
JUNE 2003 827P A V O L O N I S A N D K E Y

q 2003 American Meteorological Society

Antarctic Cloud Radiative Forcing at the Surface Estimated from the AVHRR Polar
Pathfinder and ISCCP D1 Datasets, 1985–93

MICHAEL J. PAVOLONIS

Cooperative Institute for Meteorological Satellite Studies, University of Wisconsin—Madison, Madison, Wisconsin

JEFFREY R. KEY

Office of Research and Applications, NOAA/NESDIS, Madison, Wisconsin

(Manuscript received 4 June 2002, in final form 11 December 2002)

ABSTRACT

Surface cloud radiative forcing from the newly extended Advanced Very High Resolution Radiometer
(AVHRR) Polar Pathfinder (APP-x) dataset and surface cloud radiative forcing calculated using cloud and surface
properties from the International Satellite Cloud Climatology Project (ISCCP) D-series product were used in
this 9-yr (1985–93) study. On the monthly timescale, clouds were found to have a warming effect on the surface
of the Antarctic continent every month of the year in both datasets. Over the ocean poleward of 58.758S, clouds
were found to have a warming effect on the surface from March through October in the ISCCP-derived dataset
and from April through September in the APP-x dataset. Net surface fluxes from both datasets were validated
against net surface fluxes calculated from measurements of upwelling and downwelling shortwave and longwave
radiation at the Neumayer and Amundsen–Scott South Pole Stations in the Antarctic. The net all-wave surface
flux from the ISCCP-derived dataset was found to be within 0.4–50 W m22 of the net all-wave flux at the two
stations on the monthly timescale. The APP-x net all-wave surface flux was found to be within 0.9–24 W m 22.
Model sensitivity studies were conducted to gain insight into how the surface radiation budget in a cloudy
atmosphere will change if certain cloud and surface properties were to change in association with regional and/
or global climate change. The results indicate that the net cloud forcing will be most sensitive to changes in
cloud amount, surface reflectance, cloud optical depth, and cloud-top pressure.

1. Introduction

General circulation model (GCM) simulations have
shown that the radiative properties of clouds over the
Antarctic greatly influence not only the South Polar cli-
mate but global climate as well. For instance, Lubin et
al. (1998) found that changes in cloud properties such
as effective particle radius and cloud phase lead to dra-
matic changes in the regional dynamics of Antarctica.
In addition, changes in the dynamics of the South Polar
region were shown to cause additional dynamic feed-
backs that extended well north of the equator. Zonal
winds, meridional mass flux, and latent heat release in
the Tropics and midlatitudes of the Northern Hemi-
sphere changed significantly when the phase and particle
size of clouds over the Antarctic continent were changed
to a more realistic regime. Even though differences in
the parameterization of Antarctic clouds can lead to
much different GCM solutions, relatively little is known
about cloud coverage and the bulk physical properties
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of clouds at high southern latitudes as compared with
other regions of the world.

Cloud cover and cloud optical properties will greatly
influence the surface radiation budget. For example,
Hines et al. (1999) found that the downwelling long-
wave flux at the surface was up to 50 W m22 too small
in National Centers for Environmental Prediction
(NCEP) Medium-Range Forecast (MRF) model simu-
lations over the Antarctic because of lower cloud
amounts. The mere presence of clouds can greatly alter
the downwelling shortwave (SW) and longwave (LW)
radiation reaching the surface. Under cloudy conditions,
the SW radiation reaching the surface is reduced because
of reflection by cloud particles. In converse, clouds ab-
sorb LW radiation emitted by the surface and atmo-
sphere and emit radiation toward the surface. Because
the emissivity of clouds is greater than the emissivity
of the clear atmosphere, the downwelling LW radiation
from clouds will be greater than the downwelling ra-
diation from the clear atmosphere. Tsay (1986) predicted
that a carbon dioxide doubling in the Arctic would only
increase the downwelling LW flux by 4–7 W m22; Tsay
et al. (1989) showed that a low-level stratus cloud in-
creases the downwelling LW by about 80 W m22 when
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FIG. 1. The ISCCP grid cells south of 57.58S and the outer bound-
aries (thick black line) of the APP-x Southern Hemisphere domain.
The locations of Amundsen–Scott South Pole Station and Neumayer
Station are also shown.

compared with the clear sky. In addition, Zhang et al.
(1996) showed that the presence of persistent cloud cov-
er can cause the onset of snowmelt in the Arctic to occur
as much as a month earlier than under clear-sky con-
ditions. Because high-latitude clouds are often less
bright than the underlying surface and downwelling SW
radiation is small because of large solar zenith angles,
the LW effect of clouds at the surface can often dom-
inate the SW effect, causing the surface to warm. Mea-
surements of radiative fluxes by Ambach (1974) at the
surface of the Greenland ice sheet showed that the daily
net radiation balance (i.e., daily net SW radiation 1
daily net LW radiation) at the surface in midsummer
was about 23 W m22 greater under 100% cloudy con-
ditions when compared with clear-sky conditions.

Surface-based measurements of radiant fluxes, cloud
coverage, and cloud radiative properties over the Ant-
arctic continent are limited in time and space and are
virtually nonexistent over the ocean areas. Satellite-de-
rived cloud and surface properties from the National
Oceanic and Atmospheric Administration (NOAA) po-
lar-orbiting satellites can provide much greater spatial
resolution than ground-based stations, although scene
identification and cloud masking from satellites in re-
gions covered by snow and ice are problematic (Li and
Leighton 1991). Clouds can often be warmer than the
underlying surface over Antarctica, and so cloud de-
tection using solely the five spectral channels (0.6, 0.9,
3.7, 11, and 12 mm) available on the Advanced Very
High Resolution Radiometer (AVHRR) instrument on
the NOAA polar orbiters may be ineffective at times,
although techniques such as time series cloud masking,
as described in Key (2002), are useful for discerning
clouds from the surface in the polar regions. Regardless,
satellite-derived datasets are very useful for studying
spatial and temporal trends in a given parameter such
as cloud radiative effect (commonly referred to as cloud
forcing).

It is also important to understand the sensitivities of
cloud forcing at the surface to changes in various surface
and cloud parameters. Parameters such as surface re-
flectance, surface temperature, cloud fraction, cloud-top
height, cloud optical depth, cloud-particle effective ra-
dius, and cloud liquid/ice water content will potentially
influence the net radiation balance at the surface (Curry
and Ebert 1992). It would be useful to determine which
of those parameters would most dramatically alter the
net effect of clouds on the surface radiation budget if
it were to change. Further, a better understanding of the
sensitivities of cloud radiative forcing is needed to gain
a better appreciation of the sensitivity of the Antarctic
climate to global-scale and local changes in climate.

In this study, the effect of clouds on the surface ra-
diation budget of the Antarctic will be examined the-
oretically, with a radiative transfer model, and through
an examination of two satellite datasets. The spatial and
temporal variability of the SW, LW, and net cloud forc-
ing at the surface will be described on a monthly time-

scale. Surface fluxes from both satellite-derived datasets
will be validated against measurements taken at two
Antarctic stations to assess the validity of the satellite-
derived cloud forcing.

2. Satellite datasets

Data from the AVHRR on the NOAA polar-orbiting
satellites were used to derive the AVHRR Polar Path-
finder (APP) dataset (Meier et al. 1997; Maslanik et al.
1998, 1999). The standard APP products include spec-
tral radiance, viewing and illumination geometry, three
cloud masks, and clear-sky surface temperature and al-
bedo sampled at a 5-km resolution into two daily com-
posite images covering both polar regions. The APP
product has been expanded recently to include cloud
properties, radiative fluxes, and cloud forcing on a 25-
km scale for two daily composite images (the APP-x
product). The composite times are 0200 and 1400 local
solar time (LST), with most of the observations falling
within 1 h of those times. The boundaries of the APP-
x domain are shown in Fig. 1. Surface temperature is
calculated with a split-window infrared algorithm. Sur-
face albedo retrieval for clear and cloudy skies employs
corrections for anisotropic reflectance and atmospheric
effects (Key et al. 2001). Cloud detection is done with
a variety of spectral and temporal tests optimized for
high-latitude conditions. Cloud particle phase uses near-
infrared reflectances (daytime) and infrared brightness
temperature differences to separate ice and liquid (‘‘wa-
ter’’) clouds (Key and Intrieri 2000). Cloud optical depth
and particle effective radius retrievals use absorbing and
nonabsorbing wavelengths, where the absorbing wave-
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length is more sensitive to particle size and the non-
absorbing wavelength is more sensitive to optical depth.
Cloud temperature is calculated from the infrared win-
dow brightness temperature, adjusted for surface emis-
sion if the cloud transmittance is greater than 1%. The
retrieved cloud and surface parameters are then used as
input to FluxNet, a neural-network implementation of
the Streamer two-stream radiative transfer model (Key
and Schweiger 1998) for the calculation of radiative
fluxes. Shortwave and LW fluxes and cloud forcing at
the surface and the top of the atmosphere were computed
with FluxNet because of its computational efficiency: it
is up to 10 000 times as fast as Streamer. A comparison
between Streamer and FluxNet using 5000 test cases
showed that the root-mean-square errors associated with
FluxNet are less than 3% of the mean downwelling and
upwelling SW and LW flux values (Key and Schweiger
1998). For algorithm details, see Key (2002).

A second satellite dataset is the International Satellite
Cloud Climatology Project (ISCCP) cloud product
(Schiffer and Rossow 1983). Five geostationary and two
polar-orbiting satellites are used to collect data that are
then processed into global cloud datasets. The latest
series of ISCCP datasets is the D series. Algorithms
used to create the earlier C-series datasets have been
shown to underestimate cloud amount, especially in the
polar regions (Rossow et al. 1996). However, the ISCCP
D-series retrieval algorithms incorporate improved
methods for cloud detection over the polar regions. For
instance, the algorithms have been adjusted so as better
to detect cold clouds and clouds over snow and ice
through the added use of AVHRR channel 3 (3.7 mm).
Schweiger and Key (1994) speculated that the ISCCP
C series missed thin, low clouds in the polar regions.
In the D-series dataset, cloud amounts are greater and
cloud optical depths are smaller when compared with
the C series and both are believed to be more realistic
(Key et al. 1999).

In this study, cloud and surface properties from the
ISCCP D-series dataset were used as input to a radiative
transfer model that computed SW and LW radiant fluxes
at the surface and the top of the atmosphere (TOA) and
surface and TOA cloud radiative forcing for 1985–93.
Only surface fluxes and surface cloud radiative forcing
will be discussed in this study. As with the calculation
of radiative fluxes with the APP-x data, cloud, atmo-
spheric, and surface parameters from the ISCCP 3-hour-
ly dataset (D1) were used as input to FluxNet. For more
information concerning the ISCCP D1 dataset, see Ros-
sow et al. (1996). Temperature and humidity profiles
from the Television and Infrared Observation Satellite
(TIROS) Operational Vertical Sounder (TOVS) Path-
finder Path-P dataset (Francis and Schweiger 2000) were
used when and where available, primarily around the
Antarctic continent, because Path-P retrievals are not
done over high-elevation surfaces. The fluxes and cloud
forcing were computed every 3 h for both the Arctic
and Antarctic poleward of 58.758N and 58.758S, re-

spectively. Refer to Pavolonis (2002) for more specific
details concerning the ISCCP-derived dataset. Figure 1
shows the ISCCP grid cells for the Antarctic.

Using a 9-yr average over the period of 1985–93 for
both the ISCCP and APP-x datasets, the spatial and
temporal variability of surface cloud forcing and surface
and cloud properties were analyzed. Cloud forcing is
defined as the integrated partial derivative of the SW or
LW radiative flux, such that

Ac ]SsCS 5 da 5 S (A ) 2 S (0),E s c s]a0

Ac ]LsCL 5 da 5 L (A ) 2 L (0), andE s c s]a0

CNET 5 CS 1 CL, (1)

where CS, CL, and CNET are the SW, LW, and net
cloud forcing at the surface, respectively, Ac is the total
cloud amount, SS and LS are the net SW and LW fluxes
at the surface, and a is cloud fraction. The net SW flux
is defined as the difference between the downwelling
SW flux and the upwelling SW flux. The net LW flux
is similarly defined as the difference between the down-
welling LW flux and the upwelling LW flux. In both
cases, the downwelling and upwelling fluxes are taken
to be positive. The net cloud forcing is simply the sum
of the SW and LW cloud forcing. When the cloud forc-
ing is positive, clouds have a warming effect; clouds
will have a cooling effect when the cloud forcing is
negative.

3. Results

To evaluate both spatial and temporal trends in cloud
amount and cloud forcing from the APP-x dataset, zonal
averages were calculated for each 2.58 latitude interval
from 908 to 57.58S. Only monthly means corresponding
to the APP-x composite time of 1400 LST will be dis-
cussed. This is because 1400 LST is much closer to
local solar noon than is 0200 LST; thus, the magnitude
of the SW component of the surface cloud forcing will
be much larger than at 0200 LST, and it would be useful
to determine the radiative impact of clouds on the sur-
face when the SW contribution to the CNET is relatively
large during the summer months. In addition, to evaluate
both spatial and temporal trends in the monthly mean
(based on daily averages) cloud amount from the ISCCP
D2 dataset and cloud forcing from the ISCCP-derived
dataset, zonal averages were calculated for each 2.58
latitude interval from 88.758 to 58.758S in the ISCCP
dataset for each month. Each of these latitudes repre-
sents the center of the ISCCP grid cells under consid-
eration.

The top of Fig. 2 shows the spatial and temporal
variability of the zonally averaged monthly cloud
amount in the Antarctic as given by the APP-x dataset.
The largest monthly cloud amounts are generally found
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FIG. 2. The spatial and temporal distribution of mean monthly cloud amount (%) from the
(top) APP-x dataset at 1400 LST and (bottom) ISCCP D2 dataset (1985–93) for the Antarctic.

over the ocean areas north of 708S. Further, the seasonal
variation in cloud amount is less than 10% northward
of about 728S. In converse, at higher latitudes, the
monthly cloud amount may vary by as much as ap-
proximately 20% throughout the year.

The bottom of Fig. 2 shows the spatial and temporal
variability of the zonally averaged monthly cloud
amount from the ISCCP D2 dataset. Monthly cloud
amounts are lowest poleward of about 858S during the
austral summer; the ISCCP cloud amounts typically in-
crease with distance from the South Pole. The largest
monthly cloud amounts are always found over the ocean
areas north of 708S. Further, the month-to-month vari-
ation in cloud amount is less than 10% north of 758S.
At higher latitudes, the monthly cloud amount may vary
by as much as 25%–30%. This result is similar to the
result given by the APP-x dataset. However, a large
difference exists poleward of about 808S during the
summer months when the monthly average cloud
amount from the APP-x dataset is 20%–50% greater
than the ISCCP D2 cloud amounts.

The top of Fig. 3 shows that the CS in the APP-x
dataset greatly decreases (becomes more negative) very
sharply during the summer months from 808S northward
because of the decrease in surface albedo and solar ze-
nith angle away from the Pole. The CS poleward of
808S is always greater than 215 W m22. At lower lat-
itudes, the presence of clouds can lead to more than 200
W m22 of cooling in the SW at the surface. During the
Antarctic winter, clouds cause less than 5 W m22 of
cooling over much of the latitude range because of very
large solar zenith angles and an increase in surface al-
bedo over the ocean caused by more widespread sea
ice.

In a similar way, the CS from the ISCCP-derived
dataset also decreases away from the Pole (Fig. 3, bot-
tom). The largest gradient in CS occurs away from the
Pole during the Antarctic summer months as a result of
the transition from a sea-ice surface to an open-water
surface. The CS poleward of 808S never becomes more
negative than 20 W m22. The magnitude of the CS from
the ISCCP-derived dataset is generally smaller than the
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FIG. 3. The spatial and temporal distribution of the mean monthly SW cloud forcing at the
surface (W m22) from the (top) APP-x dataset at 1400 LST and (bottom) ISCCP-derived dataset
(1985–93) for the Antarctic. The thick black contour represents 0 W m22.

CS from the APP-x data, especially away from the Pole,
because sunlight is present around the APP-x obser-
vation time of 1400 LST that is stronger than that av-
eraged over the course of the day. Further, poleward of
about 838S during the months of November and De-
cember, the larger cloud amounts given by the APP-x
dataset (as compared with the ISCCP dataset) likely
cause the SW cooling effect of clouds to be greater in
the APP-x dataset.

North of 758S, the CL from the APP-x dataset does
not vary much from season to season (Fig. 4, top) large-
ly because the monthly cloud amount does not exhibit
a strong seasonal cycle at these latitudes. At higher lat-
itudes, the surface CL has more seasonal variability.
Poleward of 758S, the APP-x CL is greatest in summer
and is at a minimum in autumn and spring; the ISCCP-
derived CL is greatest in winter and is at a minimum
in the summer (Fig. 4, bottom). The largest values of
the CL are found in the spring north of 658S, where
cloud amounts are high. The seasonal variability of the

CL at higher latitudes in the APP-x dataset is largely
due to seasonal changes in mean cloud amount, because
patterns in cloud amount closely match the patterns in
the CL. The differences in the CL between the two
datasets can be partly explained by differences in cloud
amount. In addition, the APP-x cloud-top pressures are
larger than the ISCCP D2 cloud-top pressures over the
entire range of latitude and time by about 30–150 hPa
(not shown). Because the vertical location of the clouds
in the APP-x dataset is on average lower (warmer) than
that of the clouds in the ISCCP D2 dataset, the APP-x
CL will be greater if the distribution of cloud optical
depth from both datasets is similar. Over much of the
latitude range of interest, the cloud optical depth from
both datasets is similar during the summer (not shown).
When no sunlight is present, cloud optical depth is not
retrieved during the ISCCP processing and so interpo-
lated values are used.

In the APP-x data, at latitudes poleward of about
768S, clouds were found to have a warming effect on



832 VOLUME 42J O U R N A L O F A P P L I E D M E T E O R O L O G Y

FIG. 4. The spatial and temporal distribution of the mean monthly LW cloud forcing at the
surface (W m22) from the (top) APP-x dataset at 1400 LST and (bottom) ISCCP-derived dataset
(1985–93) for the Antarctic.

the surface for every month of the year (Fig. 5, top).
Because of the high-albedo surface over the Antarctic
continent, which is prominent throughout the year, and
large solar zenith angles, the magnitude of the CS is
small enough so that the magnitude of the CL is equal
to or greater than the magnitude of the CS. The max-
imum in the CNET occurs during the winter at all lat-
itudes. In addition, the CNET typically increases away
from the South Pole during the winter and decreases
away from the Pole during the summer. A maximum
warming of 40 W m22 is seen during the winter north
of 708S. The minimum CNET when averaged over all
of the pixels over the Antarctic continent is 16 W m22,
which occurs in March, and the maximum is 30 W m22

in July. Over the ocean, the minimum is 2134 W m22

in January and 46 W m22 in June and July.
The ISCCP-derived data indicate that, at latitudes

poleward of about 808S, clouds were found to have a
warming effect on the surface for almost every month

of the year (Fig. 5, bottom). The exception occurs in
November and December near the Pole because of very
small cloud amounts. Note that, even though the CL
generally decreases poleward, the CL is still greater than
the CS. The minimum CNET when averaged for all grid
cells over the Antarctic continent is 0.04 W m22 in
December and the maximum is 26 W m22 in April and
May. In a similar way, over the ocean, the minimum is
230 W m22 in January and the maximum is 38 W m22

in June. It is interesting to note that this warming effect
is typically smaller than that seen in the APP-x CNET
data largely because the CL from the APP-x dataset is
usually larger. At latitudes north of about 758S, com-
parisons between the APP-x and ISCCP-derived data
are unfair because the incoming solar radiation at 1400
LST is much greater than the daily average of incoming
solar radiation. At higher latitudes, this difference will
be less during the summer because these locations are
illuminated at nearly all times.
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FIG. 5. The spatial and temporal distribution of the mean monthly net cloud forcing at the
surface (W m22) from the (top) APP-x dataset at 1400 LST and (bottom) ISCCP-derived dataset
(1985–93) for the Antarctic. The thick black contour represents 0 W m22.

4. Validation

Two stations were chosen for comparisons with mea-
sured surface fluxes as a way of assessing the accuracy
of the ISCCP-derived and APP-x-derived surface cloud
forcing. Direct surface-based measurements of cloud
forcing are not available, and so the relative accuracy
of the ISCCP-derived and APP-x cloud forcing products
were determined by comparing the all-sky net SW, net
LW, and net all-wave surface fluxes from the ISCCP-
derived and APP-x datasets with all-sky net surface flux-
es calculated from surface measurements of upwelling
and downwelling SW and LW radiation at the Neumayer
Station and the Amundsen–Scott South Pole Station in
Antarctica.

Neumayer Station is located on the Ekström Ice Shelf
in the northeast Weddell Sea at 718S, 88W. The location
of Neumayer Station is also shown in Fig. 1. Surface
flux measurements at Neumayer Station were obtained
from the Alfred Wegener Institute for Polar and Marine
Research for 1993. This year was chosen for the com-

parison because there were not many missing measure-
ments in the Neumayer data as compared with years
previous to 1993. The error in the total radiation budget
based on the measurements is thought to be less than 5
W m22 (G. König-Langlo 2002, personal communica-
tion). Monthly means of the upwelling and downwelling
SW, LW, and net surface fluxes were averaged from two
nearby ISCCP grid cells and were compared with the
monthly means from Neumayer Station. When com-
paring the APP-x surface fluxes with the fluxes mea-
sured at Neumayer, an average of two nearby APP-x
pixels was calculated (each APP-x pixel is 25 km) for
the monthly mean of each composite time of 0200 and
1400 LST, and then a ‘‘daily’’ mean was calculated by
averaging the data from the two local solar composite
times. Monthly means of hourly data that correspond to
0200 and 1400 LST at Neumayer Station (based on the
longitude of Neumayer Station) were calculated for each
composite time, and a daily average from the monthly
means of the two APP-x composite times was calculated
for comparison with the APP-x surface fluxes.
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FIG. 6. Comparison of the surface net SW, LW, and all-wave ra-
diative fluxes from the (top) APP-x dataset and (bottom) ISCCP-
derived dataset and the net fluxes based on surface measurements
made at Neumayer Station (1993).

The second station chosen is the Amundsen–Scott
South Pole Station. The South Pole Station measure-
ments were taken by Dutton et al. (1989) from April of
1986 to February of 1988. The approximate absolute
errors in the measurements reported by Dutton et al.
(1989) are 2% for the SW measurements and 5% for
the LW measurements. The three ISCCP grid cells, each
of which is centered on 88.758S, that surround the South
Pole were chosen for this comparison. The South Pole
is surrounded by a region of relatively uniform snow
and ice in almost all directions for about 200–300 km.
The centers of all three of the ISCCP cells used are
within 139 km of the South Pole, and so the monthly
mean of measurements made at Amundsen–Scott South
Pole Station should be well-suited for comparison with
the spatial average of monthly means from the three
ISCCP grid cells. To compare the APP-x surface fluxes
with the fluxes measured at South Pole Station, daily
averages based on the monthly means for the two APP-
x composite times were computed for three APP-x pix-
els that surround the South Pole within 19 km. The
average of these three APP-x pixels was compared with
a daily average, based on 24 hourly measurements, at
the South Pole Station. The three APP-x pixels are cen-
tered at three different longitudes, which are character-
ized by three different universal coordinated times
(UTC) for each APP-x local solar composite time. In
addition, the change from one UTC time zone to another
occurs over a relatively small distance for a given lat-
itude near the Pole, and thus the use of a daily average
of the South Pole data in these comparisons is justifiable.

a. Neumayer Station

The error/bias discussed in this section and in the
sections to follow is defined as the difference between
the satellite-derived flux and the measured flux. The top
of Fig. 6 shows the comparisons between the APP-x net
surface fluxes and net surface fluxes computed from the
upwelling and downwelling SW and LW fluxes mea-
sured at Neumayer Station. The magnitude of the error
in the net SW flux is less than 10 W m22 for every
month except October (216 W m22) and November
(214 W m22). The largest error in the net LW flux is
123 W m22 in November. The error in the net LW flux
is less than 11 W m22 in all other months. The net
surface radiation balance is within 9 W m22 of the Neu-
mayer net all-wave flux for every month except Feb-
ruary (213 W m22) and November (112 W m22). In
general, discrepancies exist with the downwelling and
upwelling components of the SW and LW surface fluxes
(not shown); however, these errors tend to cancel each
other out so that the net all-wave surface flux is within
13 W m22 for every month of the year. For instance, in
January, the downwelling and upwelling SW flux are
underestimated by 89 and 85 W m22, respectively.
These large underestimates are due mainly to differ-
ences between the solar zenith angle at the location at

which the measurements were taken and the solar zenith
angle used in the APP-x calculations. This difference
in solar zenith angle arises from the fact that the actual
APP-x observation time may differ by as much as 2 h
from either of the APP-x reference times of 0200 and
1400 LST. Because comparisons between the APP-x
cloud amount and surface observations of cloud amount
at Neumayer Station agree to within about 8% during
the summer (Pavolonis 2002), most of the error in the
downwelling SW flux (and, hence, the upwelling SW
flux) will be a result of differences in solar zenith angle.
Calculations show that even a difference of 0.5 h can
change the solar zenith angle by about 38 in the summer
at the latitude of Neumayer Station. Minnett (1999)
showed that the incident SW flux measured at the sur-
face in the Arctic often decreased by more that 50 W
m22 when the solar zenith angle decreased by about 38,
for a variety of atmospheric conditions. This comparison
suggests that the solar zenith angle at the time of the
satellite overpass is at least somewhat larger than the
solar zenith angle at the time of the measurements at
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Neumayer Station. In the LW range, the downwelling
and upwelling fluxes are underestimated by 5 and 7 W
m22, respectively, in January.

The bottom of Fig. 6 shows the comparisons between
the ISCCP-derived net surface fluxes and net surface
fluxes computed from the upwelling and downwelling
SW and LW fluxes measured at Neumayer Station. The
net SW flux at the surface as given by the ISCCP-
derived dataset has a positive bias during the austral
summer months that is as large as about 44 W m22.
This bias is due primarily to the large negative bias (77
W m22 in January) that exists in the upwelling SW flux,
although the smaller negative bias (33 W m22 in Jan-
uary) in the downwelling SW flux partially offsets the
upwelling SW flux bias. In other words, the large pos-
itive bias in the summer occurs because the upwelling
SW flux is significantly underestimated relative to the
downwelling SW flux, which is not the case with the
APP-x data. However, similar to the APP-x data be-
havior, the downwelling SW flux from the ISCCP-de-
rived dataset shows a significant negative bias largely
because of solar zenith angle differences. In the LW, the
negative biases seen in both the downwelling and up-
welling LW fluxes are similar, and so the bias in the
net LW flux is less than 8 W m22, with the exception
of May, for which a negative bias of 12 W m22 is
observed. The net LW flux has a negative bias from
February through October and a positive bias during all
other months. Note, however, that both the downwelling
LW flux and upwelling LW flux are characterized by a
large negative bias every month of the year. Both the
APP-x and ISCCP D2 cloud amounts have been shown
to be within 17% of surface observations made at Neu-
mayer Station for nearly every month of the year (Pa-
volonis 2002). Thus, a large cold bias in the retrieved
cloud temperature may explain much of the negative
bias in the downwelling LW flux derived from the
ISCCP-derived dataset. However, because Neumayer
Station is in a region of highly varying topography,
comparisons of large grid cells to point measurements
are difficult and may lead to errors. The net all-wave
flux is characterized by a large bias of up to 150 W
m22 during the austral summer months because of large
errors in the net SW flux during this same time period.
From March through September, the errors in the net
all-wave flux are less than 12 W m22.

b. South Pole Station

Figure 7 shows the comparisons between the APP-x
net surface fluxes and net surface fluxes computed from
the upwelling and downwelling SW and LW fluxes mea-
sured at the South Pole Station. During the summer
months, errors in the net SW flux are large, mainly
because of errors in the downwelling SW flux (not
shown). A negative bias in the net SW flux in excess
of 20 W m22 is seen in December (1986), November
(1987), and January (1987). During those months, the

downwelling SW flux is underestimated and the down-
welling LW flux is overestimated. These errors corre-
spond to a positive bias in retrieved cloud amount as
compared with surface observations made at South Pole
Station (Pavolonis 2002). The signs of the errors in the
downwelling and upwelling LW flux do not always
agree (not shown), and so errors in the net LW flux can
be as high as about 37 W m22. When the SW and LW
components of the surface radiation balance are com-
bined, errors in the SW and LW components have a
tendency to at least partially cancel each other out. Thus,
the errors in the net all-wave surface flux are less than
17 W m22 for every month except April of 1987 (223.9
W m22).

Figure 7 also shows the comparison between the
ISCCP-derived net surface fluxes and the net surface
fluxes computed from the upwelling and downwelling
SW and LW fluxes measured at South Pole Station. The
ISCCP-derived net SW flux is 12–41 W m22 greater
than the net SW flux calculated from the downwelling
and upwelling SW fluxes taken from measurements
made at the South Pole Station from November through
February. This difference is due mainly to a large neg-
ative bias in the upwelling SW flux (not shown), which
suggests that the surface albedo that is used when cal-
culating the SW fluxes is too small. In the LW range,
the ISCCP-derived net flux is within 18 W m22 of the
net LW flux derived from measurements of the down-
welling and upwelling LW fluxes. Because errors in the
upwelling and downwelling LW flux tend to be of the
same sign, the maximum error in the net LW flux is not
as large as the maximum error in either the downwelling
or upwelling LW flux (not shown). Note that, during
the summer, both the downwelling LW flux and the
cloud amount generally exhibit a negative bias (Pavo-
lonis 2002). Recall that cloud amount tends to be over-
estimated at the South Pole in the summer in the APP-
x dataset. The cloud amounts from the two datasets are
different because the cloud-mask techniques differ. The
single-image cloud detection tests and thresholds used
in the APP-x processing are specifically derived for the
polar regions and may differ from the tests and thresh-
olds used in the ISCCP processing. The ISCCP algo-
rithm also includes a spatial variability test whereas the
APP-x does not. The ISCCP-derived net all-wave flux
has errors as large as 50 W m22, primarily because the
errors in the net SW flux are large during the summer.

5. Sensitivity studies

It is important to understand how the surface radiation
budget in a cloudy atmosphere will change if certain
cloud and surface properties were to change in asso-
ciation with local and/or global climate change. It would
also be useful to determine some general threshold val-
ues of solar zenith angle and surface albedo for which
the sign of the net cloud forcing at the surface will
change. Using the Streamer radiative transfer model
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FIG. 7. Comparison of the surface net SW, LW, and all-wave radiative fluxes from the (top)
APP-x dataset and (bottom) ISCCP-derived dataset and the net fluxes based on surface mea-
surements made at South Pole Station (Apr 1986–Dec 1987).

TABLE 1. Input parameters for cloud-forcing sensitivity studies. For
liquid water clouds, an effective particle radius of 10 mm and a liquid
water content of 0.2 g m23 are used. For ice clouds, an effective
particle radius of 30 mm and an ice water content of 0.07 g m23 are
used.

Parameter Value

Surface emissivity
Visible surface reflectance
Solar zenith angle (8)
Cloud fraction

0.99
0.61

70.83
0.78

Cloud-top temperature (K)
Cloud-top pressure (hPa)
Cloud optical depth
Surface temperature (K)
Column ozone amount (Dobson units)

254.1
672.82

7.7
266.3
350

(Key and Schweiger 1998), model sensitivity studies
were conducted to determine the relative importance of
various cloud and surface properties in determining the
value of the SW, LW, and net cloud radiative forcing at
the surface. More specific, the sensitivity of the SW,
LW, and net cloud forcing to changes in cloud fraction,

cloud-top pressure, cloud optical depth, particle effec-
tive radius, liquid/ice water path, solar zenith angle,
surface albedo, and surface temperature was examined.

Shortwave and LW computations were both done us-
ing the hemispheric-mean method of Toon et al. (1989).
Each of the scenes was modeled using only a single
cloud layer. The variation of cloud forcing with respect
to a given cloud or surface parameter was calculated
for a scene consisting of 73% sea ice and 27% open
water with a visible albedo of 0.61, which is typical for
a coastal Antarctic location. These values were obtained
from the ISCCP D2 dataset. ISCCP D2 average param-
eters were chosen because the ISCCP monthly averages
are based on eight observations per day over the entire
spatial domain whereas the APP-x monthly averages are
based on two composite observations per day. Table 1
shows the baseline model input parameters obtained
from the ISCCP D2 dataset.

Sensitivities were determined for both an all-liquid-
phase cloud and an all-ice-phase cloud. Model studies
were performed for an ice cloud with a baseline effective
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FIG. 8. Shortwave (solid), LW (dashed), and net (dash–dot) surface cloud forcing as a function of several
parameters. Calculations were performed for both a single-layered liquid water cloud (thin lines) and an ice
cloud (thick lines). Note that calculations were not performed when the cloud base was determined to be
below the ground. This condition mainly occurs for ice clouds.

particle radius of 30 mm and a baseline ice water content
of 0.07 g m23. Studies for a liquid cloud with a baseline
effective particle radius of 10 mm and a baseline liquid
water content of 0.2 g m23 were also performed. These
values are the same effective particle sizes and water
concentrations used in the ISCCP processing. The tem-
perature and moisture profiles used in this study were

taken from radiosonde measurements near the Antarctic
coast. A spectrally constant surface emissivity of 0.99
and a column ozone amount of 350 Dobson units were
used. The solar zenith angle of 70.838 was determined
by averaging the cosine of the daily mean solar zenith
angle for the month of January for 28 latitude intervals
from 608 to 768S. The cosines of the monthly mean



838 VOLUME 42J O U R N A L O F A P P L I E D M E T E O R O L O G Y

solar zenith angles for each latitude range were then
averaged to obtain the cosine of the solar zenith angle
used in the model calculations.

Only summertime sensitivity studies were conducted so
that the LW and SW components of the cloud forcing both
could be examined. Furthermore, the relative sensitivity
of the CL to various cloud and surface parameters will
not change significantly when baseline parameters typical
of winter are used as opposed to parameters typical of
summer. In other words, the actual magnitudes of the sen-
sitivities will likely be different, but the relationship should
not vary much from season to season. The SW, LW, and
net cloud forcing were computed for a range of values of
each cloud and surface parameter. All other parameters
are set to the baseline values. The only exception occurs
when the sensitivity of the cloud forcing with respect to
cloud-top pressure was investigated. When the cloud-top
pressure was changed to a different level in the input
profile, the cloud-top temperature was taken to be the
temperature at that same level. Figures 8a–j show the
trends of the SW, LW, and net cloud forcing at the surface
over a range of values of the aforementioned sensitivity
parameters.

The CS is not sensitive to surface temperature (Fig.
8f), cloud-top pressure (Fig. 8e), and cloud water con-
tent (Figs. 8i,j). Changes in cloud particle size (Figs.
8g,h) only result in fairly small changes in the CS, es-
pecially for ice clouds. The CS is only significantly
sensitive to changes in cloud particle radius for liquid
water cloud particles smaller than 10 mm. The CS is
highly sensitive to the parameterization of cloud optical
depth (Fig. 8c) for liquid water and ice clouds both,
although the magnitude of the CS is generally greater
for ice clouds. As is shown in Fig. 8d, the CS has a
very large solar zenith angle dependence, especially for
ice clouds. The CS is also very sensitive to changes in
cloud fraction (Fig. 8b) and visible surface reflectance
(Fig. 8a). The magnitude of the CS is greater for ice
clouds, especially for larger cloud amounts. Even small
changes in visible surface albedo will result in signifi-
cant changes in the CS.

The CL is not sensitive to changes in visible surface
albedo (Fig. 8a) and solar zenith angle (Fig. 8d). The
CL is not sensitive to changes in surface temperature
(Fig. 8f) because changes in the upwelling LW flux due
to a change in surface temperature will occur in the
clear-sky and all-sky simulations both, and, thus, chang-
es in the upwelling LW flux will be largely offset. Fur-
ther, sensitivities to cloud particle radius (Figs. 8g,h)
and cloud water content (Figs. 8i,j) are small when com-
pared with the sensitivities with respect to cloud-top
pressure (Fig. 8e), cloud optical depth (Fig. 8c), and
cloud fraction (Fig. 8b). Increases in the effective par-
ticle radius lead to an increase in the CL for liquid water
and ice clouds, and decreases in the cloud water content
coincide with decreases in the CL. The CL varies sig-
nificantly with increasing cloud optical depth only for
optical depths of less than 5 for liquid water clouds. For

ice clouds, the sensitivity is greatest for optical depths
of less than 5, but changes in CL due to changes in
cloud optical depth are still significant, even for larger
optical depths. Ice clouds lead to greater warming at the
surface than do liquid water clouds for optical depths
of greater than about 6. Increases in cloud-top pressure
or cloud fraction will lead to increases in the CL.

One or both of the CS or CL are not very sensitive
to changes in surface temperature, effective particle ra-
dius, and liquid/ice water content, and so the CNET is
also not very sensitive to those parameters (Figs. 8f–j).
The CL is greater than the CS only for solar zenith
angles greater than about 768 and 788 (Fig. 8d) and a
visible surface reflectance of about 0.86 and 0.90 (Fig.
8a) for liquid water and ice clouds, respectively. We
can, therefore, expect the net cloud radiative effect to
change from cooling to warming when the surface is
bright and the sun is low. The CNET is also negative
over the entire range of cloud-top pressure (Fig. 8e),
and its variation with changing cloud-top pressure is
primarily governed by the relationship between the
cloud-top pressure and the CL. The sensitivity of the
surface cloud forcing to changes in cloud optical depth
(Fig. 8c) and cloud fraction (Fig. 8b) is greater in the
SW than in the LW so that the CNET decreases with
increasing optical depth and cloud fraction.

In summary, the sensitivity of the CNET with respect
to changing effective particle radius and cloud liquid/
ice water content is fairly small. So, even though the
effective particle radius and water content were kept
fixed during the processing of the ISCCP D-series da-
taset and the water content was held constant during the
APP-x processing, the errors in the CNET due to these
assumptions should be small. In addition, the observed
differences in cloud amount between the ISCCP-derived
and APP-x datasets can certainly account for at least
some of the differences in the CL and, hence, the CNET
from the two datasets. Cloud optical depth and cloud-
top pressure will also play a role. Because the CS has
a strong solar zenith angle dependence and the ISCCP
and APP-x observation times are different, the magni-
tude of the CS from the two sets will naturally be con-
siderably different.

6. Summary

An ISCCP-derived dataset and the AVHRR-derived
APP-x dataset were used to study the spatial and tem-
poral variability of shortwave, longwave, and net cloud
forcing at the surface in the Antarctic over a 9-yr period
(1985–93). The accuracy of the ISCCP-derived and
APP-x cloud forcing was assessed by validating short-
wave, longwave, and net surface fluxes from the ISCCP-
derived and APP-x data against surface measurements
of upwelling and downwelling shortwave and longwave
fluxes at two Antarctic stations. In addition, modeling
studies were performed to determine the sensitivity of
the shortwave, longwave, and net cloud forcing to
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changes in various cloud and surface parameters asso-
ciated with regional and/or global climate change.

It was found that the shortwave cooling effect of
clouds on the surface is much greater over the ocean
areas that surround the Antarctic continent than over the
Antarctic continent itself. Over the Antarctic continent,
the clear-sky net shortwave radiation at the surface is
small when compared with the clear-sky net shortwave
flux over the darker ocean surface because much of the
downwelling shortwave radiation is reflected by the
very bright snow surface. Thus, the difference between
the net shortwave flux for cloudy conditions and clear
sky will be smaller over the Antarctic continent when
compared with the surrounding ocean for a given solar
zenith angle. Because the amount of sunlight varies
greatly throughout the year, the shortwave cloud forcing,
especially over the ocean, will also.

Analysis of both datasets indicates that the longwave
warming effect of clouds on the surface is not nearly
as spatially or temporally variable as the shortwave
cloud forcing is. This is especially true over the ocean
areas, for which cloud cover does not vary much from
month to month. The ISCCP-derived dataset indicates
that the greatest longwave warming occurs in March
over the ocean area south of 58.758S and in April over
the Antarctic continent. In the APP-x dataset, the great-
est longwave warming was found in March over the
ocean and in July over the Antarctic continent.

On the monthly timescale, clouds were found to have
a warming effect on the surface of the Antarctic con-
tinent for every month of the year, which means that
the longwave effect of clouds is larger than the short-
wave effect of clouds for every month. This result is in
contrast to the globally averaged effect, in which clouds
cool the surface on an annual basis (Gupta et al. 1993;
Rossow and Lacis 1990). The average of all of the
ISCCP grid cells over the Antarctic continent for each
month shows that clouds will warm the surface by as
little as 0.04 W m22 (December) or as much as 26 W
m22 (April and May). According to the APP-x results,
the minimum warming is 16 W m22 in March and the
maximum warming is 30 W m22 in July. Over the ocean
poleward of 58.758S, clouds were found to have a warm-
ing effect on the surface from March through October
in the ISCCP-derived dataset and from April through
September in the APP-x dataset. The model sensitivity
study performed indicates that the differences in the net
cloud forcing between the two datasets are likely due
to differences in solar zenith angle, cloud amount,
cloud-top pressure, and cloud optical depth. As an al-
ternative, large differences in any of these parameters
can account for the observed differences in the CNET
between the two datasets.

The surface fluxes from both datasets were compared
with measurements taken at the Neumayer and South
Pole Stations. The net all-wave surface flux from the
ISCCP-derived dataset was found to be within 3–50 W
m22 of the net all-wave flux calculated from measure-

ments of upwelling and downwelling shortwave and
longwave radiative fluxes at Neumayer Station on the
monthly timescale. The largest errors occurred in the
austral summer months. Further, the ISCCP-derived net
all-wave surface flux was found to be within 0.4–50 W
m22 of the South Pole Station net all-wave flux. The
APP-x net all-wave surface flux was found to be within
0.9–13 W m22 of the Neumayer Station net all-wave
flux and within 4–24 W m22 of the South Pole Station
net all-wave surface flux on the monthly timescale. Be-
cause the maximum overestimate in the net all-wave
surface flux from the APP-x dataset is 12 W m22 for
either station and the average monthly minimum in the
net cloud forcing over the Antarctic continent is 16 W
m22, the conclusion that clouds have a warming effect
on the surface over the Antarctic continent should be
valid.

Model sensitivity studies, aimed at gaining insight
about how the surface radiation budget in a cloudy at-
mosphere will change if certain cloud and surface prop-
erties were to change, were conducted. The results in-
dicate that the net cloud forcing will be most sensitive
to changes in cloud amount, surface reflectance, cloud
optical depth, and cloud-top pressure for the case stud-
ied. The net cloud forcing will also be highly dependent
on the solar zenith angle used in any calculations.
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