because y changes. F o r  
tunately the effects of y and r' are known exactly and can be removed. Thus 



Fig. A 1. Example of parameters computed at  each terminator crossing (upper 
portion) and the variltion with time of 0% + W*) and Y = 
(D* t W*)/2r8 c3s y. 
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the variation of ~ ~ a i  = (D* + W*)/2rt cos y i s  a lso shown in Figure A l .  The 
best fit of a l l  the data points i s  a line with Y = 1 p t B  = 2.17 ly/min. The 
standard error is 0.04 ly/min (1.5%) and since D* and W* are measured 
values, the Ip$ data a l so  have a possible bias error o f f  .02 ly/min. 

The invariance of Ioad over a long time period i s  encouraging; i t  implies 
that: 

a) the absorptivities of the black sensor did not change with time (this 
agrees with data from similar sensors flown on other satell i tes);  

b) the absorptivities did not change significantly a s  the angle of incident 
solar radiation varied; 

c )  the solar constant is indeed constant. 

There is, of course, the possibility that any two or a l l  of these three 
statements are false and that changes did occur in compensating directions, 
but this  is improbable. 

4. Necessary Laboratory Data 

In order to derive an  estimate of the solar constant (Io), we must use the 
best value of a$ dete~mined before launch. Since the value apparently did 
not change in  orbit, this laboratory estimate would be valid, barring a sudden 
undetected change just af ter  launch. A s  mentioned 

and the tw9 components were obtained separately for experimental reasons. 
The mean shortwave absorptivity was obtained by weightng precision spectro- 
ae t e r  measurements made a t  Lion Research Corp. by the shape of the extra- 
terrestrial solar irradiance curve given by Johnson (1954); refer to House (1967)." 
The value for agSW was 0.97 + 0.01. Absorptivity of the black sensor to infra- 
red radjation typical of that emitted by the earth and atmosphere from the re- 
gions where the measurements were made was determined by IIanson (1956). * 
He used hohlaraum data for the black paint provided by Shoffer (1962)* and 
obtained a g ~ w  = 0.90. His calculations agree to  within + .02  witn independ- 
ent  estimates by Sparkman (1964) and the author us in^ a seccnd s e t  of hohlaraum 
data for the same paint. Thus the best estimates of ah1 = 1.075 and a reason- 
able bias error is + .02. 

* 
Unpublished report 



5. Results and Error Analysis 

Solving for IO = ( I ~ c r ~ ' ) / c ~ ~ '  we obtain a solar constant magnitude of 2. 01 
ly/min from our satellite observations. A sirnple esumate of the possible bias 
error can be made i f  we le t  

for the worst absolute error and d!~, = + . '317 ly/min for the k t  ca se  (a ra1:g. 
i n  percent error from 2. 5% to  less than 1%). A small part of the possible bias 
error in  the measurement results from slight changes of adsorbtivity a t  aiffereilt 
incidence angles. The best estimate of both tne magnitude and direction of 
this error yields a solar constant of 1.99 + 0.03 cal  cm-2 . nin'l. 

The goal of any solar constant measurement shoull-l be a t  l eas t  1% accuracy 
since the best estimates of the variation of this parait~oter I re  within that range. 
With the data of the present study, checks or. the absolute ma@rkitude of aB' 
and i t s  variation with angle will be made in  order tc remove some small ilncer- 
tainties.  Sensors now being carried on the ESSA sL - i l i tes  c3n be used to  ob- 
tain inore accurate measurements of Y = agtIo ST .: .-, they are better isolated 
from the spacecraft itself. Although this improveu design may lose some prob- 
lems regardicg the geomeby of tne sensing surfaces, ESSP -'ata togeth9r with 
careful pre-launch study of aBt should provide more ac- - se measurements of 
the solar constant. The addition of s relative calibration r:,echamsm on the 
satell i te would eliminate any uncertainty arisinq from degradation occurring 
between pre-launch tes t s  and the start  of normal operations a t  altitude. 
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ABSTRACT 

This study a ~ s c r i i x s z  a method for determining the  reflect!on of sunlight to  
s p a c e  and absorptiun by the earth and atmosphere, using low-resalution radi- 
ometer da ta  from earth sa te l l i tes .  The method h a s  been used with TIKOS IV 
data together w i h  radiation measurements at the  ground t o  determine t h e  reflec- 
tion and absorption o i  sunlight over the  United Sta tes  during the  Spring of 1962. 

The resu l t s  indicate that for th is  region and time, 40 percent of the  incident 
sunlight a t  the  top  of the  atmosphere was  reflected to  space,  1 3  percent was  
absorbed by the atmcsphere and clouds, and the remaining 47 percent was  
absorbed at the  earth's surface. Atmospheric absorption o! the  sunlight varied 
 fro^. over LO percent in the moist a i r  i n  southeastern United S ta tes  t o  l e s s  than 
10 T r e e n t  over m ~ c h  ~f '_he ciry mountain and northarn plains. 

Atmospheric absorption va lues  determined from th i s  s tudy have been com- 
pared wlth earl ier  s tudies  of absorption i n  a c loud less  a t m o s ~ h e r e .  =ere is 
good agreement a t  @ values  of &ater vapor: however, the present s tudy g lves  
significantly h i ~ h e r  absorption a t  filgh values  of water vapor. 

A n  empirical re labonship  is determined for fractio?al  absorption of sunlight 
a s  a function ~f optlcs! pathlength of .xater krapsr, based on  the  present study. 

The fractional a'osorption of ssnllght,  q,, is the f r a c t i ~ n  of the total amount 
incident a t  the top of rhe atmosphere. The optlcal  pathlenfth, u::. is given In 
CItl. 

Here, u is total  precipitable water in a vert ical  column, given in cm, and < 
is the solar  zenith angle. 



LIST OF SYMBOLS 
Symbol Meaniq 

Roman Letters 

A J A f  ,atio: albedo snowcovered ground to albedo snow- 
free ground 

C~ 
Specific heat of air at constant pressure 

Direct distance &om point p on gr~und to satellite 
at height h 

9 Acceleration of gravity at earth's surface 

h Height of satellite 

Is Solar constant 

P Point at earth's surface 

Qa Fraction of Qo absorbed in the atmosphere 

% Fraction of Qo absorbed at the ground 

sg Fraction of Q, incident at the ground 

e Raction of Qo reflected to space 

Qa Radiation absarbed in the atmosphere 

Qg Irradiance at the ground 

Irradiar'ce at the top of the atmosphere 

Outward Irradiance at the top of the atmosphere 

Qs Irradiance reflected at the ground 

r Earth- sun distance 

rm Mean earth-sun distance 

u Total precipitable water in the atmosphere 

u= Optical pathlength of atmospheric water vapor 

Weighting facto; for radiance £mm point p to a 
spherical sensor at height h above the earth 

w Mixing ratio of water vapor 

Greek letters 

4 Surface albedo 

r, Solar zenith angle at the subsatellite pint 

Zenith a ~ g l e  of satellite at height h, viewed from 
Point P 



1. INTRODUCTION 

The albedo is defined a s  the rat io of reflected to incident radiation integrated 
over the s ~ l a r  spectrum from 0.2 to 4. 0 microns. The albedo of the  earth and 
atmosphere is an important component in the global heat  budget, but, unfortun- 
ately, i t  1s a difficult ccmponent to determine. Prior to 1957, there w a s  no pcs- 
sibil i ty of making direct measurements c.+ th is  component on a global scale .  In 
the  ensuing nine  years  s ince  sa te l l i t e  measurements have become available, 
there has  been confiicting 'nterpretation of them. Cjne problem in determiring 
the albedo of the  earth and atmcsphere is that cloudiness,  which h a s  a s t r ~ n g  
modulating influence on the  albedo, var ies  widely over the planet both in time 
and space.  This, of course, c a u s e s  a sampling difficulty because  measut!- 
ments cannot be made everywhere, a l l  the  time. Another hindrance t o  determin- 
ing the albedo is that  the  scattering properties of water droplets in  clouds, to- 
gether with the  variable solar zenith angle  over t h e  spherical  earth, further 
complicates the  sampling. 

Prior t o  the  launching of ear th  sa te l l i tes ,  the  only "outside".approsch to iie- 
tern :?ing the  amount of sunlight reflected from earth was  to measure the "earth- 
light" reflected from the  shadowed s i d e  of the  moon (Danjon [3]; Dubois [4]). 
Computations of the  planetary albedo have been made from those  illumination 
measurements (Angstron [l]). Another approach to est imating the earth 's  albedo 
was through a knowledge of cioud distribution over the  earth m-d es t imates  of 
the  reflectivity of various cloud types (Simpson 1131; Houghton 161; London 
11 11). 

Recently, Fritz et al. [5] have described a qethod of combining sdtellite and 
surface radiation measurements t o  determine the  reiiection and absorption of 
sunlight. In tha t  study, the c a t a  from medium-resolution radiometers of TIROS 
111 were used. This g ives  the albedo of relat ively small  a r e a s  (50 km radius) 
near  surface radiatic.2 stat ions.  In comparison t o  Fritz, :he study reported in 
th is  paper is similar in that  it combine= simultaneous sa te l l i t e  and surface da ta  
t o  deternine  reflection and absorption terms. However, it differs i n  tha t  low- 
resolution n?easurements a r e  u: -3. Thuc. th? result ing a lbedoes  are r6;;resen- 
tat ive of larger surface areas.  

The low-resolution measurements : ave been described by 13olr.i [11] and 
House i8]. 

2. METHOD OF CALCULATION 

From consideration of conservation of radiant energy, it is clear that  sun- 
light reaching the  top  of the  atmosphere is e i ther  reflected t o  s p a c e  or  is ab- 
sxbed by tf-e earth or atmosphere. To define these  relat ianships for the 
 resent study, w e  have used a notation similar t o  that  of Fritz. 



A s  illustrated in Fig. 1, Qo and Qr are the values of solar irradiance inci- 
dent and reflected from the top of the atmosphere. Likewise, Qg and Qs are 
values of solar irradiance incident and reflected from the earth's surface. These 
irradiance terms define the absorption in the atmosphere, Qa, as 

Dividing Eq. (1) by Qo and rearranging terms gives, 

where: 

qa = Qa/Q,, th-1 '. .iction of incident sunlight absorbed in the atmosphere. 

= Qr/Oo, the fraction of incident sunlight reflected to space. 

qg = Qg/Qo, the transmission of the atmosphere. 

a = Qs/Qg, the surface albedo. 

The right-hand term in Eq. (2) is the fractional absorption a t  the earth's surface 
and will be denoted a s  simply qe. Then, 

It is apparent from Eq. (3) that the sunlight incident a t  the top of the atmos- 
phere i s  divided between two absorption terms: ( I )  the absorption in the at- 
mosphere, qZ, and (2) the absorption a t  the earth's surface, q,, and one 
reflectim tern: the reflection of sunlight to space, Q, by the earth, atmos.?here 
and clouds. 

Clearly, the fractioaal terms are completely specified if the four irradiance 
values are known and are compatible in time and space. The following szction 
defines the irradiance terms to asswe this compatibility. 

a. hadiance a t  the Upper Boundary 

The irradiance a t  the upper boundary of the atmosphere, Q,, was calculated 
from 

The solar constant, Is, was taken a s  2. O cal/cmz min, rm and r are the mean 
and actual earth-sun distances, and C i s  the solar zenith angle a t  the sub- 
satellite point. 



b. =ward Irladiance a t  the U ~ w r  bundarv  

The outward irradiance a t  the upper boundary was obtained from TIROS IV 
low-resol-ltion measurements of sunlight reflected to s w c e  by the earth, at- 
mosphere and clouds. Although these TIROS sensors respond to sunlight re- 
flected from a relatively large area below the spacecraft (radius of 2890 km), ' 
the radiation reaching the sensor is strongly weighted in favor of a relatively 
small area around the subsatelli te point. For example, about 50 percent ~f 
the irradiance comes Eom an area with radius of 734 km, centered a t  the sub- 
satell i te point. 

c. Irr3diance a t  the G r o u  

The irradiance a t  the grohnd, Qg, was calculated from radiation measure- 
ments a t  many surface stations in  the reg im viewed by the satellite. Data 
were weighted by a factor that was symmetrical about the subsatelli te poict 
and varied in the same manner a s  described in the preceding section for satel- 
l i te measurements of cutward irradiance. Identical geographical weighting is 
an important consideration oE this study, because i t  is essent ial  that irradiance 
determined for the upper and lower boundaries of the atmosphere represent iden- 
tical areas. This is necessary because atmospheric absorption is only a small 
difference betwaen large irradiance values. The appropriata weighting factor for 
radiation from a point p on the ground resching a spherical sensor a t  height h 
above the gei;nd has  been derived by House [7], a s  

WF = (h/d)' cos  + 
P 

(5) 

Here, d is the direct distance from p to the satellite, and 4 is the zenith 
angle of the satellite, viewed from point p. 

a. Irradiance Reflected a t  the Ground 

The irrauiance reflected a t  the ground, Qs, was obtained a s  the prod:*ci of 
irradiance a t  the grcund and the surface albedo. Albedo values a re  representa- 
tive for a n  area around the station with a radius of 280 km. The particular 
radius value was selected in order to include a l l  of the area between surface 
stations. The values used were the "winter-minimum" a l k d o e s  (Pig. 2 )  for 
the United States a s  determined by Kung, e t  al. [lo]. Since these are  repre- 
sentative of snow-free conditions, it is necessary to correct them if snbw 
exis ts  a t  a particular time. Usins ohserved daily s ~ o w  depth, a best estimate 
~f the surface albedo a t  each station, each  day was calculated. The nomogram 
(Pig. 3) developed by Kung was used for translating snow depth to albedo. 

Distance from the subsatelli te point to the earth's horizon, a s  viewed from 
the satellite. 



Fig. 1 .  Symbols for irradiance bound- 
ing the atmosphere and absorp 
tion of radiation in the 
atmosphere. 

Fig. 2. Winter-minimun-. albedoes based on minimum snow cover (from 
Sung, et al. [lo]). (Values are percentages) 



e. Boundary Condition 

k limitation of this study is that outside the surface-'station network, i t  is 
no longer possible to  determine an irradiance a t  the ground which is represen- 
tative of the area seen by the satellite. A s  a result, measurements along the 
periphery of the network may be in error-particularly where a significant change 
in cloudiness or surface aihedo occurs across the boundary. Inside the bound- 
ary, ar.d cver most of the continental United States, this is not a problem. 

3. MEASURE MEN TS 

a. Irradiance Values 

A total of 775 observations of outward irradiance, Of, were obtained by 
TIROS IV low-resolution radiometers over the United States from February 8 - 
June 3, 1962. For calculating the prLitioning of sunlight, i t  was required that 
the other three irradiance terms correspond in time and space with the satel l i te  
~gservat ion.  To do this, the irradiance a t  the ground was calculated from hour- 
ly  radiation measurements a t  surface stations, weighted geographically a s  
previously defined. Eowly surface observations were used for convenience, 
since the satell i te data have no systematic 'Sne bias within one hour intervals. 
The two other irradiance terms were calculated a s  previously described. 

Because of tha precession of TIROS IV, daytime observations over the 
United States are  not on a continuous basis, but are  for intermittent periods. 
Tiiese periods are shown in Fig. 4. In addition t o  time bias, there is geo- 
grsphical bias in the sample. Th,s is diie to: (1 ) the orbit i x i ina t ion  of 48.3 
degrees which has  the effect of increasing the relative frequency of observa- 
tions in the northern latitudes, and (2) the location of read-out in the eastern 
United States which has the effect of decreasing the number of observations 
in  that region. Clearly, the data used in this study are  biased in time and 
space. To surmount this problem we have equalized the bias in  a l l  variables 
being studied. Only then, it will be possible to obtain meaningful relation- 
ships between them. 

b. Optical Pathlenath of Atmos~heric Water Vapor 

Atmospheric water vapor is ap effective absorber of sunlight and a variable 
constituent of t\e atmosphere. A s  a result, absorption by water vapor is s' - 
nificantly !age, but not geographically uniform. In this paper, the absorption 
of eunlight a s  s function of precipitable water is examined in order t o  make an 
estimate of i t s  not~uniformity. 

A calculation of total precipitable water, u, was made to  correspond with 
each satell i te observation. The radiosonde observation closest  to the s u b  





4. GEOGRAPHICAL DISTRIBUTION 

a. Reflection and AbsorPtion of Siinlisht over the United States 

The reflection and absorption data were calculated for the hours indicated on 
Fig. 4. For the period March through May, averages of reflection, absorption 
and total precipitable water data are shown in Figs. 5 and 6. Spatial smoothing 
was done by averaging observations within 330 km of fixed grid points over the 
United States. A 2 by 2 degree latitude-longitude grid was adopted for this 
purpose. In the southeastern United States where there are sampling limitations, 
a minimum number of 15 samples was required a t  a grid-point before the average 
was calculated. Over the remainder of the United States, the data have bees 
shown up to the border, even though the boundary condition may influence t\e 
representativeness of the analysis. 

Several relationships between the partitioning terms are significant in Figs. 
5 and 6. For example, the patterns of atmospheric abso~ption and absorption a t  
the ground show similar trends-particularly over the eastern two-thirds of the 
United States. This suggests that, in comparison to reflection, absorption in 
the atmosphere has a very dominant effect on the amount of sunlight reaching 
the grounc. It is interesting that neither of these two patterns resemble that of 
reflection to  space. An exception to this is over the Western United States 
where absorption a t  the ground appews to be inversely correlated with reflection 
to  space. 

A physical interpretation of these results suggests that in areas where the 
atmospheric water vapor tends to be uniform (e. g., in western U. S. ), the 
variatior. in atmospheric absorption is correspondingly small. Under these con- 
ditions, the reflection term has a domilzarrt effect on the amount of sunlight 
reaching tne ground. On the other hand, in regions where atmospheric water 
vapor i s  nonuniform (e.g., in  eastern U. S. ), the variation in atmospheric ab- 
sorption is increased, considerably. In :act, i t  appears to be increased to 
the extent that water vapor has the domi?u:.* effect on the amount of sunlight 
reaching the ground, rather than the modulat7 2 effect of clouds which would 
otherwise control it. 

A str ihng feature of Figs. 5 and 6 is the sir. $1 lrity between the patterns of 
t.\tal precipitable water and atmospheric absorp . sa-one thiit wollld be expected 
in view of the results of previous tvork (Gates [ti.  , ?marnoto [Is]; Houghton 161; 
and Kimbalf [9] ) ,  among others. The tvvo patterns 389 remarkably similar over 
nearly all of the United States, except for the up~x: Great Lakes region where 
absorption values are low. This could result from scimewhat greater cloudiness 
in that %. Another explzination could be that swfizca albedo estimates may 
not be r< ~senta t ive  of the surface area seen by the ss'ellite, particu: trly the 
snow-covered country to the north. Consideration of a :sundary condition of 
this type would tend to redtics the calculated absorption values for the 



Fig. 5. The reflection and absorption of s~ ldght  during the period March 
through May, 1962, based on TIROS IV low resolution radiometer and 
surface radiation data. (Values are fraction of incident sunlight at 
the top of the atmosphere. ) 



Fig. 6. Total p-ecipitable 
water (cm) in the at- 
mosphere during the 
period  march through 
May, 1962. Sampling 
times correspond to 
the data illustrated 
in Fig. 5. 

atmosphere. Unfortunately it is not possible to a s s e s s  infhence of these 
effects without detailed information on cloudicess associated with the satellite 
observations. 

it is interesting to  note in Fig. 5 that absorption in the atmosphere has a 
considerable variation over the United States, in  spite 0; tke smoothing tech- 
nique used. At  the same geographical latitude, absorption varies by a factor 
of 3 from the minimum values in the Great Basin to  the maxin;um values in south- 
eastern United States. With latitude, it varies by a factor of 7 between the 
western Great Lakes region and the southeastern United States. It appears that 
atmospheric absorption has as large a spatial variation a s  absorption at the 
growid, and has an even larger variation than the reflection of sunlight to space. 

Finally, from the data illustrated in Figs. 5 and 6, averall spatial averages 
of these terms for the continental United States were derived and summarized in 
Table 1. 

TABLE i 

Average values of partitioning of sunlight over the continental United 
States during Spring, 1962 (&action of total incident sunlight) 

Reflection to  Space, q, 0.40 
Absorbed in Atmosphere, qa 0.13 
Absorbed a t  ground, q, 0.47 

1.00 

(Total precipitable water 1-19 cm) 



Reltan 1121 has found that for the period March-May the wecipitable water 
over the entire United States averaged 1.44 cm, based on 1 I years cf data. 
When Reitan's data are limited to the area of the present study, the average is 
1 .39  cm.  This indicates the average precipitable water in the p-esent study is 
low by 0.2 cm, and the fractional absorption of sunlight in the atmosphere is 
low by about 1 percent in relation to the 11 year period of Reitan. 

b. Solar Heatinq Rate over the United States 

The atmospheric absorption values which were determined in this study can 
be exp-essed a s  the amount of heating of an atmospheric c o l w .  For the values 
given in Fig. 5, the resultant heating rate was calculated from 

(8 1 Average Heating Rate ( 'C/day) = (g - q )/(I 0' - c Ap) o a P - 
Qo is the average for the period March through May for the United States and 
A~lp was taken as 1000 mb. The results shown in Fig. 7 indicate the mmimum 
warming exceeded 0. S°C/day in the moist belt across the southeastern United 
States. The minimum warming rate of about 0.35OC/day is found over the aorth- 
ern Great Plains and througbwut the westsm mountain region. 

5 .  ABSORPTION OF SUNLIGHT IN THE ATMOSPHERE 

There has been considerable work on absorption of solar radiation in the at- 
mosphere based on laboratory measurements (e, g . ,  Yamamoto [15]; Houghton 
[6 ] ) .  These studies were concerned with the abscrption in a cloudless atmos- 
phere. Yamamoto, and a lso  Houghton, relate absorption to total precipitable 
water, for an optical airmass of one (i. e., where the solar zenith angle is 
zero), as shown in Fig. 8, curves 1 and 2. 

The absorption values of the present study have been averaged by c las s  inter- 
vals of the natural logarlthn~ of u*, in order t o  provide comparable results to 
those mentioned above. The results are shown in curve 3 of Fig. 8. 

The work of Yamamoto and Houghton show the absorption of sunlight in 
"artificial" ataospheres which depart from the real case  because they: 

are cloudless, 
are dustless, 
have fixed vertical distribution of absorbing cGnstituents, and 
have a nonreflecting suriace a t  the lower boundary. 

Clearly, the curves in Fig. 8 are not directly comparable. Nevertheless there 
is signif~cant  similarity in the shape of the curves. 

The important feature in Fig. 8 is that the absorption of sunlight in s n  at- 
mosphere with clouds (curve 3) departs from the clear-sky absorption curves 



Fig. 7. Atmospheric heating 
(%/day) aue to a b  
sorption of solar radi- 
ation in the atmosphere 
during the period March 
through May, 1962, 
based on q, values of 
Fig. 5. 

OPTICAL PATHLENGTH, $(ad 

Fig. 8. Absorption of solar radiation in the atmosphere as a functim of optical 
pathlength, x*, in cm. 

Curve 1 is the absorption in  a clear atmosphere due to  HzO, COL and 
Oz 7 from Yamamoto [15]. 
Curve 2 is the absorption in a clear atmosphere due to  HzO only, from 
Houghton [6 ] .  
Curve 3 is the absorption in the atmosphere over the United States 
with mixed cloudiness, based on the present study. Brackets indicate 
the confidence limit of the function values. 



( 1  and 2)  in the reqion of hlqher water vapor content. At lower -1alues of water 
wpor, there is nluch closer agreement between the curves. Thus, i t  appears 
that clear-sky absorption estimates are least  applicable in the areas  wlth more 
moisture (and presumably more cloudmess), and the tendency in  these c a s e s  
is to und2restimate the actual absarption that occurs with clouds. 

This is particularly important because IR cooling is relatively l e s s  in  moist, 
cloudy areas; thus, the IR and solar radiation have a positive effect on the 
generation of available potential energy in mid-latitude duturbances.  In addi- 
tion, the solar absorption term is greater than previously thouqht. 

For further studies i t  is useful to  know the function which represents curve 
3 (Fig. 8). An approximation was found t o  be 

The variance of the dependent data from this function is 1 .0  X 1 o - ~ .  

An example illustrating the use  of Eq. (9) has  been calculated for 40"N lati- 
tude a t  the time of the vernal equinox. Since both time and position on earth 
a r e  specified, then the fractional absorption (Q) and total absorption (Qa) are 
simply functions of the optical depth of water vapor. By holding optical depth 
constant, the ffactional and total absorptions a re  specified as shown i n  Fig. 9. 

The limitations on the use of this  example are that: (1) the empirical data 
obtained over the United States must be used with caution in  other areas, e. g., 
oceanic areas, and (2) optical pathlength is not simply a function of secant  of 
solar zenith angle for atmospheres with clouds, although it may be a good a p  
proximation. 
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ABSTRACT: 

Long-wave radiation loss  maps, based on TIROS IV radiometric mea- 
surements of terrestrial radiation are analyzed for the Northern Pacific 
Ocean during the period 20 March to 1 April 1962. These daily radia- 
tion analyses are compared to standard synoptic charts. This compari- 
son shows the association of the maximum ridge of radiation to the 
subtropical high-pressure belt, and the minimum trough of radiation to 
the intertropical convergence zone. In this study a model of the sub- 
tropical high-pressure cel l  i s  constructed with respect to the long-wave 
radiation maximum. Synoptic time sequences for island stations in  the 
vicinity of the ridge of maximum radiation are analyzed and compared to 
the daily fluctuations of terrestrial radiation. 

I. INTRODUCTION-THOUGHT EXPERIMENT 

Approximately 5070 of our atmosphere is above that part of the earth which 
we generally refer to a s  the tropics; yet, because of a very sparce distribution 
of meteorological stations, the meteorologist must resort to  theory and labora- 
tory models to achieve a better understanding of our atmosphere in  this region. 
I s  i t  now possible i n  this Age of Satellite Meteorolcgy to supplement or maybe 
refine these models by proper interpretation of satell i te data ? 

Current knowledge of the meteorological features of the tropic atmosphere 
te l ls  us that in  this region we have a subtropical high-pressure belt character- 
ized by subsiding air from high altitudes, which in  part, is responsible for the 
formation of what i s  cailed the trade inversion. This inversion is believed to  
be a t  minimal height where the amount of subsiding air is a t  i t s  maximum. From 
this location in  the eastern sector of the high-pressure system, the height of 
the inversion increases to the west, south of the pressure ridge, and to  the 
south toward the equator. The strength of the inversion decreases with i t s  in- 
creased height, and in  the region of the equatorial trough, or ITC, and in  the 
western edge of the high-pressure cell, the inversion i s  essent ial ly  nonexistent 
and the limiting factor to vertical cloud growth becomes the tropopause. 

The meridional distributions of long-wave radiation constructed on the 
basis  of satell i te data show that a satell i te crossing the tropics in  i t s  orbital 
path measures a radiation maximum in  the areas of the subtropical high-pressure 
belts of both hemispheres and a radiation minimum between these relative max- 
ima. Poleward from these maxima, the satell i te radiation show even lower 
values than in the minimum in the equatorial region. 

Could a daily analysis of long-wave radiation show a variation of the 
radiation values in  the east-west direction a s  weli a s  the already established 
variation with latitude ? If so, can the radiatioil patterns on a daily basis  give 



any indication of the sy.1optic location cf the area of lowest height of the trade 
inversion, thus marking the region of maximum subsidence ? Will radiation 
patterns show any variatiofi on a daily basis,  and i f  so, can they be related to 
known synoptic features ? 

A great amount of research has been devoted to  the use of satell i te pictures 
over the tropical regions of the oceans fur the purpose of detecting, locating, 
and studying tropical convergent systems of a l l  scales .  The purpose of this 
paper, however, i s  to analyze satell i te riaiometric data, obtained from a wide- 
angle sensor, in  the region of the subtropical high-pressure belt in the North 
Pacific, and to compare these analyses to synoptic analyses.  This comparison 
should answer some of the questions stated above. 

11. DATA 

2. 1 Radiation Data 

The long-wave radiation values tr..ed for the radiation loss  maps were ob- 
tained by the Wisconsin Heat Budgei Ex .eriment aboard TIROS IV, and are simi- 
lar to those described by Suomi (1960), The radiation measurements are values 
of the long-wave emissions from cloids ,  atmospheric gases  (carbon dioxide, 
water vapor, and ozone), and the earth's surface, integrated over the entire 
field of view of the spherical sensor. Changes 9f radlation values along the 
satell i te path are heavily weighted tca~ard the area just beneath the satellite; 
50% of the radiation value is coming frcm an arc-a of 6 .6  degree latitude rad i~ ; ,  
and 9/10 of the radiation vaiue from 33.270 of t h ~ .  t ~ t a l  field of view, a s  stated 
in  above reference. 

In the preparation of the radiahcn loss  maps, a small periodic variahon 
was found to  exis t  in the daylight me?surements. This variation which amounts 
to l e s s  than 3% of the measured :ra!ut. is attributed to  the differential heating 
and cooling of the sensors a s  thc y .-;.in about the satell i te spin axis ,  in  and 
out of the shadow of the satell i te.  i t  wss smoothed !:v a weighted mean running 
in time. The effect of this smoothing is considerel' t ~ l e r a b l e  a s  the object c~f 
the radiation loss  analysis is to  obt'lin patterns of the long-wave radiation 
loss,  not absolute values of outgoir g r~dia i ion .  The satell i te radion'etric read- 
ings were taken every 30 seconds corresponding t a  a distance of about l o  of 
latitude between successive radiation measurements along a given suborbital 
path. The distance betvre-n successive orbits is about 27" longitude a t  the 
equator. The effect of this gap  will ke discussed later. 

2 .2  S v n o ~ t i c  Data 

The synoptic analyses for the s:~rfdce, 700, 500, 300 and 200 mb levels 
used i n  this p a p r ,  we obtained a s  r- pies of original working charts from the 



USWB Honolulu Analysis Center. Additional synoptic data employed in the 
t ime sequence analyses was 3btained f r > m  the Daily Bulletins of Northern 
Hemisphere Daia Tabulations. 

2 . 3  Additicnal TIRCS N Data 

The nephanalyses eii.ployed wen? obtained from the Catalogue of Meteor- 
olwical Satellite Data-TIROS N Television Cloud Photography. 

111. PERIOD SELECTlON 

The best period suitable for this project was selected s o  a s  to satisfy the 
following criteria: 

(1) A mininum of 3 successive orbits per day, with radiation measurements 
over area of interest. 

(2) A minimum of 8 successive days of criterion 1. 

(3) Satellite passes within 6 hours of 0000 GMT, i. e., near local noon 
in the Pacific Area. 

The above criteria were defined il- tbAs way because: (1 ) A minimum of 3 
successive orbits are considered necessary to show a representative radiation 
pattern, ( 2 )  A minimum of 8 days was established since this is the time re- 
quired for the satellite to pass over a given geographical area a second rime, 
ana (3) Daylight passes were desired for the avaiiabiiity of TIROS nephanalyses. 
Daylight plsses are also advantage3us in that the sequences of radiation data 
are not interrupted by the transition ~ a n e  (satellite warming or cooling in i ts  
orbital path a s  i t  exits or enters the earthr s shadow). 

In reviewing all orbits of TIROS N within the l i fe t ime of the VJisconsin 
Instrument, the period that best m2t  the defined criteria was found to be from 
20 March to 1 April, 1962. This period of 13 days had 88 orbits with continu- 
ous radiation data. A s  this period is early in the life of the satellite, any 
degradation of the radiometer can be assumed small and thus will not influence 
the results to any serious degree. 



IV. RADIATION LOSS i?IAPS 

L3r.g-wave radiation measurements in units of millilangleys per minute were 
plotted along the suborbital oaths from 20" South to 48" North ar.d from 115" 
West to 105" East on a 1: : 5  000 000 scaled mercator projection. This is the 
same base map used for the synoptic charts. 

7he time between successive orbits was approximately 1 hour and 40 
minutes, consequet~tly the dlstance between successive orbits a t  the equator 
was about 27" of l~ngitude.  This made the interpolation of isopleths of radia- 
tion loss extremely difficult. In order to minimize this handicap and a lso  to  
acquire a more re presentative radiation loss pattern, TIROS IV nephanalyses 
were employed, when available, to supplement the radiation measurements. 

T t e  TIROS nephanalyses describe the c l c ~ d  cover, type and intensity. 
C1ot.d cover is given as  clet-r: scattered. broken or overcast. Cloud type is 
described a s  stratiform, cumulus, cuitiu; ,nimbus, or cirrus. 

The use of the TIROS nephanalysis a s  a supplement to the raaiaYon data 
v:as inspired by a statement made by Weinstein and Suomi (1961) that where 
cloud tops are higher and colder, the outgoing radiation is lower, and w h e ~  
the cloud cover is clear to scattered the radiation measurements are higher in 
relahve value. Any cloud present must have a lower temperature thsn the 
earth's surface due to  the temperature lapse rate in the troposphere. It follows 
then that the more clouds within the field of view of the sensor, the lower the 
outgoing radiation measurements. A s  the satellite radiation reading is heavily 
weignted far the area just beneath the satellite, the cloud height, intensity 
and cover under the satelhte largely determine the amount of outgoing radiation. 
Because of this rela tionship of cloud arount  and height to the amount of out- 
going radiation, the nephanalyses camgive a qualitative estimate of the radia- 
tion loss pattern between the plotted suborbital paths of radiation readings. 

The latitude of radiation troughs or ridges were easily determined along 
the satellite suborbital path from the radiometric readings. The orientation of 
the radiation pattern between the sliborbital paths w3s determined largely from 
the nephanalysis, using the aforementioned relationship. Radiation troughs 
were drawn to coincide with areas of broken to overcast cloud areas, with 
consideration also given to  heavy cloud intensity, and to indicated areas of 
dense cirrus and/or cumuJ-nimbus. Ridges of radiation between the suborbital 
satellite paths were drawn to  coincide with reported areas of clear to scattered 
clouds. No attempt was made to determine the tops of the clouds displayed in 
the nephanalyses, a s  the source of corresponding synoptic data was sparse. 



The technique employed in the analysis of the radiation loss maps was 
similar to the analysis of contours of an upper air constant pressure chart. The 
use of 24 how continuity was an invaluable tool in the analyses. A l l  radiation 
loss  maps were prepared independently of the synoptics charts, except ;or the 
above mentioned use of TIROS nephanalyses. 

4.2 Discussion of Radiation Loss M a ~ s  

An example of the daily radiation loss maps is shown in Figure 1. Orbital 
paths are indicated by dotted lines in this figure. The main patterns of outgoing 
radiation appearing on the daily maps are: the radiation trough associated with 
the intertropical convergence zone, the ridge of radiation associated with the 
subtropical high-pressure belt, and the minor ridges and boughs of radiation 
associated with the migratory systems moving through the latitudes of the 
westerlies. 

On this particular day the radiation trough associated with the ITC is 
oriented NE to SW in the Eastern Pacific. It is located a t  18'N, 11 5" W and a t  
about 6"N, 180°W. West of the 180" meridian the trough deviated sharply to  
the south reaching a minimum position and intensity a t  about 15" S, 163" E. 
From this position the trough is- oriented to the NW across Indonesia. In the 
vicinity of Celebes there is a double minisum, and the trough then extends NW 
across Malaysia. 

The east-west radiation maximum ridge in Figure 1 has i t s  most northern 
position off the coast of Eaja, California and shows a relative maximum center 
in the Eastern Pacific a t  20°N, 145" W. Further to the west the ridge weakens 
in the vicinity of 160°W and reaches i ts  ma-umum latitude wsi t ion  a t  12'N, 
165"W. In the Western Pacific the ridge is nearly east-west a t  aborlt 14"N, 
with a rhdiation maximum center a t  13" N, 157' E. The ridge then continues 
toward the Asian Continent showing a weakness over the Philippines and then 
reintensifying over the Far East C i ~ t j w n t .  Another ridge of maximum radiation 
can be seen i? the Eastern South Pacific. 

The minor radiation ridge and trough p t t e r n s  t o  the north of the east-west 
ridge of maximum radiation are associated with the migratory systems imbedded 
in the westerlies. The radiation trough off the eas t  coast of Asia is attributed 
to the convective cloud systems resulting from tho, instability of the cold con- 
tinental air moving out to sea over the relatively warm Kuroshio Current. This 
latter trough varied in  intensity during the 13 days, however was always evident 
in the analyses. 

The displacsment of these radiation patterns described above for the daily 
map example are summarized for the 13 daily radiation loss maps in  Figure 2 .  
In this figure the dotted lines represent the southern most invasion of the frontal 







systems into the subtropical region during this period. The solid lines repre- 
sent the northern and southern limit of displacement of the ridge of maximum 
radiation. In the Northern Pacific the ridge displacement is oriented east- 
west. In the Southern Pacific the ridge of maximum radiation was only defined 
in the analyses for the Eastern Pacific. The limit of displacement of the minor 
ridge between the North and South Pacific regions of maximum radiation in the 
Central Pacific is shown by the alternating dot-dash line. 

The displacement Limit of the radiation trough associated with the ITC is 
shown in Figure 2 by dashed lines. The general pattern and location of +As 
radiation trough on the daily map series agrees well with the climatological 
location of the ITC for the spring season. The radiation col pattern in  the 
Central Pacific reflects 7 weakness of the radiation trough and ;he associated 
ITC in  this region. 

Following the daily continuity of the radiation loss map series, i t  was 
noted that a s  a front moved south introducing cloudiness in  the westerlizs north 
of the subtropical high cell, the lower long-wave emission from the clouds tend 
to displace the ridge of radiation maximum to the scuth. In these areas, the 
additional appearance of a stronger radiaticn gradient reflected the presence of 
greater amounts and heights of cloudiness, and in  turn reflected the greater 
relative intensity of the frontal system. The minor ridges of r3diation maximum 
moving through the westerlies of the temperate latitudes indicate the relatively 
clear areas associated with the migratory high- pressure cells. When these 
minor ridges or a relatively weak frontal system, with relative clear areas, are 
adjacent t o  the northern peliphery of the subtropical high- pressure belt, the 
ridge of radiation maximum is relocated to the north. 

The radiation patterm in  the Eastern Pacific were especially difficult to 
analyze due to the presence of a low-pressure system in  the region. This and 
other synoptic features for this 13 day period will be discussed later. 

4.3 Discussion of Quarterly Mean Radiation Loss Mar, 

Figure 3 portrays the average daylight radiation loss values for March, 
April and May. Radiation values used in the preparation of this map represent 
mean values of a l l  satellite measurements from the same sensor within areas 
of 10" of latitude by 10' of longitude. This map was analyzed independent of 
a l l  synoptic data. 

The radiation patterns on the daily map series are similar to those of this 
mean radiation loss map except for the complex radiation pattern in  the Eastern 
Pacific. This complex pattern of low radiation values on the mean map is due 
to the variability of the clouds and water vapor associated with the low pressure 
system in  the Eastern Pacific, already mentioned in the preceding section. 





The discontinuity of the ITC in the Central Pacific is again apparent by the 
radiation col  pattern between 160°W and 170" W. The northern displacement of 
the mean radiation trough in  the Western Pacific is explained by the fact that 
this mean map includes April and May, which is the time that the ITC has al- 
ready started i t s  motion to the north a s  indicated by climatological data. 

The trough of minimum radiation off the Asian Coast i s  a l so  evident in  the 
mean radiation pattern. This radiation trough in the mean is attributed to the 
convective clouds over the Kuroshio Curre ~t and the clouds aevected in  the 
western sector of the subtropical high, a s  indicated before. 

V. MODEL OF SUBTROPICAL HIGH-PRESSURE CELL 

According to  Riehl (1 954) the trade inversion is formed in the eastern sector 
of the subtropical high-pressure cel l  by a broad scale  descent of dry air  from 
high altitudes. This inversion then ac t s  a s  a lid which the lower cumuli enter 
but rarely penetrate. The height of the trade inversion ascends to the west, 
south of the pressure ridge, and to  the equator. The inversion temperature de- 
creases  a s  the inversion increases  with height. 

The trade inversion heiyht is a function of the magnitude of the subsidence. 
In a given synoptic situation the eastern sector of this high-pressure cell  is 
characterized by the strongest subsidence within the cell. Therefore, the height 
of the inversion must be a t  a relative minimum in  the eastern sector of the sub- 
tropical high-pressure cell. Since the inversion is relatively warm when i t  is 
a t  minimal height and since i t  caps  most clouds and water vapor, a terrestrial 
radiation maximum should be found in  this eastern sector of the silbtropical high- 
pressure cell. 

5.1 Model Construction 

Having 13 days of radiaticn loss  maps for the Pacific Area, and the ccrre- 
sponding s t a n d ~ r d  synoptic level charts, a model of the subtropical high- 
pressure cel l  can be constructed. This model can  establish the location of the 
synoptic hgh-presswe cel l  with respect to  the area of maximum long-wave 
radiation associated with this area of subsidence. 

The vertical and horizontal structure of the subtropical high was determined 
from the sycoptic charts prepared by the USWB Honolulu Analysis Center. In 
the region of the subtropical high-pressure belt, separate cel ls  were apparent 
on both the synoptic charts and the radiation loss  maps. D ~ i n g  this period 
under consideraticn fire high-pressure ce l l  and the maximum radiation pattern 
were best defined in the Western North Pacific. 



TABLE I 

Statistics of Pacific Subtropical Anticyclone Model (20 March to 1 April lQb2) 

Mean Components Standard Deviation Number of Eccentricity 
of Displacement of Vector Cases  of 

Level Vector Components Defined C w e  

Surface - 6.31 15.43 7.93 4 .78 17 0 . 8  
700  mb -10.84 8 .70  9.54 3.46 2 1 0 .9  
500 mb -12.53 4.62 9.63 4 . 4 0  2 2 0 .9  
300 mb -12.11 3.50 7.66 3.32 17 0 .9  
200 mb -11.85 3.06 7 .68  4 .26 11 0 .8  

Note:  Vector components and standard deviations are expressed in equivalent 
degrees of latitude, i. e. , 1 " latitude = 6 0  nautical miles = 1 1 1 kilo- 
meters. 

Due t o  sparse data coverage over the ocean, the exact geographical loca- 
tion of the high-pressure feature on the synoptic charts is not always well de- 
fined. Table I shows that the number of cases  considered for each level varies 
in  the construction of this model. The reason for this variability is that only 
those cases  were. used where there was a reasonable amount of confidence in  
the location of the high-pressure feature. 

The horizontal displacement of the synoptic high-pressure features with 
respect to the associated radiation maximum were determined tor each cell. 
Linear distances from the merca t~r  projection were converted to  a rectangular 
coordinate system scaled in  equivalent degrees of latitude (1' = 6 0  c. m. = 
11 1 km. ). Table I s h o ~ s  the resulting statistics of this investigation. 

5 . 2  Model of SUbtro~ical Anticvclone with R e s ~ e c t  to Radiation Maximm 

Figure 4 illustrates the statistical data in Table I, and portrays the sta- 
tistical model of thz subtropical high-pressure cell with respect to  the radia- 
tion maximum. In this model the mean displacement for each synoptic level is 
shown by a v e c t ~ r i a l  displacement from the long-wave radiation maximum. The 
ellipse, whose center is a t  L!e head of the respective vector, represents the 
standard deviation about the mean vector position. 

The displacement vectors back with increased altitude from the NNW dis- 
placemotlt of the surface pressure center co the nearly east-west position of 
the 200 mb level vector. This model cell shows that the displacement of the 



Fig. 4. Model of Pacific Anticyclone with respect ro ~ong-wave naaiauon 
Maximum 

hgh- pressure cell axis is greatest below the 500 mb level and nearly vertical 
above. The axis of the cell slopes toward the equator with height. The pres- 
sure cell  is found in the northwest quadrant with respect to  the radiation maxi- 
mum. The eccentricity of the standard deviation ellipse definitely shows the 
curves to be elongated in the east-west direction. This orientation of the 
major axis arises from the fact that the high-pressure ridge of the subtropics 
is oriented east-west. 

An attempt was made to correlate the intensity of the radiation maximum 
to the intensity of the associated surface high-pressure coll. The scatter 
diagram shown i n F i g ~ - e  5a shows the relationship of these two variables. 
This scatter diagram shows a negative correlation. The calculated value was 
y = -0.56. A similar correlation, with a value of y, = -0.52 was obtained 
by relating pressure gradients to the radiation field. This negative correlation 
a t  least  qualitatively, is physically reasonable i f  we consider that a lower 
surface intensity of the high-pressure cell indicates a lower vertical develop- 
mer-t of this cell. Be1:ause of this lower vertical development any clouds or 
moisture advected arotnd or over this cell  would then have a higher tempera- 
t-ue and would result in a larger long-wave emission. 

Figure 5b shows a scatter diagram of the surface pressure intensity to the 
latitude of the pressure center. A positive correlation is indicated in this 
diagram, the calculated value being y, = + 0.24. This correlation is 
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physically reasonable: wher. the pressure c e l l  is a t  a lower al t i tude i t  is l e s s  
developed in  the verti ~ a l ,  and is a l s o  over a warmer ocean surface, thus result- 
ing in  Iiigher long-wave emissions.  

Sitice, however, only 17 c a s e s  could be examined in  this c a s e  study, these  
correlation coefficients are not significant and may be indicative only of tbn 
particular behaviar of the sys tems during this specific period. 

VI. SYNOPTIC TIME SEQUENCES IN THE VICINITY OF THE RADIATTON RIDGE 

The seven island s ta t ions  designated in Figure 2 were se lected for synop- 
t i c  time sequence ana lyses  on the bas i s  c~f their location with respect  to  the 
radiation ridge, and the availabil i ty of synoptic data.  These time sequences,  
shawn in  Figures 6 through 12, were analyzed for zonal winds and relat ive 
humidity for the purpose of inves~igi l t ing the position of the subtropical high 
vrith respect  to the station, and examining the humidity distribution i n  these  
sec:ors of the pressure cell. 

During the pericd of th is  c a s e  study, the high pressure ridge was charac- 
terized by two separate cel ls .  The Western Pacific h g h  was in  a better defined 
s tage of vertical development than the Eastern Pacific high due to  a low pressure 
system i n  the Eastern Pacific. This low pressure system exis ted a s  a closed 
low system for the f irst  three days  and then filled; howcver, a trough aloft  
persisted in this region for the remainder of the period. k southern extension 
of th is  trough aloft was  orienteci in the low la t i tudes  i n  a near eas t -west  
direction iind became adjacent t o  the ITC i n  the Central  Pacific. The Western 
Pacific high, and concilrrently rhe ITC, was displaced to the north during the 
middie of th is  period. 

The s ta t iens  se lected for the tine sequence ana lyses  can  be c lass i f ied  
into three qroups on the bas i s  of their location relative to the  radiation ridge 
and expected zonal winds and humidity distributions. The s ta t ions  t o  the north 
o l  the ridgo shoiiid display m ~ s t l y  .vesterly winds, and a variable humidity dis-  
tribution due to the repeated invasion of frontal sys tems into their respective 
areas .  The secocd group which is tn the ridge Itself should display more fre- 
quently eas ter ly  winds, and a l s i i  a lower humidity distribution due to the sub- 
siding air  in  the presslue 11Gge. The third group t o  the south of the radiation 
ridge can be expected t c  display c-,vc-n more eas ter ly  winds than the second 
group and should again  have c. more variable humidity distribution a s  a result  
9f the pertcrbatione in the eas ter l ies .  The humidity pattern of this l a s t  group 
rnight a l s o  be influznzed by advected moisture fiom the region of the ITC. 

The time seqLiences show rsopleths of relat ive humidity a s  solid l ines.  The 
zonal winti regimes are separaied Dy shoat dashed l ines ,  while the heavy dashed 
l ines  indlcate the passage of eas ter ly  wavss  or frontal sys tems a t  ths  stat ions.  



The analyses were terminated, near the lower boundary, a t  the 1000 mb 
level. 

6.1 Stations North of the Radiziuon Ridae 

The t i m e  sequence for Midway, Flgure 6 ,  shows more days with easterly 
winds and a more uniform humidity dstribution than was expected. The easterly 
wlnds, however, can be understood synoptically a s  the result of the flow be- 
tween the Western Pacific high to the west and the near s tat imary low pressure 
system in the Eastern Pacific during this particular period. The vertical humid- 
ity distribution is gecerally suppressed i n  the lower 2 kilometers under the 
influence of the subsiding air. 

While Figure 6 does not really show a typical pattern, Figure 7, the time 
sequence for Iwo Jima, displays what can be considered to be a typical example 
of the zonal winds 2nd humidity distribution for a station located to  the north 
of the radiation ridge. Advective moisture can be seen aloft on 21, 2 5, and 27 
March, and the moisture associated with a frontal passage is evident on 23 
March. A quasi-stationary front in the vicinity of Iwo Jima was shown on the 
surface analyses obtained from the Honolulu Analysis Center from 25 to  31 
March. The presence of this front is indicated on the time s e q u e n e  by the low 
level easterly winds duing this period. 

6.2 Stations in the Radiation Ridae 

The time sequences for Lihue, Wake ~ n d  Taguac are shown in  Fig-ares 6, 9 
and 10, respectively. The zonal wincis on these sequences are as expected 
and show systematic differences of east versus west winds caused by the 
movement of the subtropical high axis, Easterly winds extend t o  greater alti- 
tudes on the analyses for Wake and Taguac while the Western Pacific high- 
pressure all was displaced to  the north. While the time sequences of Taguac 
a d  Wake both display, a s  expected, a general confinement ri aioisture i n  the 
lower layers, the distribution of humidity shown for Wake is corisidered much 
more typical for a station located in the radiation ridge. These sequences 
show that an easterly wave passed Wake on 27 March and Taguac on 29 March, 
this being the time when the Western Pacific high cell was further north. A 
classic example of the influence of an easterly wave on the humidity distribu- 
tion is shawn by the Wake analysis. 

The greater vertical distribution of humidity over Lihue is due to the con- 
vergent flow between the low pressure system to the west and the Eastern Pa- 
ciiic high to the east. Even after the low filled, moisture advection is still  
quite evident over Lihuz. After 26 March, the Eastern Paciflc high moved south, 
and then a s  expected the moisture was confined in the lower layers of the tropo- 
sphdre, under the influence of eubs~ding air. 













6. 3 Stations South of the Radiation Ridae 

Time sequecces for Ma j u o  and Truk are shown in Figures 11 and 12, 
respectively. Of these two analyses, the one for Truk is considered to be 
typical for a station south of the subtropical high. Successive easterly per- 
turbations modify the otherwise suppressed humidity distributions a s  shown on 
ZZ and 27 March. After 2 8  March, the vertical extent of moisture is highly in- 
creased. This is a direct result of the advection of moisture and clouds from 
the LTC, which was located further north a t  this t ime.  

The wind field and humidity distribution over Majuro shows the expected 
pattern cnly on 2 0  March. Immediately thereafter, however, and throughout 
the remainder of the period the zonal winds and humidity distribution are com- 
plicated by the northern movement of the ITC and the presence of the trouqh 
aloft. In fact, Majuo could be considered, during this time, a s  rather typical 
of the behavior of a station close to the ITC. 

6.4 Radiation versus Synoptic Analyses Summary 

The discussion of the radiation loss maps indicated that large scale fea- 
tures of the atmosphere circulation are associated with distinct patterns of long- 
wave radiation. The subtropical high pressure belt is associated with the maxi- 
mum radiation ridge. The intertropical convergence zone is associated with 
the minimum radia3oil trough. In the daily map series, and in the time sequence 
analyses, i,; was founa that these radiation patterns are displaced in the same 
sense a s  the associated synoptic pattern. 

It was observed in the synoptic t i m e  sequence analyses that the main dif- 
ferences between what was expected and what was observed a t  the stations, 
chosen for their relative position to the radiation ridge, was ciue to the daily 
variations in mesoscale features of the atmosphere. Even in the daily radiation 
ana!yses, based on this wide-angle sensor, local mesoscale patterns make 
sense, and thus these details can be of substantial aid in the analysis of such 
features on a routine basis. This is especially true since the distance between 
synoptic meteorological observations in the oceanic region are of tne order of 
bur-dreds of miles. The best example of the mesoscale capability of the radia- 
tion loss maps was a notable increase in the radiation gradient south of the 
radiation ridge on 28 March over Wake. At this time Wake had i t s  lowest 
radiation for the entire period. 

It is the opinion of the author that with better satellite coverage over the 
oceanic areas, radiation loss maps prepared on a routine basis will greatly en- 
hance the daily analyses of weather systems in this region, and a s  a result 
will provide us with a better understanding of the atmosphere in  this vas t  
region. 







V I I .  CONCLUSIONS 

Radidtion loss  maps can be constructed far the tropical regions on a daily 
basis by the combined use of satellite radiation measurements ind nephanalyses. 
These maps can then be used to  determine the location and movement of large 
scale  synoptic features. In the tropical region a ridge of maximum radiation i s  
associated with the subtropical high pressure cel l  and a trough of minimum 
r3diation is associated with the intertropical convergence zone. A change in 
the radiation pattern will be reflected in a correrponding change il; the synoptic 
pressure pattern. 

The preparation of mean radiation loss  maps are a l so  possible. The pat- 
terns on these radiation maps can be used to  further confirm the climatological 
position of large scale  synoptic features in  what are otherwise sparse data 
areas.  

The ncdel  of the subtropical high pressure cell with respect to the observed 
radiation maximum constructed in this paper confirms the present knowledge of 
the slope of the pressure cell with height. A s  the radiation snaximum in  this 
model i s  associated with the trade inversion a t  i t s  minimal height, this model 
shows that the trade inversion 1s lowest in  the southeastern sector of the high 
pressure cell. 

The relationship between the surface high pressure intensity and the radia- 
tion maximum intensity indicates that the magnitude of the radiation reading is 
mainly a function of the height, amount and temperature of the clouds within 
the field of view of the sensor. The comparison of the humidlty distribution 
displsyed in the t i m e  sequences to  the radiation readings for the respective 
areas  a l so  show that each radiation reading is a function of the cloud and 
moisture distribution in the vertical. 

The radiation n?easurements used in  this research are advantageous for the 
preparation of radiation loss  maps because of their dependence on the long-- 
wave emissions from the clouds, atmosphere and earth's surface within the 
sensors large field of view. A refined correlation of optical depth and these 
radiation measuren3ents is not feasible. 
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The thermal radidtion budget experiment is one of three aboard Explorer VII. 
Its purpose is to measure the world-wide distribution of incoming and outgoing 
radiatio,; streams which is basically the source of energy driving the world's 
weather. instrumentation for this experiment consists of three temispheres 
mounted on mirrors, each having d i f  fereat surface characteris tics. One hemi- 
sphere is painted black, another white, and the third is polished gold- 3 e  
black surface is equally sensitive to solar and terrestrial radiation, the white 
surface 1s inor? sensiuve to terrestrial radiation than to  solar radiation, and 
the gold surface is more sensitive to solar radiation than to terrestrial radiation. 

The purpose of this report is t o  examine the geometry connected with i n t e r  
preting the long-wave radiation detected by the white hemisphere. Such c h a r  
acteristics of Explorer VII a s  the size of the area viewed for given 
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satellite heights and the relative contribution of the radiation detected from dif- 
ferent parts of the area are of interest before relating radiation values to meteor 
ological parameters. 

The white hemisphere mounted on i ts  mirror has the same properties as  an 
isolated sphere in space, absorbing radiation from the area viewed on the earth 
and reradiating i t  over i ts  entire surface. The equilibrium temperature of the 
sphere depends upon the strength of the radiation currents from the earth. As- 
suming both the earth and the sphere act a s  black bodies in the long-wave 
region of the spectrum, the energy balance equation for the sphere reduces to 

where $ is the solid angle to the earth for a giv%n satellite height, Rt the 
average Dux of radiation leaving the earth from the area in view, u the Stefan- 
Boltzman constant, and T the temperature of the sphere. One advantage in 
using a spherical sensw is that i t  integrates the radiation over a large segment 
of the earth; therefore i t  is possible to draw a composite map using data born 
consecutive passes even though there is a time difference of one hour and forty 
minutes between each pass. However, one drawback in using this type of 
sensor is that the small-scale terrestrial radiation patterns tend to be smoothed. 
An analysis of this integrating property is the primary investigation of this 
report. 

2. THEORY FOR CALCUIATIONS 

Figure 1 shows the geometry of the satellite's view of the earth. The 
satellite is a t  point X at a height h above the subsatellite point S on the 
earth's surface. Point C is the center of the earth, and R the mean radius of 
the earth. The central angle Q is the angular distance from the subsatellite 
point to some point P, am the maximum angle to the horizon H. The value of 
urn is dependent on the height of the satellite. The following expresses the 
relation 

R 
= arc cos - 

R + h  

The relation to determine the solid angle 0 in the energy balance equation is 

whew Om in Figure 1 is the maximum view angle ior a particular satellite 
height . 

The contribution of radiation from each s m a l l  unit area of the earth varies 
considerably depending on rhe position of the area relative to the satellite. 
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Fig. 1. Geometry of Satellite's View of Earth 

A unit area near the subsatellite point contributes the greatest amount, whereas 
an area near the horizon contributes little to the total radiation detected by the 
sensor. The weight given the radiation £ron an area at P, is inversely propor- 
tional to the square of the distance from P to X, and directly proportional to 
the cosine of the zenith mgle cp of the satellite a s  observed from P. Let Wp 
be the weighting factor for the radiation from P. 

Both d and + in (4) are readily calculated. 

d = + (R + h)' - 2R(R + h) cos a] V2 &aw of ~ o s i n e s )  

(Law of Sines) 

In this report it is  assumed that the earth is a uniform black body radiating 
isotropically at  some constant temperature. A s  stated in equation (I), the flux 
of radiation leaving the earth i s  R t  whose magnitude depends on the earth's 
temperature in accordance with Stefan-Boltzrnan's relation R t  = uT' . It fol- 
lows that the contribution of radiation from an a F  3 (defined a s  the effective 



radiation Re) i s  the product of R t times the weighting factor at  that point. 

Re reaches its maximum value at  the subsatellite point where I$I = 0" and 
d = h. Let Rm te the radiation from the subsatellite point. 

cos 0" - -- Fa 
Rm - d 

Rt - - - h2 

Next define Rn to be the noi-malized radiation response equal to the ratio of 
the effective radiation from any point viewed to that of maximum contribution 

Values of Rn compare the effective radiation from any point in view to that 
from the subsatellite point. They vary in magnitude from 1 a t  the subsatellite 
point to 0 a t  the horizon. A graph of the variation of Rn for two satellite 
heights appears in Figure 2. 

To calculate the total detected radiation from the earth, one musi sum the 
effective radiation from each unit area over the entire field of view. First 
divide the area in view into a series of small incremental zones of width Ar. 
(See Figure 3. ) The effective radiation from a zone Rz is equal to the product 
of the zone's area times the radiational flux leaving the earth multiplied by the 
appropriate weighting factor. 

From geometry, the area or a zone, A,, is 

where At is the vertical thickness of the zone. It is of inte.2st to express 
At in terms of distance on the earth's surface. Since & is small, consider 
it to be a straight line. Therefore At z s ina Ar, and A, = 2aR sin a Ar. 
Figure 4 is a plot of the variation in the magnitude of zonal areas a s  the dis- 
tance from the su~satel l i te  point increases. The area of a zone can be com- 
puted from the graph by multiplying the value of the ordinate for a particular 
distance from the subsatellite point times the zonal width Ar. 

A = (value x Ar) - lo3 km2 
2 





Fig. 3. Geometry of a zone on the earth's surface 



The eqilation for the effective radJation from a zone RZ is 

To obtair, the total radiation RT, one must sun1 the effective radiation from the 
incremental zones over the entire field of view from the subsatellite point to 
the horizon. 

r=H 
sin a cos 

R~ = 23R. R t  r=S T + * r  

I I  

sin a cos 
R~ = Z ~ R - R ?  r=O J -+-& 

A graph of the variation in effective radiation for two satellite heights appears 
in Figure 5. To obtain the effective radiation from a zone, multiply the values 
of the ordinate for a particular distance from the subsatellite point times the 
zonal width. 

R = (value Ar) . R f 
z 

The area under either curve represents the total radiation incident on the sensor 
for the height in question. 

3. DISCUSSION OF r'LSULTS 

In this report calculations were made for two satellite heights, 550 km and 
1100 km, which correspond to the height of perigee and apcgee respectively 
above the earth's equatorial radius. Therefore values of ncxmalized radiation 
response and effective radiation for other heights between perigee and apogee 
will vary between the se ts  of curves in Figures 2 and 5. 

In Figure 2, the scale of the abscissa for a height of 550 KIT. (dotted line! 
was expanded to coincide with the scale for the 1100 km height. The curve for 
the 550 km height drops off more rapidly than the curve for the 1100 km height. 
For exsmple, compare the values of Rn at  a point one-third the total distance 
from the sutsatellite point to the horizon. A s  indicated in  Figure 2, Rn is 
equal to 0. 13 and 0.25 for heights of 550 km and 11 00 km, i-espectively. This 
indicates that the effective radiation from the scbsatellite point a t  550 km is 
7.7 times a s  much a s  that from an area a t  the 1/3 distance point, and a t  1100 
km, i t  is 4.0 times a s  much. Therefore, for lower satellite heights, one can 
expect a greater portion of the total radiation to come from an area near the 
subsatellite point, and a s  the satellite height increases, the re1ati;re import- 



Distance I r a  Subsatrtlitr Point - L., 

Fig. 5. Variation in the effective radiation for two satellite heights. 

ance of the radiation from the subsatellite point decreases. The magnitude of 
the decrease will be discussed in a later paragraph. 

As mentioned before, the area under either curve in Figure 5 represents the 
total radiation incident on the sensor for that height. The c*mres were inte- 
grated gramcally using a planimeter. The tota t radiation at  550 km was 3.8 
R t, and a t  11 00 km was 3.0 R t  . The reason for the decrease in RT with height 
i s  the effect of the inverse square law, i. e. , the greater the distance between 
source and detector, the less the rddiation fkrw. detected. In the energy balance 
equation (l) ,  the radiation from the earth is $R t. Computed values for $ 
using equation (3) give values of 3.83 and 3.002 for heights a t  550 km and 
11 00 km, respectively. The computed values agree quite well with the inte- 
grated values from the cunres. 

When interpreting radiation maps, i t  is of interest'to know the total area 
viewed a t  a particular data point, and also the approximate size of the areas 
from which 1/2 and nine-tenths of the total radiation is coming, for example. 
Define these areas a s  the 1/2 power and the nine-tenths power response areas. 
The size of the areas can be determined from the cunres in Figure 5. Since the 
area under each cunre represents the total radiation for the given height, the 
distance from the subsatellite point which mrresponds to half the area i s  the 
raaisl distance of the circuiar area on the earth from which half the radiation 
i s  coming. For example, the 1 /2 power response areas a t  550 km and l 1 OC km 



are at a distance of 589 km and 1000 km, respectively, from the subsatell i te 
point. Other power areas  can be camputed in this way using the curves. 

An easier  and more accurate method to determine any power area is a s  fol- 
lows. Again the total radiation from the earth is PRt . It follows that half the 
radiation would come from :pRt, or half the solid angle. In the general case,  
the ~ t h  power area would come from the ~ t h  portion of p. From equation (3), 
p = 2s (1 - cos Om), the xth portion of p is X(3 = 2n (1 - cos Ox), where 8, is 
the view angle for the ~ t h  power area. Subs'ituting equation (3) for p, 

cos 0 = 1 - X(1- cos on:) 
X 

Ox 
= arc  cos[l - X(l - r o s  o , ) ]  ( 8 )  

From the Laws of Sines and Cosinest one -,an determine the distance from the 
subsatell i te point for a particular 8,. 

Values of 9, were computed for every -enth power area for the two heights. 
The results appear in Table I in terms of d i s ~ d n c e  from the subsatell i te point. 
Figure 6 shows the relative s ize  of the rzdlation respcnse areas  for the two 
satell i te heights using the values computed in Table I. These radiation dis- 
tributions are the heart of this report. They show graphically the integrating 
property of the hemispherical sensors aboard Explorer VII. Let LS examine 
them in  more detail. 

TABLE I 

1- Distance from Subsatel- 
l i te Point - km Power Area 
h=550 km h=1100 km 

% of Total Area Viewed 

h = 5 5 0  km h=IiOO km 

0. 58 1.06 
1.11 2.38 
2.42 3.84 
3.74 5.81 
5.49 8.35 
8.01 11.80 
11.75 16.60 
1'. 76 24.12 
30.02 37.36 
100.00 100.00 

1/10 
211 0 
3/10 
4/10 
5/10 
6/10 
7/10 
8/10 
9/10 
10/10 

Relative Size of 
Power Areas (A,) 

h=550. 1100 km 

3.39 
3. 13 
2.95 
2.88 
2.82 
2.73 
2.62 
2.52 
2. 31 
1.86 

189 3 56 
300 533 
394 67 8 
489 833 
589 1000 
722 1189 
867 141 1 
1067 17 00 
1389 2122 
2556 3500 



Total Area V l m d  

Each Clrcle f r a  the S~bsatrllite Point kprcsrn~s 101 h t r i b u t i m  to the Total L d l a t i a  

Fig. 6. Relative size of radiation response areas for two satellite heights. 
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From the discussion of the normalized radiation response curves in Figure 
3 ,  i t  was mentioned that for lower satell i te heights, one can expcct a greater 
portion of the total radiation t o  come from an area near the subsatell i te point. 
Inspection of the relative s i ze s  of Lhe -adiation response areas for both heigiits 
in  Figure 6 indicates this conclusion. T a ~ e  for example the nine-tenths power 
response area. For a height of 550 km, nine-tenths of the total radiation is 
coming from 3 0 . 0 %  of the total viewed area, and for 1100 km, nine-tenths i s  
comlng from 37.4% of the viewed area. Computed values for the percent of the 
total area viewed for each response area appear in Table I. In a l l  c a se s  ths 
value of the percentage is lower for the 550 km height indicating that a greater 
percent of the total radiation comes from an area near the subsatell i te point for 
lower heights. 

The radiation response areas  are a l so  an indication of the sensor 's  resolu- 
tion. Up  to this point, i t  was assumed that the earth was at  a constant tempera- 
ture; therefore Rt was constant over the entire earth. Assume an  idealized 
c a s e  where the radiation from an  area the exact  s i ze  of the five-tenths power 
response areas  is Z R t ,  and the remainder of the area is still R t .  The sensor 
would integrate these values and give an average reading of 1 . 5  R t for the 
viev;ed area. One can see i n  Figure 6 that the actual s ize  of the five-tenths 
power response area for 550 km is smaller than for 1 100 km. The ratio of the 
relative s ize  of response areas  for two heights can be computed using a form of 
equation (5). 

where Ar is the area ratio, t is the vertical thickness of the zone, and the 
notation 1 and 2 stand for the two satell i te heights. Since the distance from 
the subsatellite point for the 1/2 power response areas  is known, t can be 
expressed in terms of the central angle. 

t = R - R cos rr = R(1- cos  a) 

t l  R ( 1 - c o s a l )  A = - - =  
r t Z  R(1- cos  C Y Z )  

(1 - cos a,) 
A = 

r ( 1 - c o s a , )  

Computed values of A, appear in Table I. The vzlue of A, for the 1/2 power 
response area is 2.82. This means that i t  takes an area over two and eight- 
tenths times a s  largs for 1 ! On krn a s  i t  does for 550 km to produce the same 
fluctuation in the senscrs  temperature. Therefore, the sensitivity of the sensor 
to  small-scale terrestrial radiation is much better for lower heights. This is 
especially true a s  the power area becomes snialler. In Table I,  the value of A, 
increases to  3 .  39 for the one-tenth power area. 



Nothing has been said alout the effect of the earth's atmosphere on the 
radiation response patterns. Let us consider it  in a quaU tative manner. One 
might compare the effect of our atmosphere to the familiar llmb darkening of the 
su. .. The sun's edge appears darker than the center because the radiation from 
the photosphere a t  the edge travels through a greater optical mass of the sun's 
atmosphere than that from the center. Therefore the effective black body radia- 
tion temperatwe for the edge is lower. 

1.7 the canl-; of the earth, a radiation beam leaving the earth at an angle to 
the zen i~h  i s  attenuated more than the vertical beam. This effect accentuates 
even mc. the concentration of most of the radiation from an area near the sub- 
satellite point. A s  the satellite's view angle increases, the attenuation due 
to the greater optical air mass increases also. An estimation was inade of the 
m a g ~ ~ t u d e  of attenuation using an Elsasser chart. For twice the optical depth, 
(2eni.h eng!:% , ~ f  60°), the decrease is 4 to 5 percent. For r ad ia t i~n  from the 
horizsn, the aecrease i s  15 to 20 percent. Of course, the attenuation will vary 
with different moisture contents of the atmosphere. :'be percentages give only 
an idea of i ts  magnitude. The effect of atmospheric attenuation on the radia- 
tion response areas in Figure 6 is to bring the circles closer to  the center. 

Values were zoniputed for the size of the 1/2 and nine-tenths power re- 
sponse areas and total area viewed for different satellite heights. Figure 7 is 
a g r a ~ h  of their va>iation in terms of distance (km) from the subsatellite point. 
The values were a, so  converted to degrees latitude. See Figure 8. When 
interpreting radiat tn maps, it is easier to estimate radiation response areas 
in terms of degrees latitude. 

4. BRIEF SUMMARY ::ih'D CONCLUSION 

The main impression I wanted to  leave with the reader in this report is 
that even though the sensor aboard Explorer VII is omnidirectional and integrates 
rcldiation from the entire field of view, most of the total detectp5 radiation 
comes from a relatively small area directly belo:" the satellite. ;or example, 
i f  the satellite passes over a storm area, the sensor will definitely getect the 
variation in the outgoing radiation. If that same storm area is located a t  a 
point near the satellite': horizon, the variation in the radiatic I due to the 
storm will be hardly noti.:t able. Therefore a spherical sensor wll indicate 
areas of extensive storminess aild also areas of good weather. It was also 
pointed out in the report that the sensor's resolution improves 1~1th lower sat- 
ellite heights. However, a t  liOC km, the resolution is sufficiently adequate 
to detect variations in the radiation patterns. 

Firially, if another satellite is put into orbit with similar sensing equip- 
ment a s  that on Explorer VII, it would Le advantageous that i t  be put into circu- 
lar orbit a t  a height around 500 km. Interpretation of radiation data would be 
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greatly simplified i f  the satellite orbited at a constant height above the earth's 
surface. The 500 kn: height i s  a compromise between the sensor's resolution 
and sufficient coverage and smoothing to enable analysis of composite radia- 
tion maps. 



During the ten  years of th i s  contract, many other sc ient i f ic  reports were com- 
pleted. A l l  of these  have been i s sued  i n  specia l  contract  reports c r  published 
a s  t h e s e s  and/or papers. The followina sect ion of th is  report ccnta ins  ab- 
s t rac t s  of some of these  p a p a s ,  with additiorial comments where appropriate. 

1. "Atlalysis af Satell i te Infrared Radiatim Measurem?ilts on  L Synzptic Scale, " 
by M. We;nstein anu V. Suo;ni, Monthly Weather Review; 89: 1 1 ,  194 1. 

Abstract 

L o ~ g w a v e  radiation l o s s  maps, based on Explorer VII lneaswements 
of terrestrial radiation a: night, are  analyzed and compared with 
composite nephanalyses and frontal analyses .  Results indjcate  a 
definite relat ionship between the radiation centers  and their c o r n -  
sponding surface low and  high pressure centers,  their  locations,  L4- 
hour in tensi f icahons  and movetxents, and the conformity of these  
movements to  the 500-mb geostrophic f1ov.v. Some of the  potenhal  
applications to ana lys i s  and forecasting are  noted. 

This paper presented first  r ~ s a l t s  obtained from meteoroloqical sa te l l i tes .  
It demonstrated that features of the atmosphere's circulatiorr, marked by 

nasurements associated cloudiness,  could be observed and studied using IR m, 
from a n  orbiting sa te l l i te .  In addition, descriptions of the sensors  and orbit 
of Explorer :'I1 are  given. 

2. "The Genera t im of Available Potential Energy Due t o  Horizontal Variation i n  
Terrestrial Radiation a s  Measured by :hi? Satell i te Explorer VII, " by W. C. C. 
Shen, Ph. D. Thesis.  Also, Journal of A~mosvheric Science, January 1963. 

Abstract 

According to radiometersonde observations, the net  vert ical  flux 
divergence of infrared radiation is positively correlated with the 
outward flux iit the top of the atmosphere. M e a s w e m - ~ n t s  of the 
la t ter  quantity from the  Explorer VII sate i i i te  a re  shown t o  be 



correlated with tropospheric temperature, such that warm air on 
the average is cooled less  than cold air a t  the same latitude by 
infrared radiation. Calculations of the generation of eddy avail- 
able potentlal energy by this process are presented and shown 
to be significant. 

Tnis work may be considered a piorteer effort in the use of satellite radiation 
daLa to study the energetics of :ne atmosphere. The generation of available 20- 
tentialenergy by infrared c o ~ i i n g  over a large area was determined a s  a PAC- 
tion of t i m e  and for v a r i o ~ s  wave numbers. The average value of t!!e genera- 
tion w a s  positive. Msximum generation occurs a t  wave number six. The re- 
sults of this investigation have been used i n  several subsequent studies of 
atmospheric energetics and of the vertical variations of the generation of 
available potential energy. 

"An Iriflight 'Re-Calibration' of Channel 3 on Tiros IV, " by T. H. Vonder Haar 
and I. Drrmhirn, expanded from MS Thesis, University of Wisconsin, 1966. 

Abstract 

The reflected shortwave radiation sensor of the scanning radiometer 
on TIROS IV (Channel 3) degradation is determined by comparing 
measurements of this medium resolution instrument with those from 
the University of Wisconsin omnidirectional sensor on the same sat- 
ellite. This study accounts for the a -Arence  in resolution of the 
two radiometers. More than twenty comparisons were made a t  dif- 
ferent times during the useful life oi TiROS 1V. The results show that 
besldes a scale correction an additional intensity-dependent £actor 
must be applied to Channel 3 values. This extra term is necessary 
to correct for electronic degradation and the wavelength-dependency 
of reflected radiaaon. Degradation apparently ceases after orbit 
650, where the magnitude of the correction factor is near 2.0. These 
correctians bring the quasi-global summaries of measured albedo to 
a reasonable value of 33%. 

In this work an attempt was made to recalibrate the total reflected solar 
radiation sensor of NASA's scanning radiometer on TIROS N by forcing its 
measurements to agree with those obtained from the Wisconsin sensors on 
the same satellite. The necessary correction factor determined by this 
direct comparison is higher than those obtained during a balloon experiment 
and by theoretical considerations. The resulting correction factor yields 
reasonable values of reflectance and thus allows the scanning radiometer 
data to be more usefully applied. The comparison a lso  demonstrated an- 
other advantage of i~c lud ing  more than one radiation subsystem on meteor- 
ological sa tef i tes .  



4. "The Radiation Balance of the Earth from a Satellite, " F. B. Hause, Ph. D. 
Tiiesis, University of Wisconsin, 1965. 

Abstract 

The measurement of albedo and lona- .ave radiation by the black 
omnidirectional sensor on TIROS IV -atellite is used to  study the 
radiation balance of the earth. The method used to obtain these 
resul ts  using only a single sensor system is developed. The prin- 
cipal results of this study are: 

1. Accurate measurements of the solar and terrestrial radiation 
streams using a single sensing sysrem are possible, providing 
the satell i te orbit has  a precessional period relatively long 
compared with the movement of weather systems. 

2. Previous estimates of the meridional distribution of long- 
wave radiation agree remarkably well with satell i te measure- 
ments. 

3. Earlier estimates of the planetary albedo are confirmed. 
tioh-ever, the meridional distribution of measured albedo vaiue 
shows lower values i n  tropical latitudes and higher values a t  
middle and p ~ l a r  lati tudes than are indicated by previous esti-  
mates. 

4. Because of 3 above, satell i te measurements of the net 
radiahon distribution with latitude require a larger transport 
of heat from tropical lati tudes that previously estimated. 

5. Finally, because separate measurements of solar input t9 
the earth and radiative loss  to space were available, the pos- 
sibility of global radiative equilibrium for a fractiori of an 
annu? 1 period is c ~ n s i d e r e d  . 

Tnese zonal averages of albedo, long-wave radiation, and net radiation were 
obtained by the first totally s1iccessful low resolution radiometer experiment. 
A s  such, they represent our first  look a t  the earth's radiative budget by sen- 
sors whose resporise apparently remained unchangec after launch. In jjarticu- 
lar, the albedo v&ltles presented in  this paper are the most trustworthy of the 
entire TIROS series.  

5. "Experimental Analysis of the TIROS Hemispheric Sensor, " by B. B. Spark- 
man, hIS Thesis, I jnversi ty  of Wisconsin, 1965. 



The operatioti of a TIROS hemispheric infrared sensor is examined 
in a simulated environment comparable to that of an orbiting 
radiometer while within the Earth's shadow. Heat flows within 
the sensor supplementing the signal radiation are e ~amined and a 
calibration curve derived to minimize these effects. A compari- 
son with an  inflight calibration formula is presented. 

The laboratory research presented in  this paper represents a sunlrnary of the 
most important e x p e r i m e ~ ~ ~ s  and calibrstions carriled out a t  Wisconsin before 
the hemispheric radiometers were placed on the TIRdS satellites. The con- 
struction of the instruments is described in  detail. Some of the experiments 
were used to improve the design of future sensors, such as those now in- 
cluded on ESSa 111. Results of the laboratory calibrations compared very 
well with the inflight calibrations performed after launch. Because i t  is 
possible to continually recalibate inflight the effects of changes i n  the 
physical characteristics of the satellite sensors is uinimized. 

6. "Interrelation of Ionospheric Sporadic E with Thunderstorms and Jet Streams, " 
by T. D. Damon, MS Thesis, University of Wisconsin, 1965. 

Abstract 

Reports of the occurrence of ionospherl:: sporadic E slouds from r ~ d i o  
amateurs operating on a frequency near fifty megahertz are analyzed 
on a synoptic scale and compared with the occurrence of thunder- 
storms and of jet saeamc. A mechanism is suggested for the observed 
interrelation between E s  and thunderstorms. No defin?ts conclusion is 
drawn concerrung the mssible relationship between E s  and jet streams 

7 .  "The Study of  thunderstorm^ by Rsdio and Radar Techniques, " by L. P. 
Memtt, MS Thesis, University of Wisconsin, i966. 

The generai atmosphedc electric model is o U e d  follawed by a 
discussion of fair and disturbed weather electrical and meteorological 
conditions. Current knowledge of local air mass thunderstorms is 
then reviewed in some detail. This is follcwed by a review of past 
and current research and research techniques a s  applied to thunder- 
storms. Recent developments in  radio and radar techniques are then 
considered in terms of their potential usefulness in  studying 
thunders toms. 



ti. "The 'Chirp' Diyitai %&dic?sonde," Ly V. E. Suoini, K. J. Zansor,, and R. J. 
Parent, Uurna! p i  A d i e d  Mete~rpLogy~ 6: i , 1967. 

This paper reports on d digital measurement !"chirp1-) system which 
has applicatjcn ;or a wid2 range of rnzte~rological and szrth satel- 
lite measurements. 

The system employs a simple concept in whch a vcltage puise, -pro- 
portional to a ser~sor voltage, is used t~ generate a burst 3f pulses 
from a voltage cantrolled c~scillator (VCO). A count cf the high 
frequency oscillations wkrici? make up the "chirp" provides the 
digital measurement. The system is adapted to multiple sensor 
use with a multiplexer. 

The system has the advantage in that one has ;he option of selecc.~g 
an AC: tim2lifier for low level signals in conjunction with a variety 
of multiplexers and VC3 for the desired measwemest. One particular 
cockination of multiplexer alld VCO was used to ciemonstrate i t s  use 
a s  a digital radiosonde. 

A flight test of the d i ~ i t a l  radiosonde was obtained. Results clearly 
show fiile structural detail in the temperature profile without any need 
for subjective interpretatioa by the operator. Numerous isothern;al 
a.nd inversion layers less than 100 m. in thickness were observed. 

The digital radiosonde used conventional (U. S. Weather Bureau) 
temperzt-at? and humidity ssnsors. Temperature resolution is about 
!?- 1 " C and relaEve humidj.t-j is about 0.1 percent. Tne system resolu- 
tion is a b u t  0. I percent. 

9. "Theoretical Basis for Low-Resolution R3diometer Measuremeiits from s 
Satellite, " by V. E. Suomi, K. J. Hanson, and T. 3. Vondei Haar; St.idies 
i n  Atmcs~heric gneraetics h s e d  on Aeros~ace Probinqs, 1966 Annual Rsport 
on WBG- 27, Amendment No. 1, for Ka tionhl Environmental Satellite Center 
of the Environmental Sciences Services Administration, March 1967. 

A bs ttac t 

This paper is intended to provide the theoretical Sackgroufid for 
obtaining irradiance values from low-resolution radiometers of 
the TIROS sateJ.lite series. Hemispherical senLois were used on 
the  TIRQS series. The theory and notation used In this presenta- 
tion were developd,  in part, by Suomi (1 958), i3igneli (1 '262), 
and House ( 1  965). 



The theory for inflight calibration of the low-resolution radiometers 
js developed in this paper. Such a calibration is possible from 
bats  obtained when the satellite crosses the earth's shjdow (usually 
called the terminator) an3 the earth shades or unshades the radi3- 
meters from the direct smlight. These inflight caliSxations provide 
infermation on degradation of the absorbing properties of the sensor 
surface. The measurements are useful in deternining other sensor 
characteristics a s  well. 

An important feature of this measurement system is that the radiant 
energy from a specific source which is absorbed by the seosor is 
used to determine the irradiance from *hat source, through a knswn 
geometrical relationship between the twa. The radiirtion sources 
are direct solar radiation, reflected solar radiation from the earth, 
and I R  radiation from earth. 

Additional Parers 

"Satellite Detection ~f UHF Emissions from Cumulus Clouds, " by S. A, Rossby 
and S a m ,  pesented a t  Internaional Symposium on Electromagnetic Sensing of 
Earth from Satellites; March 1965. 

"Sferics from Lighting within a Warm Cloud, " by S. A. Rossby, Journal 0: 

Geo~hvsica l  Research; 7 ;: 16, August 1966. 
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The following is a l is t  of figures in each of the articles contained in this  
report and the c~rresponding photo serial  number. Copies of individual photo- 
graphs may he ordered directly ?kcmi the University of Wisconsin Space Science 
and tngineering Center, 1225 West Dayton Street, Madison, Wisconsin 53706, 
a t  a charge of one dollar ($1.00) per print. In ordering photographs the appro- 
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Figure 
Number Title - 

Serial 
Number -- 

A r t i c l e  1 

The sun glitter shifts toward west over a calm area 70596-C- 1 
in the midst of a rough ocean 

The geometry of reflection 7 46 04-C- 1 

The probability space of the two dimcnsior~al normal 74602%- 1 
distribution of the waves slope 

The lin2ar relation between the waves slope variance 746C3-C- 1 
and the wind velocity (after Cox and Munk), compared 
to s ix  points represented by vziriance calculated from 
the satell i te data, and actual wind measurements 

Some of thz s teps involved in reducing the satell i te 74213-C- 1 
data, to the standard deviation of the waves slope 

A r t i c l e  2 

Nimbus I1 MRIR Channel 5 bidirectional reflectanc > WO) b57 17-C- 1 
for orbit 468 (June 19, 1966: 11 15 to  11 23 GMT! 

Nimbus 11 MRIR Channel 5 bidirectional reflectance ('70) 657 15-.:- 1 
for orbit 469 (June 19, 1966: 1300 to 1309 GMT) 

Nimbus 11 MRIR Cnannel 2 infrared temperatures ('C) 657 16-C- 1 
for orbit 468 



Figure 
Number Title 

Serial 
Number 

Height contours of Greenland in meters with cloud areas 68531-C-1 
shaded 

Theoretical bidirectional reflectance (%) a s  a function of 657 Id- C-- 1 
optical thickness (7') for various observational zenith 
angles 

Variation of bidirectional reflectance a s  a func~ion  of 68238-C- 1 
the elevation gradient measured in the direction which 
bisects the angle between the solar azimuth and MRIR 
scanning azimuth 

Bidirectional reflectance from horizontal Greenland 68253-C- 1 
snow surfaces v s  scattering angle 

Bidirectional reflectance from cloud areas vs. 68252-C- 1 
scattering angle 

A r t i c l e  3 

The radiation budget of the earth-atmosphere system 65141-C-1 

Summary f satell i te radiation data (other MRIR obser- 6 1802-C- 1 
vations during 1961 and after June, 1964 were not 
included in this study) 

Simplified viewing geometries of the low and medium 6 180343- 1 
resolution TIROS radiation sensors 

Diurnal variation of planetary albedo and outgoing 65143-C-1 
longwave radiation based on TIROS IV measurements 

Comparison of zonally averaged longwave radiation 63535-C-1 
measurements obtained from LRIR and MRIR sensors 
during the same time periods 

Nomogram showing absolute error in net radiation 63533-C- 1 
(cal ~ r n ' ~  min'l) resulting f r ~ m  albedo and longwave 
radiation measurement errors 

Mean values of outgoing longwave radiation from the 65149-C- 1 
earth-atmosphere system (HL) during Dec. -Jan. -Feb. 
and Mar. -Apr. -May. Units are 10-2 ca l .  cm-2. min-1 



Figure 
N um ber -- Title - 

Serial 
Number 

and regions of HL > 0.36 cal ~ m ' ~  min 1 a12 thaded. 

Same a s  figure 7 for June-july-Aug. and Sept. -0ct.  -Nov. 65148-C- 1 

Mean values of planetary albedo (A) during Dec. -'en. - 651 46-C- 1 
Feb. and Mar. -Apr. -May. Regions of A < 20% are 
shaded. 

Same a s  figure 9 for June-July-hug. anci Sept. -0ct.-Nov. 65139-C-1 

Mean values of tha net radiation budget of the earth- 65147-C- 1 
atmosphere system (XNEA) during Dec. -Jan. -Feb. and 
Mar. -Apr. -?!ay. Units are cai  - cm-2. min-! and 
isolines of RNEA = 0.0 are double-width. 

Same a s  figure 11 for June- July-Aug. and Sept. -Oc+. - 65145-(, 
Nov. 

Winter-Summer differences i n  vutgoing longwave 63674-C- 1 
radiation expressed a s  JJA minas D JF (cal  . cm-2 min" 1 ) 

Same a s  figure 13 for net radiation and planetary albedo 65201-C- 1 

Mean annual values of longwave radiatiorl ii-om the 63056-C- 1 
.?artfi-atmosphere system (HL). Units are 1 o ' ~  c a l  
cm-2. min-1 and regions of HL > 0.36 ;. shaded. 

Mean annual values of planetary albeci. ,is! in  percent. 62364-C- 1 
Shaded areas h?ve A < 20%. 

Mean annual values of the net radiation  budge^ , the 62637-C- 1 
earth-atmasphere system (RNEA). Units are 10-2 cal. 
cm-2 . min' 1. 

Mean meridioilai profiles of the components ~f the 6 5202-C- i 
radiation budget of the earth-a:mosphore system for 
each season and the annual ca se  (solid line). 

Time-latitu$e sections shawing the seasonal vcr iat ims 65200-C-1 
of the radiation budget components 

Time-latitude sections of planetary albedo, outgoing 65144-C-1 
longwave radiation and the net radiation budget for 
the per'-od JJA, 1963 to SON, 1965 



Title - 
Serial 
lhmk!x 

adiaaon budgets of selected latittudinsl zones 65203-C- 1 
Tuly, 1964 through N-r~mber, 1965 

Global and t~emispheric averages cf ti;n radiation budget 65140-C-1 
components from June, 1963 to November, !965. Dashed 
lines show the mean annual values. 

The mean seasoial variation of the radiation budgets 6051 1-C-1 
of the entire earth and each hemisphere 

Major zot~ponents of the energy budget of the earth- 65142-C-1 
r tmosphere system 

Seasonal values of the required poleward energy trans- 65265-C- 1 
ports by the atmosphere (sensible heat + potential energy) 
and the oceans. Points above the zero line represept 
northward transport. 

Time-latitude section of the required trsnsport of non- 65264- 2- 1 
iarerit energy by the atmosphere and oceans. Units 
are 1019 ca l -  d a p l .  

Geopa phical distribution of required divergence of 65263-C- 1 
non-latent energy by the atmosphere for the mean a ~ u a l  
case. Uriits are kcal - cm-2 - yr-1 and the major energy 
exporting regions are shaded. 

Poleward transport of non-lakct energy derived from 65266-C- 1 
the radiation data of the present study and the energy 
budget values of Sellers (solid line) and Rasool and 
Prlbhakars (unconnected points). Dashed line is from 
Rasool and Prabhakara. 

The total poleward er,ergy transport req lired by the 
radiation budget (RT) and the contri-butions by the oceans 
(AF), the atmosphere's transport of larznt heat (LACV) 
and senslble heat + potential energy (AC). 

Example of parameters computed t each terminator 
crossing (upper portion) and the variation with time of 
(D* + W*) and Y = (D* + W*)Dr' ccc, y 
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Symbols for iriadiance bounding the atmosphere acd 
absorption of radiahon in the atrnosohere 

Winter-minimum albedos based on ntirdmum cover 

A factor AshF for modifying the albedo of snow-free 
ground a s  3 function 0' *now depth 

The number of daytime obsewations from TIROS IV low 
resolution radiometers and associated solar zenith 
angles a t  times when the satellite was over the 
continental United States, February- June, 1 962 

The reflection and absorption of sunlight during the 
period Ma-ch th roqh  Kay, 1962, lxsed on TI9CS IV 
low resclution radiometer and surface radiation data 

Total precipitable watt r (cn) in the atmosphere during 
the period March through June, 1962. Sampling times 
correspond to data in  Figure 5. 

Atmospheric heating (" C/day, due t o  absorption cf 
solar radiation in the atmosphere during the period 
March through May, 1962, based on qa values of 
Figure 5 

Absorption of solar radiation in the atmosphere a s  a 
function cf optical pathlength, a*, in cm 

A r t i c l e  5 

An example of daily radiation lcss  map. TIROS IV, 
Wisconsirl heat budqst radiameter data. 

Displacerzent limits of radiation ridges and trough 
and fronts during thirteen-da y period. 

Mean diiylight long-wave radixion loss map for 
March, Aprll and May, 1962 



Figure 
Number Title - 

Serial 
N urn ber 

Model of Pacific Anticyclone with respect to long-wave SSE-259-4 
radiation maximum 

Scatter djagrams of surface pressure interisity vs. SSE-2 59- 5 
radiation maximum intensity and latitude uf surface 
pressure center 

Time sequence showing relative humidity distribution, SSE- 259-6 
zonal winds, and surface observations for Midway 

Timo sequence showing relative humidity distribution, SSE-259-7 
zonal winds, and surface obsenrations for Iwo Jima 

Time sequence showing relative humidity distribution, SSL-259-8 
zocal wiads, and surface observations for Lihue 

Time sequence showing relative h-midity distribution, SSE-259-9 
zonal winds, and surface observations for brake 

Time sequence showing relative humidity distrtaution, SSE- 259- 10 
zcnal winds, and surface observat i~ns  for Taguac 

Time sequence showing relative humidity distr ikt ion,  SSE-259- 11 
zonal winds, and surface observations for Majuro 

Time sequence showing relative humidity distribution, SSE- 2 59- 1 2 
zonal winds, and surface observations for Truk 

A r t i c i e  6 

Geometry of satellites' view of earth 

Variation of normalized radiation response values 
for two satellite heights 

Geometry of a zone on the earth's surface 

Variatior. in the magnitude of zonal areas 

Variation in the effective radiatlrrn for two satellite 
heights 

SSE- 290- 3 

SSE-290-4 

SSE-290-5 



Figure 
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6 Relative s ize  of rt .  lation response areas  for two SSE- 290-6 
satell i te heights 

7 .'?riation in the s i ze  of radiation response areas  SSE-290-7 
,=i;ellite height in km vs. radius of area i n  km) 

8 Variation in the s i ze  of radiation response a r sa s  SSE-290-8 
(satellite height in km vs. radius of area in  degrees 
latitude) 

Table in  this  article SSE-290-9 


