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In a recent article, Ramanathan et al. (1989) presented pre-
liminary results from the Earth Radiation Budget Experiment
(ERBE) showing that clouds have a net cooling effect on the
surface of the Earth. Their conclusion is based on analyses of
broadband visible and infrared satellite images used to infer
the global distribution of cloud-radiative forcing (C). C is a
measure of cloud-induced radiative heating expressed as the
sum of shortwave radiative forcing (Csw) and longwave radia-
tive forcing (C LW ), caused respectively by cloud albedo and
greenhouse effects. Though Ramanathan et al. observed cool-
ing (C < 0) on a global scale, they observed anomalous surface
warming for high-latitude snow-covered regions.

In this paper, we use surface-radiation measurements to
assess the potential for determining cloud-radiative influences
on the surface temperature field at the South Pole. Because
the south polar surface is horizontally homogeneous and its
radiation regime is thought to characterize a large region of
the Antarctic Plateau, it is an ideal high-latitude site to inves-
tigate "regional" cloud effects. Whereas the use of satellites to
discriminate reflective clouds over bright surfaces can produce
ambiguous results, analyses of continuous surface-based ra-
diation measurements combined with sky-cover observations
facilitates this distinction, perhaps providing a more accurate
assessment of cloud-radiative effects.

The measurements used in this study were made at the
National Oceanic and Atmospheric Administration's (NOAA)
Geophysical Monitoring for Climatic Change (GMCC) South
Pole Observatory. Acquired data consist of upward and down-
ward fluxes of shortwave and longwave irradiances, direct-
beam solar irradiance, and surface meteorological variables.
The details of GMCC's South Pole Observatory monitoring
project as well as the data are given in Dutton, Stone, and
DeLuisi (1989). In this study, only daily mean values of "sur-
face" temperature measured at 2 meters (T 5), the downward
longwave irradiance, and the direct-beam irradiance are ana-
lyzed. We correlate these data with daily mean total sky-cover
data. It should be noted that nightime sky-cover observations
made at the South Pole are subject to errors that are related
to lunar brightness. According to Schneider, Paluzzi, and Oliver
(1989), thick clouds can be distinguished from less dense clouds
even during the darkest periods, but thin or scattered sky cover
is systematically underestimated when the moon is relatively

bright. No correction for such a bias was applied to the sky-
cover data used in our analysis.

Figures la, lb, and ic are time series, for 1 year beginning
September 1986, of T, longwave irradiance with sky cover and
direct-beam irradiance, respectively. The smooth curves rep-
resent empirically determined clear-sky conditions for the peak
sunlit months, November to January (dashed), and the dark
winter months, April to August (dotted). Clear days were se-
lected on the basis of minimal sky cover and small standard
deviations of irradiances (based on mean hourly values) to
ensure temporal homogeneity. Except for the April-to-August
clear-sky temperatures, which were fitted with a third-order
polynomial, selected data were fitted with quadratic functions.

Normal clear-sky conditions at the pole are characterized by
a weak, steady flow of cold air from higher terrain and a strong,
persistent temperature inversion in the lower troposphere.
Transitory disturbances usually result in surface warming and
a weakening of the inversion. Carroll (1983) suggests two pos-
sible mechanisms for such perturbations: downward vertical
mixing of warm upper-level air, and northerly warm-air ad-
vection (with north taken to be the Greenwich meridian). In
an earlier study, Ohtake (1978) analyzed upper-air trajectories
over Antarctica, showing that intrusions of warm, moist air
and cloud condensation nuclei reached the pole from the Wed-
dell Sea and produced a variety of cloud types. Schwerdtfeger
(1968) related surface warming to longwave heating from clouds
associated with such moist intrusions aloft. In addition, the
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Figure 1. Time series of (a) surface temperature, (b) downward
longwave irradiance (line referenced to left scale) and sky cover
(bars, right scale), and (c) direct-beam irradiance, for 1 year begin-
ning September 1986. The smooth curves represent clear-sky con-
ditions described in the text.
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effects of sensible and latent heating play a minor role in mod-
ifying T (Schwerdtfeger 1984). It is clear that no one mecha-
nism controls the surface temperature field; instead I. is forced
by complicated radiative and dynamical interactions. Our pre-
liminary analysis of the 1986-1987 South Pole Observatory data
indicates that surface warming is usually correlated with en-
hancements of longwave irradiance that often result in positive
convergence of longwave radiation at the surface (this is es-
pecially apparent in the hourly data record, though not pre-
sented here). These longwave irradiance enhancements are
associated with cloudiness suggesting that clouds can contrib-
ute to surface heating over the Antarctic Plateau.

Scatter plots of T vs. longwave irradiance for November to
January and April to August are shown in figures 2a and 2b,
respectively. Each plot is fitted with a quadratic function. The
residual standard deviation of fit and linear correlation coef-
ficient are given in each figure. Positive correlation between
T and longwave irradiance is expected, since longwave irra-
diance is dominated by thermal emissions from the lower levels
of the troposphere whether or not clouds are present. Note,
however, that the range of clear-sky temperatures during the
period from April through August is only about 10°C, whereas
the total observed range is close to 40°C (refer to figure la). It
is obvious that warmer temperatures correlate with values of
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Figure 2. Scatter plots of surface temperature vs. downward long-
wave irradiance for (a) November-January 1986-1987 and (b) April-
August 1987, fitted with quadratic functions. RSD is the residual
standard deviation of fit and COR is the linear correlation coeffi-
cient.
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longwave irradiance that are above those predicted for clear
conditions. Even during the summer months, prominent
warming events correlate with increases in longwave irradi-
ance. These increases in longwave irradiance are due to a com-
bination of longwave cloud emissions and emissions from the
warmed air column below cloud base. Clouds at the South
Pole often form in the warmest layers near the top of the
inversion. Because the thermal emission from such clouds tends
to be greater than emissions from the relatively cool, dry sub-
cloud layers, the observed enhancements of longwave irra-
diance are mostly attributed to cloud greenhouse effects.

To quantify the observed relationship between T, and the
presence of clouds, we evaluated the fractional changes in
direct-beam irradiance and longwave irradiance associated with
cloudiness. The ratio of direct-beam irradiance to its predicted
clear-sky values gives an estimate of the daily direct-beam
cloud transmissivity (TrDB). As shown in figure 3a, values of
TR3B are negatively correlated with sky cover. The greater range
of TrDB for large sky cover is attributed to variations in cloud
optical depth for different cloud types having equal coverage.
This is an important point, since the net effect of Csw plus CLW

on T S obviously depends on cloud optical properties. We also
computed the ratios of observed values of longwave irradiation
to predicted clear-sky values to determine the fractional change
in the downward longwave irradiance as an estimate of long-
wave radiative forcing associated with clouds. Longwave-ra-
diative forcing is negatively correlated with TrDB, as is shown
in figure 3b, the largest values of longwave-radiative forcing
corresponding to optically thick clouds. In many instances,
especially during the winter, observed values of longwave ir-
radiance exceed the upwelling longwave radiation resulting in
a net flux of longwave radiation into the snow pack and also
a surface temperature rise. During the initial stages of a warm-
ing event, when clouds are decoupled from the surface by a
strong intervening inversion layer, longwave-radiative forcing
is dominated by warm cloud emissions (i.e., C 1 w). As radiative
exchanges between the cloud base and the surface occur, how-
ever, and turbulent and advective processes progress, the in-
tervening atmosphere warms. These processes dynamically
force the temperature field and increase the subcloud com-
ponent of longwave-radiative forcing. Without essential in-
formation about the cloud's physical and radiative characteristics
and knowledge about the temporal nature of the turbulent and
advective fluxes, the relative contributions of CLW, the sub-
cloud radiative forcing, and the dynamic forcing of the surface
temperature cannot be evaluated.

Figures 3c and 3d illustrate the relationship between changes
in T expressed in terms of temperature differences, TDIF = T
(measured) - T, (clear), and longwave radiative forcing for
November through January and April through August, re-
spectively. During the austral winter months, positive tem-
perature differences are highly correlated with longwave
radiative forcing, but during the period from November through
January there is virtually zero correlation for small longwave
radiative forcing and increasingly positive correlation as long-
wave radiative forcing increases. The scatter of TD!F about 0
for small values of longwave radiative forcing during the pe-
riod from November through June may be explained by the
fact that shortwave cloud-radiative forcing was neglected in
this analysis. Thin, broken, or scattered clouds cause compli-
cated radiative interactions owing to multiple surface and cloud
reflections that may suppress or enhance the net cloud-radia-
tive forcing depending on the relative magnitudes and signs
of Csw and CLW.
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Figure 3. Scatter plots with quadratic fits for (a) direct-beam transmissivity vs. sky cover, (b) longwave-radiative forcing vs. direct-beam
transmissivity and observed temperature differences vs. longwave-radiative forcing for (c) November-January 1986-1987 and (d) April-
August 1987. RSD and COR values are as noted.
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Preliminary analysis of the 1986-1987 South Pole Observa-
tory data indicates that positive longwave radiative forcing
occurs both in summer and in winter when clouds of sufficient
optical depth and sky cover are present. Under such conditions
the surface actually tends to warm. During the summer, how-
ever, changes in T associated with variably thin or scattered
clouds may be negative or positive depending on the net ra-
diative forcing caused by cloud albedo plus greenhouse effects.
Throughout the year, downward vertical mixing and warm air
advection contribute significantly to surface warming, but these
effects cannot be resolved based on the analyses presented in
this paper. Detailed case studies involving analyses of the
physical and optical properties of clouds as well as the dy-
namical mechanisms that influence the temperature field must
be undertaken before the causes and effects of cloud-radiative
forcing at the South Pole can adequately be resolved.
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