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ABSTRACT

Superpressure balloons are used as radiometers to perform in-situ radiometric determinations in the
lower stratosphere. The method consists in measuring the temperature of both the lifting gas and the
ambient air and then computing the incident fluxes through the thermal balance equation. Data obtained
from six flights at the 100 mb level from 1974 to 1978 in the tropics and the Southern Hemisphere are pre-
sented. As far as the tropospheric thermal radiation is concerned, the data are in general agreement with
previous balloon and satellite measurements, although they show a greater variation with the underlying
surface under clear-sky conditions. Over the most extreme conditions (high-level clouds) they demonstrate
that the radiation temperature is always higher, by at least 9 K (minimum difference at the equator), than the
temperature at 100 mb. The albedo inferred from the solar flux absorbed by a spherical balloon, taking into
account the increase of the directional reflectance with zenith angle, is in good agreement with satellite

measurements.

1. Introduction

At float altitude a superpressure balloon is in
thermal balance with the surrounding atmosphere.
Heat losses of the balloon by thermal radiation and
free convection are balanced by the absorbed sun-
light and ground and atmospheric thermal radia-
tions. Measurement of the ambient air and helium
temperatures allows determination of each term of
the thermal balance equation at night and thus gives
the upwelling thermal radiation: the balloon itself is
used as aradiometer. During the day the cloud cover
identified by satellite pictures compared with meas-
urements performed at night under the same condi-
tions gives the earth thermal radiation term and thus
allows a study of the solar albedo.

We present results of thermal radiation and albedo
measurements made on-board superpressure bal-
loons at the 100 mb level (16 000 m) over both
equatorial regions and throughout the Southern
Hemisphere from 1974 to 1978.

2. Theory of the balloon as a radiometer

a. Balloon thermal balance in-flight

The thermal balance of the balloon at ceiling alti-
tude may be expressed as

aseffEs + ateﬁEt = Eb + Ec, (1)

where E; and E, are the energies of solar and thermal
radiation intercepted by the balloon, T and %
the balloon effective absorptances for the solar and
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thermal spectral bands, respectively, while E, and
E. are the heat losses by thermal radiation and free
convection. The experimental time constant of the
balloon thermal equilibrium, as determined for
example through day-night variation, is ~5 min.
The perturbation by the equipment array hanging
below the balloon may be neglected in Eq. (1) be-
cause it blocks less than 1% of the incident flux.

1) ABSORBED SOLAR RADIATION

The sunlight received by the balloon is composed
of direct solar radiation E,; and radiation reflected
from clouds and the ground and scattered by the at-
mosphere E,, i.e.,

Es = Ed + Er. (2)

The solar constant may be expressed as

c:J
A=0

where ¢ (M) is the solar spectral flux at the wave-

ds(M)dA, 3)

length N\ at the mean sun-to-earth distance.

The solar radiation is partially absorbed in the
stratosphere above the balloon level. It intercepts a
direct solar energy

E; = mr*Ce—"%?/D? )

where z is the balloon altitude, x the solar zenith
angle and D the earth—sun distance in astronomical
units. The mean optical thickness for the solar radia-
tion 7(x,z) is defined as
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FiG. 1. Observation geometry of the refiected and scattered
solar flux. .

j B_T(X’Z)SeC(X)¢s()\)d)\/C = e~-r(x,z). (5)

0

Its value, computed through the vertical profile of
the stratospheric absorbing gases, is ~0.03 for
sec(x) = 1. The balloon also intercepts upward solar
radiation reflected from ground or clouds and scat-
tered by the atmosphere. The specific intensity of
such radiation can be written as

L(\,0,9) = dy(Mcosx R(N,0,¢)/wD?, (6)

where R(A,8,¢) is the bi-directional spectral re-
flectance of the surface-atmosphere system. The
angles 6 and ¢ are defined in Fig. 1. Since any beam
(0,¢) ‘‘sees’ a balloon of cross section 7%, the
energy intercepted by the balloon is given by in-
tegrating over the upwelling solid angle 27 to yield

it

E(\) = @r? JWIZ FW I,(\,0,¢) sindydo, (7)

0
E,

E.(\dA\. ®

il
8

0

The balloon effective spectral absorptivity a.q(\)
(Fig. 2) is computed using the thermo-optical coef-
ficients of the material [a(\) absorptivity, ¢(\) trans-
missivity and r(A) reflectivity] by taking into account
multiple reflections inside the balloon:

t(A)
1—r(y)
and the effective absorptivity for direct sunlight

(a,?) is computed from a.(A\) and the direct solar
spectrum (Fig. 2):

w
asd=j
0

The reflected solar spectrum differs slightly from
the direct solar spectrum. Although the effective ab-

) = [1 ; ]a(x), ©

(M oesr(M)dM/C. (10
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sorptivity of a mylar balloon is about constant be-
tween 0.38 and 2.2 um, the wavelength interval in
which 90% of the solar flux is included, it rises at
wavelengths above 2.2 um so that 18% of the ab-
sorbed solar flux lies in this spectral interval. The
balloon effective absorptivity for the reflected solar
radiation «,” differs by 5—-10% from the value o, for
the direct radiation because of the infrared absorp-
tion bands of atmospheric water vapor.

2) EARTH AND ATMOSPHERIC THERMAL RADIA-
TION

The ground, the clouds and the atmosphere all
radiate in the infrared, the emissivity of the ground
and the clouds varying between 0.9 and 1.0. The
emitted radiation is partially absorbed and reemitted
by atmospheric water, carbon dioxide and ozone. If
we assume that both the emitting surface and the at-
mosphere between it and the balloon are hori-

- zontally homogeneous, the energy intercepted by

the balloon from the upward thermal radiation is

w2 [2m
E\)) = ar? J J I(\,6) sinfdyd6, (11)
0 0
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F1G. 2a. Spectral distribution of extraterrestrial solar flux, up-
ward thermal flux at the top of the atmosphere for clear condi-
tions [Nimbus 3 measurements, 13°N, June 1969 (R. G. Elling-
son and J. G. Gille, 1978)] and blackbody radiation at 220 K.
This graph shows the product of the wavelength A by the spec-
tral flux ¢(A) such that the area is proportional to the flux. The
earth thermal radiation is multiplied by 2 and the blackbody
radiation by 4 to take into account the surface coefficient in the
thermal balance equation of the balloon.

FiG. 2b. Spectral effective absorptivity for 127 and 46 um
thickness mylar films, computed through the thermooptical coef-
ficients of the fabrics measured in laboratory.
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Ef = fE,mm, (12)

0
where I,(\,0) is the specific intensity of the thermal
radiation.
The balloon also intercepts energy from the down-
ward thermal radiation, i.e.,

E{N)| = nr? Jﬂ J 7TI,()\,()) sinfdyidp, (13)
@2 JO

©

Etl = J Et()\)\‘rd)\,

0

(14

The calculation of I,(A,0) at the balloon level involves
integrating the equation of transfer through the at-
mosphere, starting from the emitting surface (ground,
sea or clouds) of presumably known temperature
and emissivity.

The balloon effective absorptivity for the earth
and atmospheric radiation is computed, as for sun-
light, using the spectral effective absorptivity a.x(A)
and the atmospheric infrared spectra taking into ac-
count water vapor, carbon dioxide and ozone (Fig.
2), i.e.,

allt = j el VENIINEL. (15)

0
Values of a°™ have been computed for a radiation
temperature for ground and clouds varying between
200 and 300 K and for a dry and a saturated at-
mosphere. The variation of o is less than 5%.

3) BALLOON-HEAT LOSS BY THERMAL RADIATION

The balloon itself radiates in the infrared with a
spectral emissivity

€er(A) = er(N). (16)
The balloon gas emissivity (helium) is negligible.
The total rate of heat loss is

Ey = 4ar® Jw dp(N)dA, (17)

0
with
Du(N) = ac(M)B\(T)). (18)

Here T, is the mean temperature of the balloon en-
velope and B,(T,) is the Planck function.

The effective emissivity ¢°" is computed, as was
done for solar and infrared absorptivity, using the
spectral effective absorptivity a.4(\), and the black-
body infrared spectrum at the temperature T, (Fig. 2):

e = J el BTN T,
0

(19)

where o is Stefan’s constant. For a mylar strato-
spheric balloon the ratio €f%/q " varies between
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0.95 and 0.99 depending on radiative conditions and
material thickness.

In fact, the balloon envelope temperature is not
homogeneous because the upward thermal radiation
warms the balloon bottom. The equilibrium tem-
perature of its upper and its lower parts, T, and T,
may be computed separately through two equa-
tions like Eq. (1) which include the thermal trans-
fer radiation between the two parts. The computed
difference between T, and T, is some 15°C. The
energy emitted by the balloon is then

E! = 2ar’efM(oT,* + o). (20)

The energy emitted by a balloon at a mean tempera-
ture

T, = (T, + T))/2, (21)
would be
T, + T,\*
E, = 4nr’efo (_2——’) , (22)

which differs by less than 1% from E,* for a 15°C dif-
ference between T, and T,. Convection created by
the negative vertical gradient of temperature inside
the balloon homogenizes the balloon gas tempera-
ture T,. This was shown by measurements on several
flights at the upper and the lower part of the balloon.
The gas temperature difference between these two
locations is less than 1°C. The heat transfer from
the lower part of the balloon to the gas balances the
heat transfer from the gas to the upper part when

T,-T,=T, - Ty, (23)
Tg = (Tu + Tl)/2 = Tb' (24)

The measured gas temperature is then equal to the
balloon mean temperature T, with an accuracy of 2°C.

4) BALLOON HEAT LOSS BY FREE CONVECTION

At ceiling altitude a superpressure balloon is mo-
tionless relative to the atmosphere. If it is warmer or
cooler than the surrounding air, it can lose or gain
heat by free convection. The thermal measurements
that we carried out on stratospheric balloons showed
that the free convection is laminar. The rate of heat
loss is computed using the value of the Nusselt
number Nu associated with free convection in
laminar flow (Handbook of Heat Transfer, 1973):

E. = 4ar* Nw(T, — To)k/2r
‘ = 3.6m(T, — T,)* % 14pl2 (25)

where T,, p and & are the air temperature, density
and thermal conductivity, respectively.

b. Earth thermal radiation measurements at night

At night the helium temperature gives the earth
upward radiation intercepted by the balloon, i.e.,
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EtT = 47rr20'T1,4eteff/a,e“ + Ec/afff - EtJ/' (26)

The convective term represents only 5-10% of E,}.
The upward thermal flux measured by a 1 m? hori-
zontal radiometer at the balloon level is

&N = J " J " L(00) sind cosodwds Q7)

0 0

which may be expressed as

&M = KTEM27r? (28)
with
w2 2w :
2 J j 1A\,0) 'sinf cosfdyd 6
KM = ——1 . (29

w2 (2w
[ [ I(\,8) sinfdyd o

0 0

The total upward flux is then

) & = KSEN 202 30)
with
' KOWNEMANE.

K = [ 31)

0

K.} is computed taking into account the decrease of
the atmospheric transmission when # increases
(Mantis, 1961) and the earth’s curvature which re-

duces the solid angle corresponding to the earth:

seen by the balloon. Assuming a mean altitude of 6
km for the emissive surface and 17 km for the bal-
loon, the value of K,1 is 1.12. Similarly, the down-
ward thermal flux ¢ is

¢ = KdEl/2mr? = E{ 127, (32)

The thermal flux ¢,| is some 10 W m~2 at the 100 mb
level according to Ellingson and Gille (1978). The
estimated standard error of the earth’s radiation
measurements may be deduced from individual er-
rors of the terms entering into Eq. (31) and Eq. (32):

AT, = +2°C, Ad) = =5 W m™2,
eff
AE. _ L 0.30, A( hi ) = +0.03,
Ec ateff
A eff
Y = 4010, AK} = =0.04.
ate

For a typical ¢,1 of 250 W m~2, the standard error is
+20 W m~2. When two measurements are compared
only the precision of the result is to be considered.
The smallest change of ¢,T that can be resolved by
the experiment is A¢, = =6 Wm™2 when ¢
= 250 W m2, due to the =1°C resolution of the T,
measurements.

c¢. Solar albedo determination

~ During the day, the balloon thermal balance may
be written

JOURNAL OF APPLIED METEOROLOGY
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aES + Ed) + a'Eq + oE, = E, + E,. (33)
The solar spectral albedo is
2
cos x¢s(A)
w2 (27
X J f I\, 0,4) sin® cos@dydl, (34)
0 0

which is related to the reflected solar radiation
intercepted by the balloon

A\ = K(NEAN)D?¥Q2mr2d,(\) cosy),
where

(35)

w2 2w . .
2 J J I(\,0,Y) sinf cosOdyid 6
o Jo
w2 (2w - (36)
j J I,(\,0,¢) sinfdyd 6

0 0

K\ =

The solar albedo is then

A = K E.D*Q2mr*C cosy) 37

with

K, = r KMo (MdANC. (38

0

The factor K, is estimated from the increase of the
directional reflectance with zenith angle given by
Raschke (1969): K, = 0.87. The solar albedo may be
computed using Eq. (33) if the upwelling thermal
radiation is known. This is the case when infrared
satellite pictures show the same cloud cover during
the previous or the following night and when the
thermal flux ¢,1 deduced from our measurements is
constant during the night. The atmospheric tempera-
ture changes by less than 1°C between day and night -
at the 100 mb level according to our measurements in
flight. The albedo is expressed as

KsDz(Ld - L, - asdEd)

A = ’ (39
27r2a,"C cosy
2, —_ 25 —T(X:2) , A
A= K.D*(Ls — L,) K,D% o . (40)
2ar2a"C cosy 2 cosya;”
where ) :
L =E, +E.~ oE) — EJ), 41)

with subscripts d and n for day and night measure-
ments, respectively.

The estimated standard error of the albedo is de-
duced in the same way as for the infrared radiation.
Systematic errors in L tend to cancel when calculat-
ing A but we must consider the accuracy with which
variations between day and night of each term of L
is determined. We estimate that the accuracy of the
T, variations, which enter into E, and E,, is +1°C
and that ¢,{ may vary by =6 W m2 for the day/
night couples we have used. The errors on the varia-
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tion between night and day of the different terms of
Eq. (40) are then

A(Ebd - Eb")/27rr2 ==x7TW m_z,
AES2 — E2)2m® = 9 W m~2,
A(Lg — Ly)2m? = 15 W m™2.

Our estimates of the errors are
Aoy la,” = £0.10, AK /K, = +0.10,
Ae—ﬂx,z)/e—ﬂx.z) = +0.02.

Moreover, there may be a difference of 10% be-
tween the effective absorptivity for direct and re-
flected solar radiation: A(a,%o”) = *£0.10. The
standard error of A increases from AA = +0.12 to
AA = +0.17 when A increases from 0 to 0.80. The
smallest change of A that can be resolved is AA
= *0.05 due to the resolution of T}, (+1°C) and the
steadiness of ¢,7(x6 W m™2).

3. Description of the experiment

The experimental data discussed come from three
series of flights of superpressure mylar balloons at
100 mb (16 km): the first one took place in September
1974 with three 10 m diameter balloons, the second
in October 1975 with three 5.60 m balloons. They
were launched from the French Space Center at
Kourou (French Guiana). The third series with three
5.60 m balloons was launched in April 1978, from the
French Station at Pretoria (South Africa).

The 10 m balloons were made of bilaminated
mylar of 127 um thickness and the 5.60 m of bi-
laminated mylar of 46 um thickness. The balloon
thermooptical coefficients, for clear sky thermal
radiation and a balloon mean temperature of 220 K
computed from the material coefficients, are shown
in Table 1. Fig. 3 shows the payload equipment. The
balloon supported the equipment which provided the
following on board measurements:

o Differential pressure between the helium lifting
gas and the ambient air made by a sensor mounted
at the upper pole of the balloon.

e Helium gas temperature inside the balloon meas-
ured by a microhead thermistor (¢ = 0.1 mm)
mounted as shown in Fig. 4. This mounting, tested
on numerous free balloon flights, is reliably
capable of measuring gas temperature to +1°C.

o Ambient air temperature, also measured by a
microhead thermistor with an absolute accuracy
of £2°C.

o Solar elevation, used to determine the balloon’s
position, made by a vertically mounted sensor
developed by the National Center for Atmospheric
Research (Lally et al., 1967).

The signal conditioner and telemetry transmitter

A. HAUCHECORNE AND J. P. POMMEREAU
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TaBLE 1. Balloon thermooptical coefficients.

Material

thickness
( Mm) a.vd (X,e“ eleff
127 0.15 0.88 0.87
46 0.09 0.74 0.72

are powered by solar cells during the day, and by an
array of lithium batteries at night. Both the battery
package and the telemetry electronics are covered
by aluminized cones designed to capture upwelling
thermal radiation at night, and to protect the units
from the excessively low stratospheric temperatures
down to —80°C. The telemetered information from
these four sensors is transmitted by a Morse code
HF transmitter to a network of receiving stations.
Aside from the four measurements made on
board, additional sources of information were used
for the understanding of the flight environment:

e Regular rawinsondes launched from Cayenne and
Pretoria.

e Special radio sondes launched from the range one
hour after each balloon launch to measure tem-
perature, pressure and wind.

e Reports prepared by the staff meteorologist of
local cloud patterns through visual and radar
observations.

Su perpressure sensor

Balloon gas
temperature
sensor

Balloon

Me Radar reflector

Solar cells
Sun angle sensor

a— Air temperature sensor

Telemelry packoge

Passive heating cones

Lithium batteries

HF transmitter

Aerial

F1G. 3. Flight configuration.
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Superpressure sensor

Balloon skin

- 40 ¢cm rod

Thermistor

F1G. 4. Detail of superpressure and gas temperature sensor mounting.

e Reception of visible and infrared satellite photog-
raphies of the region (ESSA 8 and NOAA 2, in
1975; METEOSAT in 1978).

e Reception of facsimiles of weather charts of the
region.

For the 1975 flights, the cloud cover along the bal-
loon trajectories was analyzed using the infrared
pictures at wavelengths of 6.7 and 11.5 wm taken by
the satellite Nimbus 6.

During the 1974 campaign three 10 m balloons
were flown. Two of these balloons had significant
leaks and provided data during the first day of flight
only. The third balloon flew well for four days, then
failed by adverse thermal conditions which caused
excessive cooling of the lifting gas and a resulting
loss of balloon lift. The trajectory of this flight is
indicated in Fig. 5.

In 1975, the first balloon flew only for a few hours
but the subsequent two balloons remained aloft for
two and three months, respectively. The trajectories
are shown in Fig. 5. Night data are available only for

the first month because of the limited energy of the
lithium battery arrays.

In 1978, the first and the second flights provided
two and three weeks, respectively of day and night
data. The third balloon fell after four days of flight
because of a fabrics defect. The trajectories are
shown on Fig. 5. Although the data cover areas
from equatorial to polar regions, the main part of
night results concerns the equatorial and tropical
regions.

4, Results

a. Analysis of experimental data

From the ambient air and gas temperature meas-
urements one can decompose the thermal balance
equation into its four terms: balloon radiation, free
convection, and earth and solar radiation. The solar
radiation is divided into direct and reflected com-
ponents allowing the computation of the albedo. Fig.
6 shows the results of the first 36 h of flight of the

Unauthenticated | Downloaded 01/21/21 09:30 AM UTC
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Fi1G. 5. Trajectories of balloons. Three balloons were launched from the French Space Center at Kourou: (1) balloon MONS, September 1974,
(2) balloon CUBA, October—December 1975, (3) balloon ZOUG, October 1975-January 1976. The three others were launched from the French
Satellite Station at Pretoria: (4) balloon ROSA, April 1978, (5) balloon LAMB, April 1978, (6) balloon PUMA, April 1978.

balloon MONS in 1974. The cloud pattern to be
compared with these measurements was determined
by visual and radar observations. The same analysis
was made on the temperature measurements from
the two long-duration flights in 1975. Fig. 7 shows the
variation over 24 h of the temperature difference
between ambient air and the balloon gas for various
cases of cloud cover and latitudes. The upwelling
thermal flux and the albedo are inferred from these
experimental results, the same way as indicated
above.

b. Earth and atmospheric radiation in the strato-
sphere

The determinations of the upwelling flux through a
horizontal surface at the 100 mb level are listed in
Table 2 for clear-sky conditions and in Table 3 for
high-altitude clouds corresponding to minimum
values. These data are compared in Tables 2 and 3
and in Fig. 8 with those obtained by various authors:

e Measurements at 100 mb made by night on board
radiosonde balloons with three different radiom-
eters during the International Radiometersonde
Intercomparison Program (Gille and Kuhn, 1973).

e Satellite experimental results by Vonder Haar
(1970) from Nimbus 3, Mc Leese and Wilson
(1976) from the Nimbus 5 SCR experiment at
15 pum, and Smith et al. (1974) from the Nimbus

S ITPR experiment over the entire infrared spec-
trum.

They are also compared with theoretical model
results of the upwelling thermal flux at the 100 mb
level from Ellingson and Gille (1978) and Cox and
Griffith (1979).

1) HIGH-LEVEL CLOUDS

The upward thermal flux is much lower over high
clouds than in clear conditions, especially in equa-
torial regions (95 W m~2 vs 245 W m™2). Fig. 9 com-
pares the radiation temperature of high clouds (the
equivalent blackbody temperature) with the ambient
temperature at the balloon level (100 mb) which is
not far from the tropopause temperature in tropical
regions. These results may be compared with those
of Mc Leese and Wilson (1976) near the equator
and with the model of Cox and Griffith (1979) (Fig.
9). The radiation temperature is always higher than
the ambient temperature at 100 mb. The smallest
difference between these two temperatures is 9°C at
the equator and 15°C at 45°S. Cox and Griffith
(1979) show with theoretical computations of the
thermal radiation based on measurements of cloud
water content, that when the top of a cloud is at 100
mb, the upward radiation is emitted at a mean alti-
tude of 1660 m below the cloud top. If the tempera-
ture profile is that of the U.S. Standard Atmosphere

Unauthenticated | Downloaded 01/21/21 09:30 AM UTC
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F1G. 6. Thermal balance analysis of a balloon in flight. The heat losses of the
balloon by convection and thermal radiation (c) are inferred from the air and helium
temperatutes (a). They are equal to the absorbed energy (d) which is reduced to the
thermal earth radiation at night. During the day the earth radiation is assumed to be
equal to that measured at night over the same cloud cover (b). (¢) Upward therinal
flux through a horizontal surface. The direct solar energy is subtracted from the ab-
sorbed solar energy to obtain the reflected solar energy (f) and the solar albedo
(g). The heat exchanges are reduced to a balloon of 1 m® surface. '
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FiG. 7. Temperature difference (AT) between the balloon gas and the surrounding
air for seven days of flight. For cloudy conditions the clear-sky reference is shown.

at 15°N (Handbook of Geophysics and Space En-
vironments, 1965), the temperature difference is
11°C. This value and the results of McLeese and
Wilson (1976) (15°C at 10°N) are in good agree-
ment with the 9°C measured by our experiment.

2) CLEAR-SKY CONDITIONS
For clear-sky conditions the thermal flux is much

lower in the equatorial region (245 W m~2 over the
ocean and 225 W m~2 over forest) than in tropical
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TaBLE 2. Upward thermal fluxes for clear-sky conditions.
Radiation

Type of Flux temperature
Authors measurements Latitude  Longitude Geographical area Date (Wm™?) (K)
This work Balloon— 100 mb 0-5°N = 55-75°W North Amazonia Oct 75 225 251
) 0-10°N  85-120°W  Pacific Ocean " 245 256
10-20°S 120°W Pacific Ocean " 257 259
40-50°S 90-150°W  Pacific Ocean Nov 75 274 264
50-60°S 90-150°W  Pacific Ocean v . 270 263
20-30°S - 35-60°E Indian Ocean Apr 78 292 268
20-25°S 30°E Transvaal " 276 264
20-25°S 45°E Madagascar " 310 272
Gille and Kuhn  USA radiometersonde 6-21°N  79-85°W Caribbean Sea May 70 . 285 266

(1973) and Pacific Ocean
Japan ‘
radiometersonde 6-21°N  79-85°W v " 273 263
Germany .

radiometersonde 6-21°N  79-85°W " " 258 260
Smith et al. Nimbus 5§ ITPR 40°N 45°W Atlantic Ocean Mar 73 260 260
(1974) . 25°N 40°W Atlantic Ocean " 298 269
15°S 30°W Atlantic Ocean " 295 269
40°S 22°W Atlantic Ocean " 250 258
Vonder Haar Nimbus 3 MRIR 15°S 125°W NW Australia Jun 69 305 271
(1970) 25°N - 55°E Arabia " 340 278
30°N 105°W North Mexico " 320 274
25°N 5°W Sahara " 305 271
Ellingson and Model 13°N Ocean 285 266

Gille (1978)

regions (292 W m~2 over the Indian Ocean and
310 W m~2 over Madagascar), although the ground
and atmosphere temperatures are about the same.
Only the radiometersonde measurements (Gille and
Kuhn, 1973) are made at the same altitude as ours
(100 mb). For clear conditions they are in agreement
with our results to within 10% over the ocean in
tropical regions (257-292 W m~2 for the balloon
results and 258-285 W m~? for the radiometer-
sondes). However, they are made over a limited
geographic area. It is interesting to compare the
balloon results with those of satellite experiments.
In tropical régions the balloon results over the Indian
Ocean are in agreement with those of Smith et al.
(1974) over the Atlantic Ocean and over dry regions

TABLE 3. Upward thermal

\

as Madagascar with the high values measured by
Vonder Haar (1970) in June 1969 over subtropical
deserts like Arabian peninsula, Mexico and the
Sahara. In midlatitude over the ocean they are a
little higher than those of Smith et al. (1974) (255
W m™2 at 45°S). The upward thermal fluxes, com-
puted by the Ellingson and Gille (1978) model for
clear conditions and 13°N (285 W m™2), are near our
high values over the tropical Indian Ocean (292
W m~2) but higher than our low values over the equa-
torial Pacific Ocean (245 W m™2).

c. Solar albedo

The balloon results for solar albedo at local noon
over various regions for clear and cloudy condi-

fluxes for high-level clouds.

Radiation = Temper-
temper- ature
Type of Geographical Flux ature at 100 mb
Authors measurements Latitude Longitude area Date (Wm™2) (K) (K)
This work Balloon— 100 mb 0-10°N  55-75°W  North Amazonia Oct 75 95 202 193
40-50°S  55-65°W Atlantic Ocean Oct 75 170 234 219
‘Mac Leese and  Nimbus 5 SCRI 4-16°N  17-27°W  Atlantic Ocean Aug-— 106 208 193
Wilson (1976) Sep 74
Cox and Griffith H,0 measurements 7-10°N  22-25°W  Atlantic Ocean Aug— 98 204 193
(1979) and model Sep 74
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FiG. 8. Upward thermal flux from balloon measurements:
This work (with error bars), October 1975 (@), April 1978 (-@-),
and (1) North Amazonia, (2) Madagascar, (3) Transvaal; Gille and
Kuhn (1973), May 1970, Caribbean Sea and Pacific Ocean (O), and
(8) USA, (9) Japan, (10) Germany radiometersondes.

Upward thermal flux from satellite measurements: Smith et al.
(1974), March 1973, Atlantic Ocean, clear sky (+); Vonder Haar
(1970), June 1969, clear sky (Xx) and (4) N.W. Australia, (5)
Arabia, (6) North Mexico, (7) Sahara; Mc Leese and Wilson
(1976), August—September 1974, Atlantic Ocean, high clouds (*).

Upward thermal flux from radiative transfert models: Elling-
son and Gille (1978), 100 mb, 13°N, clear sky (E); Cox and Grif-
fith (1979), 100 mb, 7-10°N, high clouds (C).

The observable thermal flux in the stratosphere under clear
conditions over subtropical deserts, over ocean, over equa-
torial forest and over very high clouds are in the I, II, III and IV
regions, respectively defined on this figure.
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FiG. 9. Radiation temperature of highest clouds and tempera-
ture at 100 mb. Balloons measurements: This work (with error
bars), October 1975 (@®); satellite measurements: Mc Leese and
Wilson (1976) (*); Radiative transfer models: Cox and Griffith
(1979), 100 mb, 7-10°N, high clouds (C).

tions are compared in Table 4 and Fig. 10 with
satellite measurements: N

e Pyatovskaya’'s (1972) measurements made from
Meteor and Cosmos satellites with plane radiom-
eters.

e Rockwood and Cox (1978) results from simul-
taneous SMS 1 satellite and aircraft data. Under
clear conditions, the albedo seen by the balloon is
higher above forest than above ocean. Above
clouds the albedo varies greatly with the kind of
clouds, between 0.20 above thin cirrus and 0.58
above thick cumulonimbus at local noon. Al-
though the albedo determination through the bal-
loon measurements is indirect and its uncertainty
is high, the balloon results for clear-sky condi-

TABLE 4. Albedo determinations of the surface-atmosphere system.

Surface
Type of Surface atmosphere
Authors measurements Latitude  Longitude Surface Date albedo albedo
This work Balloon— 100 mb 0-10°N 85-120°W  Pacific Ocean Oct 75 0.15
0-5°N 55-75°W Equatorial forest " 0.19
0-10°N  50-75°W Cumulo-nimbus " 0.58
0-10°N  50-75°W Thin cirrus " 0.20
40-50°S 55-65°W Thick stratus " 0.45
Pyatovskaya Meteor and Cosmos Ocean Nov 69- 0.03-0.23 0.08-0.20
(1972) satellites Feb 70
Tropical forest " 0.13-0.22 0.15-0.22
Stratus " 0.40-0.76 0.31-0.53
Rokwood and Cox  SMS1 satellite and 5-25°N 15-20°W Atlantic Ocean Jul- 0.09 0.13
(1978) aircraft Sep 74
5-15°N  15°W-5°E  Tropical forest " 0.15 0.17
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Fi1G. 10. Solar albedo at local noon. Balloon determinations:
This work, October 1975 (with error bars) (@); satellite meas-
urements: Pyatovskaya (1972), November 1969—-February 1970
(*); Rockwood and Cox (1978), July-September 1974: (O).

tions and above thick clouds are in good agree-
ment with satellite measurements.

5. Concluding remarks

A superpressure constant-level balloon can be
used as a radiometer by measuring the helium gas
and ambient air temperatures. It allows direct in
situ stratospheric determinations of the upwelling
thermal radiation over a wide variety of regions.
Also, using satellite pictures, the tropospheric al-
bedo can be estimated. Six long-duration flights in
the equatorial regions and ali the Southern Hemi-
sphere made from 1974 to 1978 lead to the following
conclusions.

a. Tropospheric thermal radiation

1) For clear-sky conditions our results over the
ocean in tropical regions are in agreement with the
radiometersonde measurements at 100 mb published
by Gille and Kuhn (1973).

2) They are also in general agreement with satel-
lite observations and theoretical models, although
they give a greater variation with the underlying
surface, i.e., 20% in the tropical areas. Over high-
level clouds, the radiation temperature is always
higher, by at least 9°C (temperature difference at
the equator) than the temperature at 100 mb.

b. Solar albedo

3) The plate albedo, inferred from the reflected
solar flux absorbed by a spherical balloon, taking

JOURNAL OF APPLIED METEOROLOGY
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into account the increase of the directional reflec-
tance with zenith angle, is in good agreement with
satellite measurements.
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