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ABSTRACT:

Radiometric measurements within the 6.3 micron band
of water vapor and the 8-12 micron atmospheric window
were made over a five month period from February to June
1962 from the TIROS IV meteorological satellite. Simul-
taneous measurements in these two spectral intervals have
been analyzed to infer the spatial and temporal varia-
tions on a quasi-global scale of the following three
quantities: (1) the mean temperature of the cloud top,
land, or ocean surfaces, (2) the mean relative humidity
of the upper troposphere, and (3) in conjunction with
radiosonde temperature data, the water vapor mass above
the 500 mb level,

The results show three major regions of high moi-
sture content over South America, Africa and the Western
Equatorial Pacific with several other lesser regions
near the Intertropical Convergence Zone. The subtropical
highs of both hemispheres are regions of low moisture
content, as it might be expected from the general at-
mospheric circulation pattern. A minimum average zonal
moisture occurs in the months of February and March in
the Northern Hemisphere near 20° latitude. In the months
of May and June it occurs in the Southern Hemisphere
near the same latitude.

At equatorial latitudes the average surface tempe-
ratures indicate a persistent minimum along a narrow
band identified with the Intertropical Convergence Zone.
Elsewhere the magnitudes and patterns of the mean sur-
face temperatures are associated with semi-permanent
weather regions, as well as synoptic scale weather
features occuring along storm tracks in middle lati-
tudes, especially in the winter season in each hemisphere.
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1.

INTRODUCTION:
Water vapor in the earth's atmosphere is of great

importance in all processes which are connected with
the planetary circulation, with the planetary heat
balance, with the hydrologic cycle, and also with the
life on earth. The knowledge of its vertical and ho~
rizontal distribution, and of the seasonal changes
should give more insight into these processes.

In the past years only a little number of authors
determined the global distribution of the total water
vapor mass (STARR et al., 1958; BANNON and STEELE, 1960),
of the relative humidity (SZAVA-KOVATS, 1938; TELE-
GADAS and LONDON, 1954) and of the precipitation (e.g.
MOLLER, 1950). These analyses have been based large-
ly on radiosonde measurements. However, because of the
extremely limited number of stations over most parts
of the earth's surface and because of sizeable errors
of measurements the validity of these water vapor
analyses still have been open to guestion.

Global measurements of the thermal radiation of
the atmospheric water vapor within several ranges of
the electromagnetic spectrum from satellites should
promise to yield better determinations, once methods
are developed to extract from them informations about
the vertical water vapor profile or the total water
vapor content. Up to now, such measurements have been
made only from the meteorological satellites TIROS II,
TIROS III and TIROS IV in only one narrow spectral
interval (5.8 -~ 6.8 microns) centered within the
6.3 micron band of water vapor. MOLLER (1961) has
shown that the upward going infrared radiation in
this spectral range is a measure for the mean rela-
tive humidity of the troposphere if the temperature



profile is known. Later MOLLER (1962) and RASCHKE
(1965) developed an evaluation method in which they
included simultaneously measured radiation in the
atmospheric water vapor window hetween 8 and 12 microns
to account for the temperature of high cloud surfaces.
This method has been used in this period of the Grant
NsG-305 to evaluate the TIROS IV radiation data. Since
this method has been reported on formerly (MOLLER and
RASCHKE, 1964; RASCHKE and TANNHAUSER, 1965; RASCHKE,
1965), it shall be discussed here only briefly.

TIROS IV measured the infrared radiation from the
earth into space over about a five month period (Fe-
bruary 8 to June 30, 1962). During this period an op-
tical degradation of the sensors (G.S.F.C., 1963)
occured which necessitated a correction of all measured
data.

The results, (1) the mean relative humidity of
the upper troposphere, (2) the effective surface tempe-
rature, and in conjunction with climatological data
on the temperature (3) the water vapor mass above 500 mb,
are presented here in quasiglobal distribution maps of
monthly and of ten-day averages (appendices A 1 and A 2)
between 55°N and 55°S,

PRINCIPLE OF EVALUATIONS:
2.1 Equation for transfer of upward going infrared

radiation.
A radiometer on a platform outside the earth's at-
mosphere measures within a sufficient small aperture
angle Aw the intensity I (6) of upward going infra-
red radiation. This can also be calculated from the
vertical distribution of temperature and of an absor-
bing gas using the following well known equation:
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I(0)=Aw /J #,B,[T(1og p )17 [6,w(1log p ) ldv (1)
(o]
» log p,
ar [e,w(1 )]
+ Ao ’I dv ﬁva[T(log )] vd Toz ;g > d log p

o) log Pq

where v is the wave number, Bv the Planck function,
T the ambient temperature, p the ambient pressure,
© the zenith angle of the radiation, T, the spectral
transmittance of the atmosphere between a level
at ambient pressure and the satellite, and w the
mass of absorbing gas in the vertical between the
two levels. The subscript "o" refers to the lower
boundary, which has been assumed to be a blackbody,
although cloud sufaces and the ground have not the
emissivity 1.0 (e.g. BUETTNER, 1965). The subscript
"s" refers to the satellite, The function ¢V describes
the spectral filter function of the instrument.
Equation 1 is valid only in that region of the
atmosphere where the local thermodynamic equilibrium
exists (up to about 40 km). Further it can be assumed
that the scattering of infrared radiation by air mole-
cules is negligible except 1f ice particles and water
droplets are present (DEIRMENDIJAN, 1959; ZDUNKOWSKI
et al., 1965). Absorption and emission by aerosols
have been proved (KONDRATIEV, 1961; ROBINSON, 1962;
LEUPOLT, 1965), but it is very difficult to include
them gquantitatively into calculations of radiation
fluxes.,.
Equation (1) shows that the total value of I(9)
consists of contributions of radiation emitted from
the lower boundary (first term) and from a gas within



the atmosphere above that boundary (second term).

In spectral intervals of high absorptivity of that

gas (in band centers or in line centers) only radia-
tion emitted in the upper layers can penetrate the at-
mosphere to space, while in spectral intervals of less
absorptivity radiation from lower layers can penetrate
to space,

According to the second term in Equation (1)
the intensities are determined by the vertical di-
stribution of the temperature and of the concentration
of the absorbing gas in those layers. KING (1958)
demonstrated the validity of this fact for deter-
minations of the vertical distributions of the tempe-
rature and of absorbing gases from satellite measure-
ments. KAPLAN (1959) later showed that from simultaneous
measurements in different spectral ranges of the 15 mi-
cron Coz—band with different absorptivities in prin-
ciple the vertical temperature profile can be deter-
mined because of the constant mixing ratio of carbon-
dioxide in the atmosphere up to about 40 km. The curves
in Pig.2.1 show that depending on the absorptivity of
002 in each particular interval the center of gravity
of emission (second term of equation 1) is located
in particular layers.

Mathematical difficulties occuring in evaluations
of those measurements have been discussed by several
authors (KING, 1963; 1964; McCLATCHEY, 1965; TWOMEY,
1965; RODGERS, 1965; WARK and FLEMING, 1966). Also se-
veral techniques for measurements have been developed
in the past years (DREYFUS and HILLEARY, 1962; HANEL
and CHARNEY, 1965; HOUGHTON, 1961; SMITH and PIDGEON,
1964). Up to now only HILLEARY, WARK and JAMES (1965)
-obtained satisfactory results from halloon borne
measurements.,
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If the temperature profile is known, then in
principle also the vertical distribution of an ab-
sorbing gas can be obtained from a similar set of
measurements in one of its absorption bands. Inasmuch
as remote soundings are made only in the infrared the
the results will be disturbed by the presence of clouds

dust and haze layers because ice crystals and water
droplets in those layers have other optical proper-
ties than the gases.

In spectral ranges of centimeter waves and

microwaves, where the scattering by larger particles
is small, the temperature profile can be obtained

by measurements in the region of strong O2 lines
near A = 5 mm (SMITH, 1961; MEEKS and LILLEY, 1962;
FOW, 1964). The vertical distribution of water vapor
or the total water vapor mass can be derived from
measurements in H20 lines near 1.35 cm, 163 mm or

at wavelengths shorter than 1 mm (see also KATZ, 1963).
Here, however, the absorptivity of water droptlets
must taken into account. Further the emissivity of
the ground in that spectral range departs widely
from that in the infrared region depending on the
ground cover.,

Determinations of the vertical structure of the
lower atmosphere, in particular of the troposphere
from satellite measurements of the emitted electro-
magnetic radiation are therefore of a sophistica-
ted nature. They will not replace completely con-
vential methods of meteorological observations.

2.2 Evaluation method
¥p to now one of the inversion methods mentioned

above could not be applied on satellite measurements,



because former meteorological satellites (TIROS II,
TIROS III and TIROS IV) carried radiometers with
only three channels for measurements of infrared
radiation (Table 2.1).

spectr.intery].

channel 1' 5.8—6.8/w center of 6.§w-band of water-
vapor

channel 2 8f’— 13/~ atmospheric window

channel 4% 7f-- 30/v total infrared radiation

¥ not aboard of TIROS IV

Table 2.1: Spectral ranges of infrared sensor
of TTROS II, TIROS III, and TIROS IV

FROM TIROS VII only radiation between 8 and 13 and
additionally within the 1§m.—band of carbon dioxide
(stratospheric temperatures) has been measured.

Within the region of sensitivity of channel 4 about

8o % of the total emerging infrared radiation of the
earth and its atmosphere will be measured. As the ab-
sorption by water vapor in the rotation spectrum from
17 to about 50 microns is less than the absorption in
the 6.3 micron band it was proposed by MOLLER and
RASCHKE (1963) and by YAMAMOTO (1965) to derive from
channel 4 measurements the mean relative humidity of
the lower troposphere or the total water mass. Since
channel 4, however, measures radiation emitted from
the ground (or from clouds), from H,0 and additio-
nally from 002 and 03 such determinations are of a
complex nature. A quantitative analysis of these



measurements in that sense requires an accuracy of
measurements which is much higher than the actual
accuracy.

Therefore, only from the measurements of the re-
maining two channels parameters of the atmospheric
structure could be derived. (Fig.2.2/

Channel 1 measures radiation emitted from atmo-
spheric water vapor in the center of its 6.3 micron
band. The absorptivity here is high enough that in
a cloudless atmosphere only radiation emitted from
layers above 600 mb can penetrate to space (Fig.2.3).
The center of gravity of emitted radiation is located
between 200 and 600 mb depending on the water vapor
concentration in these layers. The contribution from.
layers below and above these boundaries is cPmpara-
tively small because of the high absorptivity of H20
in this spectral range and of the low concentration
of H20 in the stratosphere respectively.

If no high clouds are present the measured values
of channel 1 primarily depend on the vertical tempera-
ture distribution and on the water vapor concentration
between 600 mb and 200 mb (second term of Equ.1). MOLLER
(1961) could show, that they are a measure of the mean
rdative humidity within these layers, if only the tempe-
ture lapse rate is known even without exact knowledge
of the temperatures themselves. The lapse rates, however,
do not show much of variability.

These humidity values obtained from channel 1 data
are weighted means. Since the level of the center of
gravity of emission changes its height with the water
vapor concentration, the humidity values are not re-
presentative for a fixed level,
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Over high clouds channel 1 also measures radiation
emitted from the cloud sufaces, which is determined
by their temperature. The temperature can be obtained
from simultaneously measured data of channel 2,assuming
that the clouds are completely opaque, have no reflec-
tivity in the infrared, and fill completely the field
of view of the radiometer. It is evident that cases
of partly transparent clouds lead to high mistakes of
interpretation. Also different albedos of clouds in
both spectral regions (DEIRMENDIJAN, 1962; HAVARD,
1960; ZIRKIND, 1965) may cause some uncertainties.

The evaluation procedure which is the only appli-
cable one, consists in comparisons of simultaneously
measured data of both channels with intensities of the
emerging radiation calculated for model atmospheres.
The model assumptions are: temperature profiles (COLE
and KANTOR, 1963), valid for a certain climatological
zone and time period (chapter 2.3); constant relative
humidity in all layers of the troposphere and constant
gradient of the frost point in the level of the strato-
sphere; constant mixing ratio of water vapor above
100 mb of 2 . 10=%g/g (MASTENBROOK, 1963). For caltu-
lation of the upward going radiation in the filter region
of channel 1 also carbon dioxide (with 0,03 % per volume)
and ozone (vertical profiles for different latitudes)
were taken into account. As described above clouds were
assuned to be black in the infrared. Their surface
temperature was assumed to be equal that of the air adja-
cent above them. For the case of surface temperatures
higher than those given in the atmosphere temperature
profile, only the surface temperature was increased,
while all other conditions were kept constant.

10



A1l calculations of radiation intensities were
carried out with the computer program developed by
WARK, YAMAMOTO and LIENESCH (1962). Evaluation diagrams
could be drawn from the results, obtained for different
cloud heights and for different values of the relative
humidity. One of them is shown in Fig.2.4. It is deter-
mined only for radiation vertically emerging from a
tropical model atmosphere. (See page 12)

In this diagram the pattern of isolines for equi-
valent black body temperature Tequ. * shows the influ-
ence of tropospheric water vapor on the radiation within
both spectral ranges. The curves for channel 1 turn with
decreasing cloud height and increasing relative humidi-

ty from the vertical into horizontal direction, while

those for channel 2 change only a little bit their di-
rection. On the left hand side of the diagram, however,
which is representative for measurements over very high
clouds (low surface temperatures) channel 1 approximate-
ly also measures the surface temperatures of the clouds.
Points of intersection between the isolines for both
channels determine the desired values of the relative
humidity and of the surface temperature. These inter-
sections are not well defined in the left hand past of
the diagram. In the evaluation procedure then it was
agsumed that the upper troposphere is mnearly saturated
(r.h. = 99 %) or filled with thick clouds if measure-
ments of both channels had equivalent temperatures of
less than 228°K. This assumption, in fact, seems to be
very arbitrarily, because it is not possible to di-
stinguish between measurements above a very high, dense

The equivalent black body temperature Teqy, of the in-
tensity I of infrared radiation in a spec¢tral interval

‘described by the filter function @, is defined by

T - ijngv(Tequ) dv

o

11



RELATIVE HUMIDITY

100% 7V
i ) ——f——1-235-f——
I 230 T
50% ’ ‘239/, //
TROPOPAUSE 240 —~
. / 220,’ ] // 252 s o 280 290 300 310
WL VT
s A
10% :|||I// /’250__—
N VA
5% g i, o 255

.50° -40° -30° -20° -10° 0° +10° +20° +30° +40° +50°
SURFACE TEMPERATURE (°C)

~=m== CHANNEL T (5.7:- 6.94)

CHANNEL 2 (8,- 13,)

Pig.2.4: Evaluation diagram, computed for
radiation emerging vertically from a tropical
model atmosphere. Isolines are drawn for
equivalent blackbody temperatures (in °K)

180 200 220 240 260 280 300

T7 1 i|

N
(2,
T
AN

/PROFILES(AFTER COLE.
AND KANTOR, 1963)

o

A=
[I%)
an

—
(=)
T

130

N
[2))
T

/  MIDLATITUDE (45°)- IANUARY|
- MIDLATITUDE (45°)- JULY

PRESSURE IN mb
=)
S
APPROXIMATE HEIGHT IN km

100} b
250 TROPOPAUSE —- o
500/ I5
10004500230 240 260 " 260 300 °

TEMPERATURE('K )
Fig.2.5: Temperature profiles

12



and cold, but thin cirrus layer or a lower but warmer
and thicker cumulus or alto stratus layer, which fills
the entire upper troposphere. In order to account for
the nadir angle dependence of measurements similar dia-
grams were calculated for nadir angles of 30° and 40°
and were used in the evaluation procedure as described
below in chapter 2.3.

Due to latitudinal changes of the stratospheric
temperatures and due to the temperature and pressure
dependence of the absorptivity of water vapor the in-
tensity of outgoing radiation in both channels would
vary with latitude even if all other conditions (sur-
face or cloud temperature, relative humidity etc.)
would be kept constant. Evaluations of data measured
at different latitudes with diagrams computed only
for one model atmosphere then would lead to systematic
errors. Therefore, radiation data measured in a cer-
tain latitudinal belt and calendar month were evaluated
using calculations from the climatologically nearest
corresponding temperature profile as shown in Fig.2.5.

The results, which will be obtained by evaluations
of radiation data of both channels are now
(1) the mean relative humidity of the upper troposphere

or above clouds in the upper troposphere, and
(2) an effective surface temperature.

Both of these gquantities must be understood to be
valid only for an ideal stratification with given tem-
perature profile and a cloudless (and dustless) upper
troposphere which is bounded below by a black emitting
surface (cloud or ground). Since only one measurement
within the water vapor band was available, it is not
possible to define a fixed level for which the humidity

15



value holds. Variations of the actual atmospheric
stratification, in particular transparent or broken
cloud layers and colder or warmer stratospheric layers,
affect errors in the results (RASCHKE, 1965), by which
the validity of this simple procedure is limited.

2.3 Evaluation procedure

All evaluations of the data of TIROS IV were performed
with the IBM 7090 computer of the GODDARD SPACE FLIGHT
CENTER, Greenbelt, Maryland., Fig.2.6 shows a diagram

of the data flow in  the computer, which in principle

explains two successive steps. (See page 15)

Step 1: Averaging of data in grid fields.

" Data from a single orbit (channel 1, channel 2 and also
nadir angle) were averaged within grid fields given by

a standard computer program (G.S.F.C., 1962) for mapping

of TIROS radiation data in a Mercator Scale Map (1:40 mill.).
In this program one grid field near thé equator is about

5x5 degrees longitude and latitude wide.

Before averaging the radiation data were corrected
according to the degradation of the sensors (chapter 3).
Those measured with nadir angles N ¢ 45° were omitted.
This procedure producesthe data which are stored on the
master grid tape.

Step 2: Evaluation.

Asmentioned in chapter 2.2 the nadir angle dependence
has been taken into account by evaluaiing data measured
with nadir angles between 0 and 25 degrees (26°-35°,
36°-45°) with intensities calculated for upward going
radiation at the nadir angle of 0° (30°, 40°). Table 2.2
shows the latitude boundaries used for each model atmo-

14
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Month Model latitude boundaries
Atmosphere

February C 60°N - 35°N
B 34°N - 20°N
A 19°N - 35°S
c 36°S - 60°S

March C 60°N - 35°N
B 34°N -~ 20°N
A 19°N - 35°S
B 36°S - 60°S

April B 60°N =~ 40°N
D 39°N -~ 20°N
A 19°N -~ 19°S
c 20°8 - 39°S
B 40°S - 60°S

May B 60°N - 40°N
D 29°N - 20°N
A 19°N - 19°8
B 20°S - 39°S
C 40°S -~ 60°S

June D 60°N - 36°N
A 35°N - 19°S
B 20°S - 34°3
C 35°S - 60°S

Table 2.2: Latitude boundaries for each model atmo-
sphere and each calendar month

16
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sphere given in Fig.2.5 which were determined by
comparison with temperature profiles published by
KANTOR and COLE (1965) for each calendar month and
various latitudinal belts.

This evaluation procedure has been repeated with
data of any orbit separately,

CORRECTION OF RADIATION DATA FOR INSTRUMENTAL
RESPONSE DEGRADATION

3.1 Accuracy of measurements (without degradation)

By estimating the signal to noise ratio at "mid-range"
temperatures of the radiation source (for channel 1

= 230°K, for channel 2 = 280°K) it has been found that
the accuracy is about + 5°K of the equivalent tempera-
ture of the measured intensity (G.S.F.C., 1963). These
high errors do not allow a quantitative analysis of
single spot values. Therefore, the averaging within
grid fields of about 5x5 degrees was performed as
mentioned above before the evaluation procedure al-
though then the simultaneousness of measurements of
both channels is lost, which is required in the evalua-
tion method.

3.2 Postlaunch degredation of instrumental response

After launch the sensitivity of the instruments in
TIROS IV decreased slowly with time. This degradation
must be accounted for in quantitative evaluations of
the measured data. Since no calibration source was
aboard TIROS IV the magnitude of the degradation and
its temporal changes must be determined under reason-
able assumptions. These are:

17



(1) The sensitivity decreases slowly and steadily

with time. '
(2) The degradation is not dependent on the wavelength,
Then the measured intensity ®' of one channel is deter-
mined (BANDEEN et al., 1963) by:

W o= PR oYW (Y- P (2)
where-wF and W' are the intensities incident into the
apertures of the radiometer at floor side and wall side,

respectively.

e [dn (1) a (3)
0

is the intensity emitted from all components of the op-~-
tical system inside the satellite, if their temperature

F and ¢% give the subsequent fractional de-

Ts is equal., C
gradation, respectively, for the floor and wall sides.
At the time of calibration of the sensors (and of the
first orbit) it has been assumed that CF =c¥ = 1, al-
though radiation data of channel 2 seemed to be about
5°K to00 low (chapter 3.3). Assuming, that the radiation
incident from space into one side of the satellite does

not have a measurable effect,Equation (2) can be written:

WY 4. (of - ov ) w8 (4)

x|
n
Q

for wall side:

for floor side: ; =C

18
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Two different cases of degradation now must be

considered:
1. ¥ =cF ¢ 1 (symmetrical degradation )
2. oV # oF <« 1 (asymmetrical degradation)

3.3 Degradation of channel 2

Radiation data of channel 2 only showed a slight asym-
metrical degradation for the orbital days 130-142, which
however will not be taken into account here. Therefore,
it has been assumed that C = C" = CF, and from (4)
W= Wp =c.W (5)
The temporal change of C has been determined already
(G.8.F.C., 1963) with the main assumption that the
emitted radiant power of the entire quasiglobe between
about 60°N and 60°S (derived for approximately 20 or-
bits) remains constant with time. From these results
and from additional studies described below the curves

C (v.s.orbital day) and for the corrections A Tequ

of measured equivalent temperatures have been determi-
ned, which are shown in Fig. 3.1. (See page 20)

To check the assumption made by the staff members
of NASA, data measured in channel 2 over apparently
cloudless subtropical oceans have been uéed to deter-
mine surface temperatures by our method assuming an
average relative humidity of the troposphere of 25 %.
The results confirmed in principle the temporal de- -
crease of channel 2 data found by the other authors;
however, the surface temperatures found for the first

19
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Fig.3.1: Degradation of channel 2

Upper part: Degradation factor C vs. orbital or
Julian day of the satellite.

lower part: Temperatur correction AT = Ty = Tuh
vs. orbital or Julian day of the satellite.
A measured value Tb% should be corrected
by adding the AT value corresponding to
the appropriate orbital day.



2 days were about 5-6°K lower than climatological
values of the sea surface temperature. This tempera-
ture difference might have arisen by a quick degra-
dation during the first day or by a thin cirro stratus
of about 10% absorptivity (RASCHKE, 1965). Unfortunate-
ly no reliable reports were available, whether or not
such cirro stratus was present. Therefore this obvious
temperature difference has not been taken into con-
sideration here.

3.4 Degradation of channel 1

In contrast with channel 2 the optical systems in channel
showed an asymmetrical degradation, which is illustrated
drasticly in the scatter diagrams of Fig.3.2. In the PFi-
gure are shown frequency numbers of simultaneous measure-
ments of both channels for wall and floor side separa-
tely. The solid curves indicate the relation of measure-
ments of both channels in a tropical model atmosphere,
as described in chapter 2.2, if the relative humidity
is constant at 100 % or 5 %. Channel 2 temperatures
are corrected for degradation. The entire cloud of
numbers for wall side data is shifted to lower tempe-
ratures by about 10-16 degrees, while that for floor
data seems to be shifted by 4-6 degrees to higher values
both indicating the high influence of radiation emitted
from all components of the instrument. The scattering
of the measured values is very high at low temperatures,
where both channels should measure nearly equal tempe-
ratures,

To determine the degradation factors ¢¥ and CF
we assumed that over high clouds (channel 2 < 230°K)
the relation between equivalent temperatures of both

21
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channels should be nearly linear, because both

channels measure nearly the surface temperature of

clouds. For 4°-intervals of channel 2 data (al-

ready corrected) averages of channel 1 data were
determined, using only data measured with nadir

angles £ 25° within 3 or 4 day periods. Curves of

these averages of channel 1 measurements vs. channel 2
(upper part of Fig.3.3) then were shifted vertically

until they intersect in the point: channel 1 = 226°K,
channel 2 = 228°K. According to our model calculations
channel 1 measures equivalent temperatures of about
226°K,over clouds with a surface temperature of 228°K while
channel 2 measures Teq64228°K. From the amount of

shifting the values of 0¥ and CF
Equations 4. The temperatures of all components of the

were determined using

radiometer were taken from G.S.F.C., 1963. Further, to
get reasonable results it has been assumed that the
floor side measurements remained undegradated during
the first 25 days. (See page 24)

The lower part of Fig.3.3 shows the relstion bet-
ween channel 1 and channel 2 data after correction.

F and Cw and for

Figs.3.4 and 3.5 show the curves for C
the values T necessary for corrections of me:sured
dda. (See page 25)

It is evident that this kind of correction which
seemed for us to be the only possible one, required
also delicacy of feeling and some smoothing of the
results. Therefore, it may be not very accurate and
may still contain uncertainties.

The most important source of errors might be the
noise which during the last few weeks of measurements

became rather high. The results of the evaluations,

25



DAYO- 3 DAY 36 - 38 DAY 140, 141
240°K -

CHANNEL 1 CHANNELI) CHANNEL1
WA {uncorrected =T
2301 //LL R ALL/ |-~ FLOOR
I el —~""FLOOR
-~~~ FLOOR == TRV
e
220 - -
WALL
2101 - 2
L 1 1 1 1 S B | FUREN U SR L
280°K CHANNEL2
CHANNEL 1 CHANNEL 1 CHANNEL 1
WALL _~==- | (corrected) = WALL -~
230F __~“FLOOR | FLOOR - = OR
220 - -

220 230 240 220 230 240 220 230 240°K
CHANNEL 2

Fig.3.3: Simultaneous measurements of channel 1
(averaged) vs. those of channel 2 (corrected
for degradation).

Upper part: channel 1 uncorrected

lower part: channel 1 corrected

24



F

c¥c
— 1.0 P ———— ——

0.98 =

0.9
0.94[
0.2~
0.901—

0.88 — Wall

0.86}-
- e= s eme=  Floor
0.84]- ~
o0.82|- S

0.80}— A Y

0.78 N

Julian Day

Fig.3.4: Degradation of channel 1: Degradation factors
c¢¥ and CF vs. orbital or Julian Day of the satellite

+16

(-
14 Tu,-Tbb in °K

0 10 20 30 40 50 60 70 80 90 100 10 120 130 140
Julian Day

Fig.3.5: Temperature corrections AT = T,. - T4
for channel 1.

An equivalent black body temperature measurement
Tpvp should be corrected by adding the AT-value
corresponding to the appropriate orbital day.

25




the maps of the mean relative humidity etc. presented
below, therefore may show the correct distribution
although the quantitative data still may contain some
uncertainties.

MEAN REIATIVE HUMIDITY OF THE UPPER TROPOSPHERE
AND SURFACE TEMPERATURE

In this chapter are shown maps of "monthly averages" of
the mean relative humidity and of the surface temperature.
These"monthly averages" were determined from all orbits
measured during the period of one month (2.3)., Correspon-
ding maps for only 10-day periods are shown in the
Appendix A 1.

4,1 Quasi-global distributions of the mean relative
humidity and of the surface temperature
The maps in PFigs.4.1 - 4.10 show the horizontal distri-
butions of the mean relative humidity of the upper tro-
posphere and of the (effective) surface temperature on
the earth between 55°N and 55°S. Isolines for the humi-
dity were plotted for 10, 20, 40, 60 and 80 %, those for
the surface temperature for every 1o degrees. Stippled

areas design areas over which no measurements were made

from TIROS IV during each particular month.(See pages 28-37)
The isolines were plotted with the computer using

a filter function which averages in a field of 3x3 grid

points. By this disturbances with a "wavelength" which

approximately is shorter than the distance between two

grid points are attenuated. The weighting factors of

the value of each grid point are given in the following

matrix:
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1 1
24 12 2f
1 1
12 2 12
1 1 1
24 T2 2%
Here the weighting factor of the value of the central
point is %. The sum of all factors is 1.,

Generally the maps of the mean relative humidity
show distributions which hnve been expected from the
knowledge of the general circulation in the upper tropo-
sphere. Similar distributions also have been found by
LONDON and TELEGADAS (1954) and by MANABE, SMAGORINSKY,
and STRICKLER (1965).

Persistent moist areas (r.h.)» 60%) occur in the
tropics over the Western Pacific (over Malaysia and In-
donesia during February and during June mainly over the
monsoon areas of South and South-East Asia), over South
America and over Central Africa. These areas known to
be areas of high precipitation (e.g. in the maps of
precipitation by MOLLER, 1950) belong to the intertro-
pical convergence zone. Here the upward motions of air
cause upward water vapor transport and also condensation.
Therefore mainly temperatures of high clouds have been
measured which occur as cold areas in the maps of the
surface temperatures. The latitudinal migration north-
ward from winter to summer solstice is well recognized,
particularly from April to May.

High values of the relative humidity (and low
values of the surface temperature) have been found also
along the polar frontal zones of both hemispheres. Both
are caused by a high cloudiness in these areas.

The subtropicel belts over both hemispheres occur
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as areas of low relative humidity. Over several areas
values of less than 10 % have been found. These low
values agree well with very accurate radiosonde soundings
made by MASTENBROOK (1965) over the Kwajalein Atoll in .
November 1963. There MASTENBROOK found a very dry upper
troposphere between about 300 and 6oo mb (r.h. less than
5 %), which is that region of the upper troposphere

from which channel 1 primarily receives radiation.
MASTENBROOK's measurements also showed that the region
close to the tropopause is nearly saturated. Since, how-
ever, channel 1 primarily measures radiation emitted in
lower layers (Fig.2.3, page 9 ) that moist layer does
not influence remarkably the upward going radiation

in this spectral range.

Over the subtropics of both hemispheres surface
temperatures are generally higher than those in the
tropics. Over the oceans e.g. they are only about
12-17°K lower than climatological values of the water
surface temperatures.indicating low clouds or a small
mean cloudiness during the period of one month.

Remarkable high temperatures have been found in
February over Ethiopia and over the Sudan, although
in other months highest values occur mainly over the
deserts of North-Africa and Arabia. Probably during
February TIROS IV observed the former areas mostly
during & while the Sahara was observed mostly during
night, thus simulating a geographic distribution from
influences of the daily wvariation.

In order to show the temporal changes of both
guantities, the relative humidity and the surface
temperature, zonal averages of all data along a grid
point line for ten-day periods have been calculated
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and plotted in dependence on latitude and on time in
Figs.411 and 4.12. In both figures the intertropical
convergence zone occuring with high values of the
relative humidity (40-60%) and low temperatures (less
than 270°K) moves in the average with season from the
Southern on to the Northern Hemisphere. The subtropics
over the winter hemispheres are dryer (r.h. <€ 15%) than
over the summer hemispheres. Due to the different di-
mensions of land and ocean covered areas over both
hemispheres the subtropics over the Northern hemi-
sphere are about 5-8°K warmer than over the Southern
hemisphere,

4,2 Discussion of the results

4.,2.1 Correlation between values of the mean
relative humidity and of the surface temperature

Comparisons of maps for the mean relative humidity
with those for the surface temperature in the correspon-
ding month show that in many cases areas with high re-
lative humidity coincide with those of low temperatures
and vice versa. This would suggest that generally the
relative humidity of the troposphere above high clouds
is high (MOLLER and RASCHKE, 1963).

To check this the coefficient of linear correlation
R has been calculated correlating both quantities, using
values which were determined for each orbit separately
as desribed in chapter 2.3. For all data of March 1962
R =-0.54. It is smaller (R = -0,35), if only values for

lower clouds (T - 270°K) were accounted for, be-

surf.
cause then all measurements over high clouds (and
possibly also over cirrus layers) were omitted. These

small numbers show, that the correlation is smaller as



mean relative humidity and of
temperature (March 1962)
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it might be expected by a first comparison of the maps.

In a scatter diagram (Pig.4.13) this small cor-
relation is demonstrated again.

Although a large number of values (from 200, 284
grid points) were correlated the correlation coefficient
still may contain uncertainties which are caused by the
low accuracy of measurements. The rather high noise level
may still have some influence on the scattering of the re-
sults as shown in PFig.4.13. Therefore these investigations
should be repeated with more and more accurate data
which might be available in a short time from the Nimbus
II MRIR measurements. Comparisons with accurate simul-
taneous measurements of the water vapor concentration
above clouds made from airplanes or other platforms
are desirable.

4.2,2 Reliability of the results
To get an idea on the reliability of the results EPown
in Pigs.4.1-4.10, quasiglobal distributions are shown
in the Figs.414-4.16 of (1) the number of orbits contri-
buting to the "monthly average" in each grid point, and
(2) variances 82 of the mean relative humidity and of
the surface temperature respectively. These quantities
are presented here for March 1962,

As shown in Fig.4.14 only in a few areas the po-
pulation numbers are high enough to consider the month-
ly averages as representative. These areas are located
at mid latitudes of both hemispheres where the sub-
satellite paths overlap. (See page 43)

Areas close to the equator and in particular over
the Atlantic Ocean, however, show populations of less
than 1o0. Here the averages can not be very representative,
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Similar distributions of the population numbers
of monthly maps also have been found for the other maps.
In the maps of variances 82 (Figs.4.15 and 4.16)
areas with high values of 82 coincide once with those
of high populations (Fig.4.14) but also with high re-
lative humidity (Fig.4.2, page 23). Since the population
at the grid points are not equal the interpretation of
the pattern shown in Figs.4.15 and 4.16 is somewhat
complicated: (see pages 45 and 46 )
(1) Assuming very accurate measurements and equal
populations everywhere on the maps, the variances
82 would indicate the weather activity during
March 1962 in any area. A high activity would have
existed in regions close to the equator and at
mid latitudes of both hemispheres. A less activity
would have existed over the subtropical oceans
particularly over the eastern sides of the sub-
tropical highs in the Southern hemisphere. This
can better be seen in the variance of the sur-

e of the relative

face temperature than in 8
humidity. The connection of large variance with
high values of the relative humidity may also be
explained purely statistically. High relative
humidity does not mean that the air was permanently
humid with little variance; there may have occured
single cases or short periods with low humidity,
too. This will result in a high variance. A very
low mean humidity, however, prohibits by itself
the occurance of cases with high humidity and thus
a large variance.

(2) But the large values of 82 also might be due to

the large scattering of data of both channels
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which in particular is large at low values of
equivalent black body temperature measurements.
This might not yet sufficiently be smoothed out,
when the averages for each gridpoint where cal-
culated for each orbit separately (chapter 2.3).
Otherwise the population numbers over most of

the areas are too low to permit final conclusions.
Therefore, the considerations made above should
be considered to be preliminary ones.,

5.0 WATER VAPOR MASS ABOVE 500 mb
5.1 Method of Determination

In the preliminary investigations in chapter 2.2 it has
been shown that the values of the mean relative humidity
are approximately representative for the region bet-
ween about 200 mb and 600 mb. If the temperature profile
in that layer is known the water vapor mass in columns
above a certain level can be determined. But, up to now,
accurate temperature profiles are not available for all
grid points in a map covering the entire globe between
55°N and 55°S. Therefore only seasonable approximations
given by climatological averages could be used.

In the profiles of the vertical temperature di-
stribution by COLE and KANTOR (1963) the temperature
gradient in the upper troposphere is about 5.5-7.0 de-
grees/km. For these profiles and for the vertical water
vapor distribution described in chapter 2.2 it can be
shown that 90 % of the total water vapor mass in columns
above the 500 mb level are located in the layer between
200 mb and 500 mb. This holds also in cases of a very
dry troposphere (r.h. less than 5 %). Then regardless
of the profile, the total water vapor mass is a strong
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function of the temperature at 500 mb only if a con-
stant value of the relative humidity in the tropo-
sphere prevails. In the assumed case of saturation
of the troposphere this function can be expressed

by the relations:

for T 2 253%°K at 500 mb:
Inm = -29.24 + 0.107 . % (6)

for T £ 253%°K at 500 mb:

Here are t +the temperature in °K at 500 mb and m
the water vapor mass in g cm~2, 1In is the logarithm
of m on basis e.

There are two different relations since the vapor
pressure has been determined for T 2 253°K over a water
surface and for T < 253°K over ice.

Now, from the temperature at 500 mb the water vapor
mass above 500 mb can be determined for the case of sa-
turation by one of the equations given above. Multi-
plication with a hundredth of the relative humidity
yields the "correct water vapor mass". This method
also has been used by BANDEEN et al. (1965).

Values of monthly averages of the temperature at
500 mb were taken from the Monthly Climatic Data of
the World (U.S.W.B.; 1962) and plotted in Figs.5.1-5.5.
(see pages 49 - 53 )

5.2 Maps of the water vapor mass above 500 mb

From the monthly averages of relative humidity (Figs.
4.1 - 4.5) the distributions of water vapor mass shown
in Pigs.5.6 - 5.10 have been determined. Similarily
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aiso from the ten-day averages of the relative humi-
dity (see Appendix A 1) the water vapor distribution
for ten-day periods (shown in Appendix A 2) have been
calculated, where, however, the monthly averages of
temperature at 500 mb must have been used, since ten-
day averages were not available,

Generally the horizontal distributions of the
water vapor mass in Figs.5.6 = 5.10 show a pattern
which is similar to that of the temperature. Both
quantities decrease from the meteorological equator
in polward direction. Highest amounts of water vapor
of more than 0.3 g cm~—2 have been found over regions
known as such of highest precipitation. Those are
South-East Asia (varying with Monsoon-period), South-
America and Central Africa. ( see pages 55 - 59 )

Zonal averages (again for ten-day periods) also
show the temporal changes of water vapor mass in each
latitude. They are drawn in Fig.5.11 in dependence
on the latitude and on time. ( see page 60 )

BANNON and STEELE (1960) determined the water vapor
mass in columns above 500 mb from British radiosonde
measurements from the years 1951-1955. Their results
agree satisfactorily with those shown above.

CONCLUSIONS
Based on model assumptions on the vertical distribution

of water vapor, temperature and clouds (and also CO2
and 03) the following quantities have been determined
from TIROS IV measurements of the infrared radiation
in the spectral regions between 5.8 and 6.8 p and bet-
ween 8 and 13 u:
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(1) The mean relative humidity of the upper
troposphere,
(2) the (effective) surface temperature and
(3) the total water vapor mass above the 500 mb level
using climatological values of the temperature
at 500 mb.
The troposphere was assumed to be cloudless above
cloud surfaces. One exception was made with the sta-
tement that the relative humidity of the upper tropo-
sphere is 99 %, when measurements are made over very
high clouds (T equ. £ 228°K in both spectral regions).

The values of the mean relative humidity represent
in a cloudless atmosphere a weighted average of the re-~
lative humidity between about 200 and 600 mb, or above
cloud surfaces. Values of the surface temperature were
determined under the assumtion of a completely black
surface; therefore it should be called "effective™
surface temperature.

All three quantities contain several errors which
are caused mainly by deviations of the acutal strato-
spheric temperature and moisture from the assumed
climatological averages and by the possible existence
of thin but not completely transparent cloud or dust
layer.

Primarily these cloud or dust layers cause errors,
because their particles have optical properties which
completely deviate from those of the gases. But the
presence of such layers cannot be proved and their
optical behavior in the spectral intervals considered
here are not well known. Therefore, they could not be
taken into consideration in our evaluations.

Some additional uncertainties might have arisen
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by the corrections of the equivalent blackbody

temperature measurements according to their degradation.
Despite the error sources discussed above

(see also MOLLER and RASCHKE, 1963) the results give

some means to study the climatology and the circula-

tion in the troposphere. This, of course, encourages

further analogous evaluations of new radiation data

from the Nimbus II satellite.
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9.0

APPENDIX A 1

Maps of the mean relative humidity of the upper
troposphere and of the (effective) surface
temperature for periods of 1o-days covering

the period from February 8, 1962 to June 30, 1962,

( pages 68 - 95 )
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APPENDIX A 2

Maps of the water vapor mass (in g cm_2) above
the 500 mb level for periods of 1o-days
covering the period from Pebruary 8, 1962 to
June %o, 1962.

( pages 97 - 110 )
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