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Recent Trends in Arctic Surface, Cloud,
and Radiation Properties from Space

Xuanji Wang1* and Jeffrey R. Key2

Trends in satellite-derived cloud and surface properties for 1982 to 1999 show
that the Arctic has warmed and become cloudier in spring and summer but has
cooled and become less cloudy in winter. The increase in spring cloud amount
radiatively balances changes in surface temperature and albedo, but during
summer, fall, and winter, cloud forcing has tended toward increased cooling.
This implies that, if seasonal cloud amountswere not changing, surfacewarming
would be even greater than that observed. Strong correlations with the Arctic
Oscillation indicate that the rise in surface temperature and changes in cloud
amount are related to large-scale circulation rather than to local processes.

Recent studies have shown that Northern
Hemisphere sea-ice extent and thickness have
been decreasing (1, 2), whereas land surface
air temperature has increased markedly over
the past 30 years (3). Arctic climate change
has also been noted in the horizontal flux of
precipitable water (PW), snowfall, and vege-
tation (4–6). Although these studies generally
agree that the Arctic has been warming, it is
not clear how other aspects of the climate
system have responded. Have cloud charac-
teristics changed? How do changes in surface
and cloud properties interact with and affect
the surface radiation budget; i.e., what is the
cloud-radiation feedback?

Data from the Advanced Very High Reso-
lution Radiometer (AVHRR) Polar Pathfinder
(APP) project (7) for the period 1982 to 1999
are used to estimate surface, cloud, and radia-
tion properties. The daily data are centered on a
local solar time of 14:00 (high sun) and sub-
sampled to 25-km pixels. We have extended the
standard APP product (hereafter APP-x) to in-
clude all-sky surface temperature and broad-
band albedo, cloud properties (amount, parti-
cle phase, effective radius, optical depth, tem-
perature, and pressure), radiative fluxes, and
the cloud radiative effect, or cloud “forcing.”
Processing was done as described in (8), with
atmospheric profile data from the National

Center for Environmental Prediction–Nation-
al Center for Atmospheric Research (NCEP/
NCAR) reanalysis (9) and ozone from the

International Satellite Cloud Climatology
Project (ISCCP) D2 data set (10). The ex-
tended products have been validated with
data collected during Arctic field experiments
and with data from Arctic and Antarctic me-
teorological stations (11–14).

Trend analysis of cloud, surface, and ra-
diation parameters was performed with linear
least-squares fit regression. Unless noted oth-
erwise, all trends reported here are significant
at the 90% confidence level or higher. Figure
1 shows seasonal and annual trends of surface
temperature and surface albedo data over
land and ocean north of 60°N. The surface
temperature has decreased at the decadal rate
of �0.34°C in winter (December through
February) but at a confidence level of only
69%. For the area north of 80°N (not shown),
the APP-x surface temperature has decreased
at �2.2°C per decade. The wintertime sur-
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Dayton Street, Madison, WI 53706, USA. 2Office of
Research and Applications, National Oceanic and At-
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Fig. 1. Time series and
trends of surface skin
temperature and broad-
band albedo in winter
[December, January,
February (DJF)], spring
[March, April, May
(MAM)], summer [June,
July, August (JJA)], and
autumn [September,
October, November
(SON)], and the annual
mean during the period
1982 to 1999 for the
Arctic north of 60°N.
The numbers in paren-
theses are the trend
slope per year (S) and
the F test confidence
level (P). The first pair of
S and P values denotes
the surface temperature
trend (solid line), and the
second pair is for the
surface albedo (dashed
line).
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face albedo of sunlit areas (60°N to 76°N) has
decreased –1.8% per year. Figure 2 shows a
cooling trend in winter in the central and
eastern Arctic Ocean. During spring, sum-
mer, and autumn, the surface temperature has
increased over the Arctic at the decadal rates
of 1.1, 0.68, and 0.7°C, respectively. The
surface albedo has decreased at the decadal

rate of �3.0% in autumn, indicating a longer
melt season and a later onset of freeze-up and
snowfall. On an annual time scale, surface
temperature has increased at a rate of 0.54°C
per decade. The surface albedo has decreased
at the decadal rate of �1.4%.

These results are consistent with surface
air-temperature data from 41 Arctic meteoro-

logical stations that show winter cooling in
the eastern Arctic over the past 20 years (14,
15), with an increasing trend in Arctic winter
sea-ice extent (3), and with satellite-derived
surface temperature and PW (4). Albedo
trends are consistent with decreases in sea-ice
extent, estimated with satellite passive micro-
wave radiometers (1).

Some cloud characteristics have also
changed. Figure 3 gives the seasonal and annual
trends of satellite-derived cloud amount and
PW from the NCEP reanalysis. The winter
cloud amount has decreased at the decadal rate
of �0.057 (unitless on a scale of 0 to 1) with the
largest decrease in the central Arctic Ocean.
Spring and summer cloud amount has been
increasing at the decadal rates of 0.031 and
0.015, respectively. The increase in cloud
amount is generally consistent with an increas-
ing trend in cyclonic activity (3) and an increas-
ing trend in total PW. On an annual time scale,
the seasonal trends cancel. Over the ocean (not
shown) there is a strong decreasing trend in PW
during winter at the decadal rate of �0.01 cm,
while during spring and autumn PW has been
increasing at the decadal rates of 0.013 cm and
0.020 cm, respectively.

Cloud particle effective radius, defined as
the ratio of the third to second moments of
the particle size distribution, has been de-
creasing at the decadal rates of �2.5, �0.8,
and �1.5 �m for spring, summer, and au-
tumn, respectively. This decrease indicates a
greater frequency of liquid-phase cloud in the
warmer troposphere, which agrees with re-
ported tropospheric warming trends (16).
There is no statistically significant trend in
cloud optical depth over the study period.
There are significant trends in cloud height
only for the autumn and winter over the
western Arctic Ocean, where cloud pressure
has decreased somewhat. If the increasing
cloud amount were due to increasing surface
evaporation, as might be expected with sur-
face warming, low cloud amount would prob-
ably increase as well. This does not appear to
be the case.

The cloud radiative effect, or cloud forc-
ing, is defined as the difference between the
net all-sky flux and the net clear-sky flux, so
that a positive cloud forcing indicates a
warming effect and a negative value indicates
a cooling effect. Changes in cloud forcing
reflect changes in surface temperature, sur-
face albedo, and cloud properties. The win-
tertime net cloud forcing, which is primarily
longwave forcing, has decreased at a decadal
rate of �4.50 W/m2 (decreasing warming
effect) in response to the decreasing cloud
amount and surface temperature (Fig. 4). In
spring, increasing cloud amount results in a
strong increase in the longwave cloud forcing
(greater warming) but a decrease in the short-
wave cloud forcing (greater cooling), so that
the net effect is near zero. During summer the

Fig. 2. Surface skin temperature
trends over the Arctic in winter,
1982 to 1999. Greenland is in
the lower left portion of the im-
age, Alaska is at the upper left,
and the North Pole is at the cen-
ter. The colors represent the
trend in kelvin per year. Con-
tours give the statistical level of
confidence of the trend. Areas
with cooling trends are marked
with dashes.

Fig. 3. As in Fig. 1, but
for the cloud amount
(solid line) and precip-
itable water (dashed
line) trends. The first
pair of S and P values
denotes the cloud
amount trend (solid
line), and the second
pair denotes the PW
trend (dashed line).
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large solar flux, increasing cloud amount, and
decreasing albedo result in a trend toward
increasing cloud cooling by �5.17 W/m2 per
decade. There is also an increasing cloud
cooling trend in the fall, largely a result of
decreasing albedo, because there is only a
weak trend in cloud amount. The annual
trend in net cloud forcing is �3.17 W/m2,
indicating an increasing cooling effect.

These trends imply that the cooling effect of
clouds may be damping the increase in surface
temperature to some degree, i.e., if cloud
amount were not increasing during spring and
summer, then the surface temperature might be
increasing at an even greater rate. It appears that
during the sunlit portion of a year, the decreases
in sea ice extent and albedo that result from
surface warming modulate the increasing cloud
cooling effect, resulting in little or no change in
the surface radiation budget.

The extent to which the significance of the
trends is affected by calibration and algorithm
uncertainties is discussed in detail elsewhere
(14, 17) but is summarized here. An examina-
tion of the intercalibration between satellites in
the 18-year record reveals no observable bias or
inconsistency. A probability analysis addressing
the likelihood of obtaining trends by chance was
done with two sets of uncertainties reported in
the literature. The probability of finding a trend
in a sample from a population with no trend is
negligible for the set of smaller calibration un-
certainties. For the set of larger uncertainties it is
possible, but not probable, that artificial trends
could be found for surface temperature and al-
bedo, but not for cloud amount or surface net
cloud forcing. However, given that our surface-
temperature trends generally agree in sign and
magnitude with surface measurements across
the Arctic, and that albedo trends are consistent
with those reported in the literature for related
parameters, it is improbable that our trends are
an artifact of calibration uncertainty.

Remote sensing of polar clouds is inherently
difficult as a result of ubiquitous temperature
inversions, bright surfaces, low temperatures,
low sun angles, and long polar nights. As such,
high-latitude retrieval algorithm uncertainties
are generally larger than are those for other
geographic areas. However, systematic biases
will have no impact on trends, and algorithm
uncertainties for area- and time-averaged data,
as is the case here, will be smaller than the
magnitude of the trends, even if uncertainties for
instantaneous observations are relatively large.
If biases are not consistent over time, then trends
will be affected. Unfortunately, the scarcity of
validation data does not allow us to assess the
consistency of algorithm biases, with one excep-
tion. A comparison of the APP-x all-sky surface
temperature to the surface air-temperature mea-
surements from 41 Arctic meteorological sta-
tions (15) shows that the two surface tempera-
ture data sets are consistently within 1 to 3 K of
each other throughout the 1982 to 1999 period,

and that the trends are similar in magnitude and
sign. Because the satellite retrievals of cloud and
radiative fluxes are closely related to the retriev-
al of surface temperature and albedo, we can
have confidence in those trends as well.

Are these changes due to large-scale ad-
vective processes rather than to local radia-
tive effects? The correlation between surface
temperature and the Arctic Oscillation (AO)
index (18), which can be used to represent
large-scale circulation patterns, is shown in
Fig. 5. The correlations are as expected: pos-

itive in northern Europe and northern Russia
but negative over Greenland and northern
Canada. Given the increasing cooling effect
of clouds found here, the rise in surface tem-
perature is clearly related to large-scale cir-
culation. The decreasing albedo is a re-
sponse to a warming Arctic, with less sea
ice, earlier melt, and later freeze-up. At
present, however, it is unclear to what ex-
tent changes in cloud characteristics are
due to local processes (e.g., evaporation) or
to large-scale circulation.

Fig. 4. As in Fig. 1, but
for the surface short-
wave cloud forcing
(dotted line), long-
wave cloud forcing
(dashed line), and net
all-wave cloud forcing
(solid line) trends. The
first pair of S and P
values denotes the
surface shortwave
cloud forcing trend
(dotted line), the sec-
ond pair denotes the
longwave cloud forc-
ing trend (dashed
line), and the last pair
denotes the net all-
wave cloud forcing
trend (solid line).

Fig. 5. Correlation coefficient
image between the monthly AO
index and the surface-tempera-
ture anomaly during the period
1982 to 1999. The geographic
coverage is the same as in Fig. 2.
The color scale indicates the cor-
relation coefficient value; the
contours give the confidence lev-
els based on Student’s t test.
Areas with negative correlations
are marked with dashes.
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Timing of Atmospheric CO2 and
Antarctic Temperature Changes

Across Termination III
Nicolas Caillon,1,2* Jeffrey P. Severinghaus,2 Jean Jouzel,1

Jean-Marc Barnola,3 Jiancheng Kang,4 Volodya Y. Lipenkov5

The analysis of air bubbles from ice cores has yielded a precise record of atmo-
spheric greenhouse gas concentrations, but the timing of changes in these gases
with respect to temperature is not accurately known because of uncertainty in the
gas age–ice age difference. We have measured the isotopic composition of argon
in air bubbles in the Vostok core during Termination III (�240,000 years before the
present). This recordmost likely reflects the temperature andaccumulation change,
although the mechanism remains unclear. The sequence of events during Termi-
nation III suggests that the CO2 increase lagged Antarctic deglacial warming by
800 � 200 years and preceded the Northern Hemisphere deglaciation.

Ice cores are unique archives of past climatic
and environmental conditions that provide
detailed records of local temperature and at-
mospheric concentrations of greenhouse gas-
es. Analyses of the Vostok ice core in Ant-
arctica (1) show that concentrations of carbon
dioxide correlate well with Antarctic temper-
ature throughout the last four climatic cycles,
with glacial-interglacial CO2 increases of 80
to 100 parts per million by volume (ppmv)
(1–4). Determining the mechanisms that
cause these variations is important for under-
standing climate change, but the explanation
for the strong link between atmospheric CO2

and Antarctic air temperature is still unclear
(5). One reason for this uncertainty is that the
relative timing of temperature and CO2

changes is not accurately known (6). The
temporal relation between these two quanti-
ties is difficult to discern because air is
trapped in ice at the base of the firn layer (7),
where, at low accumulation sites such as
Vostok, ice may be 6000 years old. The gas
age–ice age difference (�age) may be uncer-
tain by 1000 years or more (1) and thus
obscures the phasing of gas variations with
climate signals borne by the ice. Although
�age and the associated uncertainty are lower
at other sites where CO2 deglacial records are
available (8, 9), we do not yet have a clear
answer about the timing of CO2 and Antarctic
temperature changes during Terminations.

One way to circumvent this difficulty is to
use records of atmospheric CO2 content and
temperature contained only in the trapped gas-
es. During firnification, air composition is
slightly modified by physical processes such as
gravitational and thermal fractionation. As a
result of this latter process, detectable anoma-
lies in nitrogen and argon isotopic composition
(�15N and �40Ar) develop during episodes of

rapid climatic changes such as those recorded in
Greenland ice cores (10–14). Even though we
expected that thermal anomalies would be hard-
ly detectable in the Vostok core (15), we
searched with �40Ar measurements for a ther-
mal signal at the start of a Termination. Given
the quality and the availability of the Vostok
ice, we focused first on Termination III, dated
at 240,000 years before present. We observed a
�40Ar change across this Termination that is
closely correlated with the deuterium tempera-
ture record (16). This change appears to result
mostly from gravitational fractionation in re-
sponse to a change in the diffusive column
height (DCH) (17), although recent model re-
sults suggest that it can be partly due to thermal
fractionation (18). Although we do not yet
clearly understand the underlying mechanisms,
we argue that the �40Ar record can be taken as
a climate proxy, thus providing constraints
about the timing of CO2 and climate change
during Termination III.

All �40Ar measurements have been per-
formed at the Scripps Institution of Oceanogra-
phy following a wet extraction method (19) and
using ice from the more recent 5	 Vostok core.
A new detailed deuterium record with a resolu-
tion of 20 years or less has been measured (Fig.
1). It is in excellent agreement with published
data (1) confirming, in particular, a two-step
warming somewhat similar to what is observed
for Termination I, with a return to colder con-
ditions in the first part of the Termination. The
�40Ar record (Fig. 1A) shows an increase of
�0.25‰ from 2815 to 2775 m (which occurs in
two steps with a return to relatively low values
around 2800 m). Such a �40Ar increase is in-
dicative of an augmentation of the DCH by
11 m [or �6 m if the part potentially resulting
from thermal diffusion (18, 19) is subtracted].
This result is surprising because firn densifi-
cation models (20) predict that total firn thick-
ness decreases in this depth interval. Similar-
ly, the �40Ar decrease observed from 2775 to
2740 m corresponds to a depth interval over
which the modeled total firn thickness in-
creases (Figs. 1B and 2).
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