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ABSTRACT. With the development of coupled atmosphere-ocean models for 
the polar seas, there will be a great need of surface radiation budget data over 
partially ice-covered sea surfaces of the marginal ice zones. This paper presents an 
attempt to retrieve the surface radiation budget components over the Fram Strait 
area from operational satellite data, i.e. A VHRR visible and infrared radiances and 
SSM/I passive microwave brightness temperatures. The cloud optical thickness, 
which is the main modulator for the incoming solar flux, is retrieved from A VHRR 
visible radiances through a radiative transfer model, assuming surface conditions 
deduced from the SSM/I ice concentrations. The cloud base emissivity, required for 
the downwelling infrared flux computation, is linked to the optical thickness through 
the liquid water path. The results presented show a good agreement with field 
measurements and little sensitivity to the cloud and aerosol properties extracted from 
the literature rather than from the satellite data. Infrared fluxes retrievals would 
however require a better knowledge of the atmosphere temperature profile and cloud 
base altitude. 

INTRODUCTION 

The surface radiation budget determines the source or 
sink of heat for the surface water and sea ice in the polar 
oceans. It is therefore an important component of the 
mass budget of polar sea ice (Makyut, 1986). Improve­
ments in the treatment of polar sea ice in global climate 
models and the development of regional coupled ocean­
ice models are at present in the scope of the polar climate 
research community. They would require a systematic 
record, over the full extent of the sea-ice field, of the 
surface radiation budget with a desired accuracy better 
than 5-10 W m- 2 for monthly averages of regional fluxes 
(WRCP, 1991). Satellite remote sensing is the only way to 
sample adequately such data over polar oceans, but 
present sensors on board operational satellites provide 
only narrow-band, directional radiances from the top of 
the atmosphere rather than large-band solar and infrared 
fluxes from and to the surface. This requires extensive 
radiative transfer modelling in order to retrieve the 
surface radiation budget components. 

The surface radiation budget over the polar oceans in 
summer (daytime) can be written as: 

Qnet = S 1 (1 - a) - €aT 4 + L 1 

where S 1 is the downwelling solar (shortwave) irrad­
iance, a the surface albedo, €aT 4 the emitted (longwave) 
upwelling flux density and L 1 the longwave downwelling 
flux density. The main modulators for the surface 
radiation budget over polar oceans are: 

(I) The cloud cover acting on both the solar and 
longwave downwelling fluxes. As pointed out by Herman 

and Goody (1976), extensive layers of stratiform clouds 
(Arctic stratus) are frequently observed over the ice­
covered oceans, where the mean cloud amount in summer 
rises up to 90%. Their effect on the incoming solar flux by 
reflecting the incident solar radiation back to space 
(albedo effect) is related to their optical thickness; their 
effect on the down welling longwave flux by absorbing 
and reradiating the longwave radiation emitted from the 
surface (greenhouse effect) is related to their emissivity 
and to the cloud base temperature. 

(2 ) The ice cover acting on the surface albedo and the 
surface temperature, that is to say the emitted longwave 
flux. In the Marginal Ice Zone (MIZ) of the polar oceans, 
fractional sea ice cover (ice concentration) may vary in a 
wide range from 0 to 100%: surface albedo will therefore 
vary between 0.1 and 0.6 or even more when snow cover 
persists on the sea ice. In summer conditions however, the 
effect of the ice cover on the emitted longwave radiation is 
slight because the surface temperature of sea ice and 
water do not vary much around the freezing point. 

The main difficulty in retrieving the surface radiation 
budget from satellite data follows from the fact that both 
sea-ice concentration and cloud cover properties have to 
be observed simultaneously. Strong radiative inter­
actions occur between them and have to be accounted 
for when deriving the radiative fluxes incoming to the 
surface from satellite radiances measured at the top of the 
atmosphere. In this paper, we present and discuss an 
attempt to retrieve surface radiative fluxes from opera­
tional satellite data using rather sophisticated radiative 
transfer models. We focus on the method and therefore 
limit the presented results to one day in late summer (31 

201 
https://doi.org/10.3189/S0260305500012842 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500012842


Kergomard and others: Retrieval of surface radiative fluxes 

Fig. 1. NOAA-9/AVHRR channel 1 image over Fram Strait for 31 August 1988, 1030 h UT. The latitude and 
longitude grid delineates the area of interest. 

August 1988) and to the Fram Strait area (78- 82° N, 
10° W-20° E). This date and these areas were selected 
according to the availability of in situ measurements 
acquired during the ARCTEMIZ 88 oceanographic 
campaign and A VHRR data from Troms0 Satellite 
Station selected during the same experiment. The Fram 
Strait area is a typical marginal ice zone (MIZ) with ice 
concentrations varying in a wide range from 0 (ice-free 
ocean) to more than 80% in the polar pack-ice north of 
Fram Strait. The selected satellite scene is typical for late­
summer conditions with an extensive arctic stratus cloud 
cover over the pack ice and stratocumulus over the ice­
free ocean along the coasts of Spitsbergen; cloud-free 
areas extend along the ice edge (Fig. I). 

CLOUD OPTICAL TIDCKNESS RETRIEVAL 

Variations of solar flux incoming at the ocean surface 
depend mainly on the sun angle and on the cloud optical 
thickness; other factors, like the atmospheric absorption 
and scattering by molecules and aerosols, are of second 
order and may be considered constant over the area. In 
the same manner, incoming longwave flux is mainly 
controlled by cloud-base temperature and cloud emissiv­
ity. In climate models, optical thickness and emissivity of 
liquid water clouds are both linked to the liquid water 
path through realistic parameterizations, which allows us 
to deduce emissivity from the optical thickness. 

As a first steh we therefore concentrated 011 optical 
thickness retrieval. We used a radiative transfer model, 
called GAME, specially designed to simulate directional 
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A VHRR channel 1 or channel 2 radiances at the top of 
the atmosphere, with realistic atmospheric conditions 
including gaseous absorption and diffusion due to aerosol 
and cloud layers. The code is based upon the discrete 
ordinate methode (Stamnes and others, 1988). The 
requested inputs are spectral reflectance of the surface, 
atmospheric content of absorbing gases (mainly ozone 
and water vapour), aerosol optical properties, vertical 
distribution and density (i.e. optical thickness), and cloud 
layer altitude, geometrical thickness, droplet size distrib­
ution and optical thickness. The standard outputs are the 
simulated AVHRR radiances for the selected sun and 
satellite viewing-angle conditions. In this study, the 
model has been used in an iterative scheme to obtain 
the optical thickness of the stratus cloud cover. 

Some of the requested input data have been extracted 
from the literature. This is the case for most of the aerosol 
parameters (optical properties and vertical distribution), 
which have been choosen according to D' Almeida and 
Koepke (1990); aerosol optical thickness has been 
adjusted from the AVHRR reflectance of cloudless and 
ice-free ocean pixels. For Arctic stratus cloud properties, 
including altitude, geometrical thickness and droplets size 
distribution, we selected a typical case from the large data 
set of Herman and Curry (1984). The ozone content of 
the atmosphere has been taken from SAGE 11 satellite 
data, while water vapour content and vertical distribu­
tion were set according to radiosounding from Bear 
Island (Bj0rn0ya), about 500 km southeast of Fram 
Strait. All these data were considered constant over the 
area. The other input data have been obtained from the 
satellite data, and averaged on a polar stereographic grid 
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with a spatial resolution of 25 km. The Fram Strait area 
as delimited on Figure I is made of 300 pixels (or 
gridpoints) with this resolution, including each about 
550 A VHRR pixels. 

DMSP-SSM!I passive microwave data provided sea­
ice concentrations for the 300 pixels of the Fram Strait 
area (Fig. 2); the SSM/I 19 GHz (vertical and horizontal 
polarisations) and 37 GHz (vertical polarisation) bright­
ness temperatures were converted into ice concentrations 
by using the NASA SSM!I algorithm (Cavalieri and 
others, 1984). Ice concentrations provided the surface 
spectral reflectance requested by GAME according to ice­
free water and sea-ice values read from the AVHRR data. 
Infrared radiances from A VHRR channels 3 and 4 were 
used to get the fractional cloud cover for every gridpoint: 
the difference in daytime radiances between A VHRR 
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Fig. 2. Ice concentration over the Fram Strait area, 
obtained from SSM!I brightness temperatures. 
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Fig. 3. Spectral reflectance curves for sea ice and stratus 
clouds. The ice curve is for melting white ice (Grenfell and 
Perovich, 1984). The stratus curve is computed for a 
typical stratus with optical thickness T = 10 over the sea 
and solar zenith angle (}o = 70°. 
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channel 3 (3.7 Jlm) and 4 (11 Jlm) is a very efficient ice! 
cloud discriminator, since such water clouds as Arctic 
stratus are highly reflective in the longwave part of the 
solar spectrum (Fig. 3) and ice or snow surfaces may be 
considered blackbodies at the same wavelengths (Raschke 
and others, 1992). A VHRR channel 1 (0.6 Jlm) reflec­
tances were calibrated as accurately as possible and 
averaged for every grid point: these average reflectances 
were compared with the values simulated by GAME to 
obtain the optical thicknesses of the stratus cloud cover 
(Fig. 4). 

The main difficulty in optical thickness retrieval arises 
from the fact that, for high ice concentrations, i.e. high 
surface reflectances, reflectance observed at the top of the 
atmosphere first decreases with increasing optical thick­
nesses for small values, and then increases with higher 
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Fig. 4. Retrieved Arctic stratus clouds optical thickness. 
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Fig. 5. Variations of the simulated AVHRR channel 1 
reflectance with the cloud optical thickness and ice 
concentration. (Solar zenithal angle Bo = 7S'. Radio­
meter viewing angle (}y = 0°. ) 
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values (Fig. 5). This leads to two different solutions for the 
computation of the stratus optical thickness. The problem 
has been avoided by the previous fractional cloud cover 
determination using channels 3 and 4 of the A VHRR: the 
gridpoints with very low cloud cover were considered 
cloud-free and the optical thickness set to 0; for cloudy 
gridpoints, the highest optical thickness (considering a 
continuous stratus layer) was considered more likely. 

SURFACE RADIATIVE FLUXES RETRIEVAL 

From the retrieved optical thickness, the incoming, 
absorbed and reflected solar fluxes were computed by 
using a two-stream narrow band model based on the 
method of Zdunkowski and others (1980). This model 
accounts for gaseous transmission, aerosol and cloud 
absorption and scattering in 198 spectral intervals 
between 0.25 and 2.8 Jl.m; its accuracy was proved 
within the framework of the Intercomparison of Radia­
tion Codes in Climate Models (IRCCM). As gaseous and 
aerosol effects are considered constant over the area, and 
variations of the solar zenithal angle are of second order, 
the map of retrieved incoming shortwave flux is very 
similar to that of optical thickness. At the time of the 
satellite pass (1030 hUT), the incoming solar flux S ! 
varies in the range of250 W m-2 for the cloud-free areas to 
less than 60 W m -2 under a stratus cover with an optical 
thickness around 20. The map of the absorbed solar flux 
S ! (1 - a) (Fig. 6) is very different due to the albedo of 
sea ice cover: the higher values are found over cloud-free 
and ice-free areas (up to 190 W m -2), while the pack-ice 
areas with dense stratus cover show values of 50 W m-2 or 
less. The spectrally averaged albedo of the sea ice cover 
does not depend only on ice concentration: due to the 
sharp contrast of the spectral reflectance of sea ice 
between visible and infrared wavelengths and the 
filtering of infrared by stratus clouds, the total albedo of 
sea ice increases with the optical thickness of the cloud 
cover. 
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Fig. 6. Retrieved absorbed solar flux jor 31 August 1988 
at 1030h UT. 

The downwelling longwave flux was computed using a 
narrow-band model (Morcrette, 1984), where scattering 
effects are neglected and cloud droplets are considered as 
purely absorbing particles. In such a model, the longwave 
flux is related to surface temperature, water vapour 
amount and vertical distribution, cloud height (cloud 
base temperature) and emissivity. The first four of these 
parameters were fixed according to surface observations 
and radiosonde data for Bear Island. The cloud emissivity 
€ has been linked to the optical thickness T through the 
cloud liquid water path (LWP) using: 

3.LWP 
T= 

2.re 
€ = 1- exp( -kLWP) and 

where k is the mean over the whole longwave spectrum of 
the mass absorption coefficient of liquid water and re is 
the effective radius of the cloud droplets (re = 8.7 J1.m for 
the chosen stratus). As emissivity is the only parameter 
assumed to vary over the area, the map of the retrieved 
longwave flux is similar to that of the optical thickness, 
but with values ranging from 230 W m - 2 for the clear 
areas to about 300 W m- 2 under the dense stratus cover. 

Looking further at the results shows that the mean 
daily cloud forcing of an Arctic stratus cover with optical 
thickness T = 12.5, in late summer conditions (31 
August ), may be estimated to - 30 W m- 2

, with a 
shortwave forcing about - 85 W m- 2 and a longwave 
forcing about + 55 W m- 2

. Assuming a surface temper­
ature of + I DC over the open sea and -I DC over the ice, 
such a cloud cover should lead to a decrease of the daily­
averaged surface radiation budget about -20 W m -2 over 
the open sea and to an increase of + 15 W m -2 over a 
continuous sea-ice cover. This points the need to account 
accurately for cloud-ice interactions in future coupled 
ocean-atmosphere models. 

ACCURACY AND DISCUSSION 

Two different methods have been used to assess the 
accuracy of the retrieved fluxes. The first consisted of a 
comparison of the retrieved values with in-situ measure­
m~nts, the second in a few tests of the sensitivity of the 
results to the choice of parameters extracted from the 
literature. 

Validation data were obtained for 31 August from a 
pyranometer and a pyrgeometcr on board the oceano­
graphic ship Cryos, with only a short break in the morning 
(Fig. 7). During this day the ship moved in the area 
80 0 30' N to 81 ° Nand 7-100 E. In the morning, cloud 
conditions were overcast, with a low stratus cloud cover, 
clearing at about 1100 h UT. In the afternoon the sky 
remained clear with occasional passing cloud-banks. 
From satellite data, we found that the ship crossed the 
edge between a stratus-covered area with optical 
thickness T ~ 12.5, and a cloud-free area. When 
comparing the simulated fluxes with the measured ones, 
a very good agreement was found, within the ± IOWm-2 

interval for both the shortwave and longwave down­
welling fluxes. However, the longwave flux appeared very 
sensitive to surface and cloud-base temperatures: we had 
to correct the values provided by the radiosonde data 
from Bear Island, according to the local observations by 
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Fig. 7. Comparison of observed and computed radiative 
jluxes for 31 August 1988. 

the crew of the Cryos, in order to retrieve reasonable 
values of the longwave flux. 

Among the parameters used in the cloud optical 
thickness retrieval, polar aerosol optical properties and 
stratus cloud droplet-size distribution were extracted from 
the available literature. Although the particular choice 
we made appears the most reasonable, it remains 
arbitrary; we thus tested the sensitivity of the retrieved 
shortwave irradiance to these parameters. W e compared 
the retrieved fluxes obtained in the most likely case of 

polar aerosol (single scattering albedo Wo = 0.964) with 
values retrieved assuming a highly absorbing aerosol 
(w o = 0.8) , like soot or industrial dust (Fig. 8a ); the 
modified value has been used in both the cloud optical 
thickness retrieval and flux computation. In the same 
manner, we compared the fluxes computed in our case of 

low stratus (droplets effective radius re = 8.7 Jl.m ) to 
those obtained assuming high clouds with considerably 
smaller droplets (re = 5 )lm) (Fig. 8b). The results show 
a slight sensitivity of the retrieved values to these changes, 
with differences in the retrieved flux es smaller than 
± lOWm- 2• 

From the study as a whole we conclude that shortwave 
fluxes over pola r oceans might be obtained on a 
climatological basis from joint use of AVHRR and 
SSM/I data, with the desired accuracy for coupled 
ocean- atmosphere models. It implies that the different 
cloud types occurring in high latitudes were previously 
discriminated from the A VHRR imagery and accurately 
parameterized, as we did for Arctic stratus. Infrared 
radiation fluxes computation is more problematic and 
would require accurate additional data on surface and 
cloud-base temperature. In a further work, we will test if 
the present satellite sounding sensors, like the TOVS on 
board the NOAA satellites, could provide this additional 
information with the desired accuracy. 

Cess and Vulis (1989) proposed to infer the net surface 
solar flux directly from satellite observations of the 
radiation budget at the top of the atmosphere. This 
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method is independent of the surface albedo, and is thus 
particularly interesting in the case of highly variable 
surface albedo, for example in marginal ice zones . 
However, satellite observations do not provide a direct 
measurement of radiation fluxes , i.e. spectrally integrated 
irradiances, but radiances in narrow spectral intervals . 
The problem thus lies in the conversion of narrow band to 
broad band and of radiances to irradiances. These 
conversions are strongly dependant on the spectral 
characteristics of the scene. With the availability of 
broad band observations from the Earth Radiation 
Budget Experiment (ERBE), the approach of Cess and 
Vu lis may be the most accurate; however ERBE data are 
available only for a limited period of time and the 
accuracy of the radiance to irradiance conversion over sea 
ice is known to be one of the poorest. Finally, this 
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Fig. B(a) . Sensitivity tests for the parameters extracted 
from the literature. Aerosol single scattering albedo Wo: 
comparison between retrieved solar fluxes with a single 
scattering albedo Wo = 0.964 ( our case from the 
literature) and a single scattering albedo Wo = 0.8 
(highly absorbing aerosol) . ( b). Sensitivity tests for the 
parameters extracted from the literature. Cloud droplets 
siz:.e: comparison between retrieved solar fluxes with a 
typical droplet siz:.e distribution for low Arctic stratus ( our 
case from literature) with effective radius re = 8.7)lm 
and a case of higher clouds with smaller droplets 
(re = 5p.m) . 
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approach makes comparisons with surface observations 
extremely difficult, since one needs to measure the 
spatially averaged net surface fluxes, i.e. downward and 
upward fluxes . Since the upward fluxes are extremely 
dependent on surface conditions, experimental valid a­
tions are nearly impossible in such inhomogeneous regions 
as the marginal ice zones. It is however possible to 
compare surface net fluxes as derived from both methods; 
this will be done in a forthcoming paper. 
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