Hindawi Publishing Corporation
Advances in Meteorology

Volume 2012, Article ID 505613, 22 pages
doi:10.1155/2012/505613

Research Article

Arctic Climate Variability and Trends from Satellite Observations

Xuanji Wang,! Jeffrey Key,? Yinghui Liu,! Charles Fowler,?

James Maslanik,?> and Mark Tschudi?®

I Cooperative Institute for Meteorological Satellite Studies, University of Wisconsin-Madison, Madison, WI 53706, USA
2 Office of Research and Applications, NOAA/NESDIS, Madison, WI 53706, USA
3 Colorado Center for Astrodynamics Research, University of Colorado at Boulder, Boulder, CO 80309, USA

Correspondence should be addressed to Xuanji Wang, xuanjiw@ssec.wisc.edu

Received 30 April 2012; Accepted 19 June 2012

Academic Editor: Wansuo Duan

Copyright © 2012 Xuanji Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Arctic climate has been changing rapidly since the 1980s. This work shows distinctly different patterns of change in winter, spring,
and summer for cloud fraction and surface temperature. Satellite observations over 1982-2004 have shown that the Arctic has
warmed up and become cloudier in spring and summer, but cooled down and become less cloudy in winter. The annual mean
surface temperature has increased at a rate of 0.34°C per decade. The decadal rates of cloud fraction trends are —3.4%, 2.3%, and
0.5% in winter, spring, and summer, respectively. Correspondingly, annually averaged surface albedo has decreased at a decadal
rate of —3.2%. On the annual average, the trend of cloud forcing at the surface is —2.11 W/m? per decade, indicating a damping
effect on the surface warming by clouds. The decreasing sea ice albedo and surface warming tend to modulate cloud radiative
cooling effect in spring and summer. Arctic sea ice has also declined substantially with decadal rates of —8%, —5%, and —15%
in sea ice extent, thickness, and volume, respectively. Significant correlations between surface temperature anomalies and climate
indices, especially the Arctic Oscillation (AO) index, exist over some areas, implying linkages between global climate change and

Arctic climate change.

1. Introduction

Recent observations have shown dramatic decreases in
Northern Hemisphere sea ice extent and thickness [1-9].
Over the last two decades, the changes in many aspects
of the Arctic climate system have been observed, including
surface temperature and albedo, atmospheric circulation,
precipitation, snowfall, biogeochemical cycle, and vegetation
[10-16]. Arctic climate change is also reflected in the changes
in climate indices such as the Arctic Oscillation (AO), which
indicates that a significant change in the climate system
occurred in the late 1970s and early 1980s [17-21]. How the
interactions and feedbacks of all climate components play a
role in Arctic climate change is a challenging issue. A recent
study, for example, shows how clouds respond to changes in
sea ice cover, such that a cloudier Arctic is expected with less
sea ice cover in the future [22]. Numerous climate modeling
studies have shown that the Arctic is one of the most sensitive
regions to global climate change as a result of the positive
feedback between surface temperature, surface albedo, and

ice extent, known as the ice-albedo feedback [23-27]. This
fundamental theory has been confirmed by a variety of
observational evidence, though records of Arctic climate
change are relatively brief and, for surface observations,
geographically sparse.

This paper summarizes recent Arctic climate variations
and trends in surface, sea ice, cloud, and radiation properties
over the period of 1982-2004. Satellite data form the basis of
the analyses, in particular the extended Advanced Very-High-
Resolution Radiometer (AVHRR) Polar Pathfinder (APP-x)
satellite data set. Possible linkages with the low-latitude
climate change will also be discussed. The paper extends our
previous work [13—15] with a longer times series (extended
from 18 to 23 years), the introduction of ice properties, and
improved satellite retrieval algorithms. Major changes to the
satellite retrieval algorithms include the addition of polar
stratospheric cloud (PSC) detection and cloud type labeling,
revised look-up tables for retrieving cloud optical depth, par-
ticle size, and particle phase, improved cloud mask detection,
and more accurate surface temperature and albedo retrievals.



2. Data Sets and Analysis Approach

The primary data set used here is a multiparameter product
suite called the extended AVHRR Polar Pathfinder (APP-x)
[28-30]. The APP-x data products include cloud fraction,
cloud optical depth, cloud particle phase and size, cloud
top pressure and temperature, surface skin temperature,
surface broadband albedo, sea ice thickness, radiative fluxes,
and cloud radiative effects (“cloud forcing”). The product
retrievals were done with the Cloud and Surface Parameter
Retrieval (CASPR) system [31-35]. APP-x consists of twice
daily composites at a 25 X 25 km? pixel size for the Arctic and
Antarctica, currently over the period 1982-2004, though it is
being extended in time to the present at a spatial resolution of
5 km. The spatial coverage for the Arctic is shown in Figure 1.
APP-x is consistent over time with no observable bias [13].
Validation was done mainly with the data collected during
the Surface Heat Balance of the Arctic Ocean (SHEBA) field
experiment in the western Arctic [36-38] and with data
from two Antarctic meteorological stations: South Pole and
Neumayer [39]. The uncertainties of the APP-x data products
were discussed and presented by Wang and Key [14].

The secondary data set used in this study is sea ice
concentration derived from Nimbus-7 Scanning Multi-
channel Microwave Radiometer (SMMR) and Defense Mete-
orological Satellite Program (DMSP) -F8, -F11, and -F13
Special Sensor Microwave/Imager (SSM/I) radiances at a grid
cell size of 25 x 25km? using the NASA Team Algorithm
[41], available from the National Snow and Ice Data Center
(NSIDC) at http://nsidc.org/data/nsidc-0051.html. The sea
ice concentration data were used to identify sea ice and to
estimate sea ice extent and sea ice age over the study period.

Commonly used climate index data are from a variety
of data sources. The Arctic Oscillation (AO), North Atlantic
Oscillation (NAO), Antarctic Oscillation (AAO), and Pacific/
North American Pattern (PNA) indices are from the NOAA/
Climate Prediction Center (CPC). The Pacific Decadal Oscil-
lation (PDO) index is from the Joint Institute for the Study
of the Atmosphere and Ocean (JISAO). The Multivariate
ENSO Index (MEI) is from NOAA Earth System Research
Laboratory. The Oceanic Nino Index (ONI) is from NOAA/
NWS/CPC, and the Southern Oscillation Index (SOI) is from
NCAR/CGD’s Climate Analysis Section.

In addition to basic analyses of the variations of climate
parameters for the Arctic, trend analyses of the seasonal and
interannual variability of surface, sea ice, cloud properties,
and radiation components were performed using least-
squares regression with the 23-year APP-x products over the
period 1982-2004. The trend analysis method was described
in detail in the paper by Wang and Key [15]. Unless noted
otherwise, all trends reported here are statistically significant
at the confidence level of 90% or higher. Each of the Arctic
climate parameters was regressed with the year as the inde-
pendent variable, and the trend value is the slope of the linear
regression line along with a standard deviation (SD) of the
slope.

The analyses were done for the entire Arctic region north
of 60°N and its 18 subregions. The trends were calculated
for the 18 climate variables listed in Table 1. Table 2 gives the
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TABLE 1: Symbols and physical meanings of the 18 retrieved climate
parameters.

Eilr?le Physical meaning

T, Surface temperature (°C or K).

a Broadband albedo (range: [0, 1]).

Re Cloud droplet effective radius (ym).

T, Cloud optical depth (unitless).

o Cloud particle phase (0 = liquid, 100 = ice).
T, Cloud top temperature (°C or K).

P. Cloud top pressure (hPa).

PW Precipitable water (cm).

Downwelling shortwave radiation at the surface (W/m?).
Downwelling longwave radiation at the surface (W/m?).
Upwelling shortwave radiation at the surface (W/m?).
Upwelling longwave radiation at the surface (W/m?).
Downwelling shortwave radiation at the TOA (W/m?).
Upwelling shortwave radiation at the TOA (W/m?).
Upwelling longwave radiation at the TOA (W/m?).

CFs Shortwave cloud forcing at the surface (W/m?).

CF, Longwave cloud forcing at the surface (W/m?).

A, Cloud fraction (0-100, unitless).

annual trends of the 18 climate parameters for some Arctic
areas. The trends will be discussed in more detail in the
following sections. The 18 subregions are shown in Figure 1,
where the subregions or areas are named and indicated by the
numbers in the parentheses. Definitions of these subregions
follow Thomas and Rothrock (1993) [42] and Groves and
Francis (2002) [12] to be consistent with those defined in
the studies of the Arctic Ocean freshwater budget. Land
region subdivisions are based on the geographic naming
convention. Two other Arctic Ocean divisions were also
used for the larger ocean regions. One follows Groves and
Francis [43] that includes a Pacific sector (regions 1-4),
Eastern/Central (region 5-7), Arctic basin (regions 1-7), and
Atlantic sector (regions 8-9) and GIN Seas (region 9). The
other is from Serreze and Barry [44], which divided the
Arctic Ocean into three larger regions that are Central Arctic
Ocean, Arctic Ocean, and Polar Cap (poleward of 70°N), as
shown in Figure 2. The Arctic landmasses north of 60°N were
divided into the six subregions in Figure 1: North Europe
(region 13), North Central Russia (region 14), Northeastern
Russia (region 15), Alaska Region (region 16), North Canada
(region 17), and Greenland (region 18).

3. Surface

Surface temperature and albedo are two critical factors of
the climate system, reflecting the dominant state of the
climate system. Results for these two parameters are shown
in Figure 3. The time series and their trends in surface
skin temperature and broadband albedo over 1982-2004
were calculated for each 25 x 25km? resolution pixel over
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FIGURE 2: Regional divisions of the Arctic Ocean north of 70°N from Serreze et al. [40]: Central Arctic Ocean (CAO, dashed), Arctic Ocean
(AO, solid), and Polar Cap (70°N, dotted).
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FIGURE 3: Time series and trends of surface skin temperature and broadband albedo in winter (DJF), spring (MAM), summer (JJA) and
Autumn (SON) over the period of 1982 to 2004 for the Arctic region north of 60°N. Numbers in parentheses are the trend slope per year
(“S”) with its standard deviation and the F test confidence level (“P”). The first pair of S and P denotes the surface temperature trend (blue)

and the second pair is for the surface albedo (red).

the entire Arctic region north of 60°N for winter (December—
February, where December data are from the previous year,
marked as DJF in the upper-left corner of the Figure 3),
spring (March—May, marked as MAM), summer (June—
August, marked as JJA), autumn (September—November,

marked as SON), and for the annual mean (marked as
ANNUAL).

Overall, the Arctic surface temperature has decreased
significantly at the annual rate of —0.037°C in winter with
an SD of 0.019°C. Major cooling has occurred around
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FIGURE 4: Surface skin temperature trend image for the Arctic in winter over the period of 1982 to 2004. The contours in the image indicate
the confidence levels, and color represents the surface temperature trend in degrees per year. Areas with cooling trends are marked with

dashes.

the central and eastern Arctic Ocean as shown in Figure 4.
This finding is consistent with the work by Serreze et al.
[40], which showed a cooling trend in the northern North
Atlantic. For the Polar Cap, which is the area north of 70°N,
the surface temperature has decreased by —0.125°C per year
with an SD of 0.042°C. In the meantime, the wintertime
surface broadband albedo has actually decreased at the
annual rate of —0.41% with an SD of 0.14%. The reason
is that a large part of the Arctic region is dark throughout
winter; the albedo trend only represents areas between 60°N
and approximately 76°N.

While during the warm seasons from spring to autumn,
the surface temperature has increased at the annual rates
of 0.068°C, 0.070°C, and 0.045°C with the SDs of 0.028°C,
0.018°C, and 0.021°C, respectively. Correspondingly, the
surface albedo has decreased at the annual rate of —0.32%
with an SD of 0.11% in autumn, indicating later freeze-up
and snowfall [45]. Figure 5 shows the spatial distribution
of the surface albedo trends in autumn, indicating large
negative trends over the central and eastern Arctic Ocean,
Beaufort and Chukchi Seas. This agrees with the trends in
sea ice concentration, thickness, and snow cover reported by
other researchers [46-51].

On the annual average over the entire Arctic region, the
annual mean trend in surface temperature shows warming
at the annual rate of 0.034°C with an SD of 0.016°C. This
warming comes primarily from the significant warming

in spring and summer. Correspondingly, the annual mean
surface albedo has decreased at the annual rate of —0.25%
with an SD of 0.08%.

4. Cloud

Clouds are indicators of atmospheric stability, humidity, and
circulation. Clouds interact with other climate parameters,
such as surface temperature and the radiation field, to
manipulate or mitigate climate change through complex
feedback mechanisms [51, 52]. A better understanding of the
changes in cloud and its interactions with other parameters
will benefit the understanding the complex Arctic climate
system. Figures 6-9 show the time series and trends in
cloud properties including fraction, particle effective radius,
optical depth, particle phase, top temperature, and top
pressure along with atmospheric precipitable water for the
four seasons and the annual mean over the entire Arctic
region.

In winter, Arctic cloud cover fraction has decreased at
the annual rate of —0.34% with an SD of 0.14% (Figure 6).
Over the central Arctic, cloudiness has actually begun
declining in late autumn at the annual rate of about —0.50%
and continued and increased in magnitude into winter. Wang
and Key [14] argued that the decrease in cloud cover over
the Arctic Ocean is associated with reduced moisture con-
vergence over the Nansen Basin and parts of the Barents and
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FIGURE 5: As in Figure 4, but for the surface albedo trend in autumn (September, October, and November, SON). Areas with decreasing

trends are marked with dashes.

Kara Seas due to weakening cyclonic activity and subsequent
advection of that somewhat drier air mass to the east. The
reduced warming effect of the decreasing cloud cover over
the Arctic Ocean in the winter contributes to the cooling
trend in the surface temperature [51].

Some other cloud bulk microphysical and optical char-
acteristics have also changed. Figure 8 shows the time series
and trends of cloud particle effective radius, optical depth,
and particle phase. Cloud particle phase is indicated by
two numbers: 0 for liquid phase, 100 for solid phase (ice),
and a number between 0 and 100 stands for averages
over time and/or space. A number less than 50 indicates
that liquid-phase clouds dominate; a value greater than
50 indicates that ice clouds dominate. The cloud particle
effective radius for liquid droplets is the ratio of the third
to second moments of the drop size distribution as defined
by Wang and Key [14]. Ice crystal optical properties are
based on the parameterization of Key et al. [33]. The cloud
particle phase shows positive trend in winter indicating ice
cloud increase. Overall for the Arctic, cloud particle effective
radius and optical depth show no trends, though some
of the specific areas have trends such as the North Pole
where there is an increasing trend in cloud particle effective
radius at the annual rate of 0.5ym with an SD of 0.1 ym
in correspondence to the increasing cloud particle phase
trend there. The cloud top temperature has increased in
the western Arctic Ocean and North Canada, but decreased
in the north eastern and north central Russia. The spatial

distribution pattern of the cloud top temperature trends
is similar to that of the surface temperature trend, that is,
warming in the east and cooling in the west. For most
of the Arctic areas, there are positive trends in cloud top
height (decreasing cloud top pressure), while there are a few
instances of negative trends in cloud height (increasing cloud
top pressure) in the Canada Basin and Central Arctic.

In warm seasons including spring, summer, and autumn,
the only significant cloud fraction trend is in spring that has
increased at the annual rates of 0.23% with an SD of 0.06%.
The increasing cloudiness in spring has occurred primarily
in the Arctic Ocean area north of 70°N, that is, the Polar
Cap, at the average annual rate of 0.47% with an SD of 0.12%
(Figure 7). In summer a small increase of the cloud fraction
was in large part observed over the Canada Basin and
North Central Russia where the annual rate of the cloud
fraction increase is about 0.25%. Most of the other areas
do not exhibit trends. In spring, there are no statistically
significant trends found in cloud particle effective radius,
cloud optical depth, or cloud particle phase for the entire
Arctic region, though both cloud optical depth and particle
phase show some declines. There are also no significant
trends in cloud optical depth and cloud particle effective
radius found in summer or autumn, except that the clouds
have been increasing in liquid phase in summer. There is a
small negative trend in effective radius in summer over the
western Arctic Ocean and a positive trend in liquid-phase
clouds in the GIN Seas and Barents Sea. The effective radius
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FIGURE 6: As in Figure 3 but for cloud fraction and precipitable water. The first pair of S and P denotes the cloud fraction trend (blue) and

the second pair is for the precipitable water trend (green).

has a negative trend, though not statistically significant, in
autumn at the annual rate of about —0.10 um with the
significant trends found in the Chukchi Sea, Beaufort Sea,
Canada Archipelago Seas, Canada Basin, and the eastern
part of Greenland. Overall, in autumn cloud particle phase
does show a positive trend in the Arctic, with most of the

contribution from the central and eastern Arctic Ocean areas.
The cloud top temperature does not exhibit any statistically
significant trends persistently over all four seasons, except in
spring the cloud top temperature shows increases in the west
Arctic and decreases in the east Arctic, primarily in North
Europe. In contrast, there are significant negative trends
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FIGURE 7: As in Figure 4, but for the cloud fraction in spring (March, April, and May, MAM). Areas with decreasing trends are marked with
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found in cloud top pressure in spring, summer, autumn, and
annual mean, indicating the cloud top height getting higher
with time in the warmer seasons.

On an annual time scale, the seasonal trends cancel,
resulting in no cloud fraction trend overall for the entire
Arctic region, with most of the Arctic Ocean areas having
declining trends in cloudiness due to the strong winter nega-
tive trends in those ocean areas. The cloud particle phase has
an increasing rate of 0.19 per year with an SD of 0.10, mainly
over the Arctic land areas. The cloud particle effective radius
and optical depth exhibit no significant trends at all. The
cloud top temperature has no trend at all for the entire Arctic
region, while cloud top pressure does show a positive trend.
Given that cloud top temperature is estimated from the satel-
lite data but cloud top pressure is obtained from the model
temperature profile based on the retrieved temperature,
this apparent inconsistency in the trends of the two parame-
ters probably implies a change in atmospheric structure.

The positive trends in most of the cloud properties in
the warm seasons are generally consistent with an increasing
trend in cyclonic activity [40] and an increasing trend in total
precipitable water (PW) obtained directly from the indepen-
dent NCEP/NCAR Reanalysis data set. Over the Arctic Ocean
north of 60°N, there is almost no trend in PW during winter
due to the cold and dry air, while during spring, summer,
and autumn the PW has been increasing at the annual
rates of 0.0012 cm, 0.0024 cm, and 0.0026 cm with the SDs
of 0.0005, 0.0014, and 0.0008 cm, respectively, as shown in

Figure 6. This is consistent with surface temperature trends
and supports the satellite retrievals, at least qualitatively.
Overall, the annual mean PW trend is 0.0020 cm per year
with an SD of 0.0006 cm over the Arctic Ocean. For the
landmasses north of 60°N, there are significant trends in PW
found for some areas, for example, Greenland, which has an
increasing annual rate of 0.0014 cm with an SD of 0.0005 cm,
most of which is from autumn with the rate of 0.0029 cm per
year and an SD of 0.006 cm).

5. Radiation

The surface radiative field controls the surface energy budget
that determines the surface temperature, impacts sensible
and latent heat capacities and boundary layer dynamic
conditions. In that Arctic, the ice/snow-albedo feedback
plays a key role in balancing the surface energy budget.
As surface temperature increases, the ice/snow thickness
and extent are expected to decrease, which in turn leads
to decrease in surface albedo and increase in the absorbed
shortwave radiative flux at the surface. Understanding the
surface radiation field change is very helpful to better
understand the cloud radiative effect, that is, so-called “cloud
forcing” which is defined as the difference between net all-
sky radiative flux and net clear-sky radiative flux. Therefore
a positive cloud forcing indicates a warming effect and a
negative value indicates a cooling effect on the surface or at
the top of the atmosphere (TOA) incurred by clouds.
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Figure 10 shows the time series and trends of the net
shortwave, longwave, and all-wave radiative fluxes at the
surface for four seasons and the annual mean for the Arctic
region north of 60°N. The net radiative flux is defined as
the downwelling minus upwelling fluxes. In winter, all of
the net shortwave, longwave, and all-wave radiative fluxes
exhibit negative trends due to the decreasing cloudiness in
the central Arctic Ocean, but the trends are not statistically
significant. There are positive trends in the net all-wave
radiative flux at the surface at the annual rates of 0.42 W/m?,
0.59W/m?2, and 0.27 W/m? with the SDs of 0.22 W/m?,
0.27W/m?, and 0.13W/m? in spring, summer, and the
annual mean, respectively. When the Sun is over the Arctic
horizon, the net shortwave and longwave radiative fluxes
tend to have opposite trends that are associated with the
cloud forcing trends, that is, more clouds increase the net
longwave radiative flux, but decrease the net shortwave
radiative flux at the surface by reflecting more shortwave
radiation back to the atmosphere.

Figure 11 shows the time series and trends in the
shortwave, longwave, and all-wave cloud forcing for the
entire Arctic region. In winter the net all-wave cloud forcing,
which is dominated by the longwave cloud forcing with
the trend of —0.17W/m? per year, has decreased at the
annual rate of —0.21 W/m? (decreasing warming effect) with
an SD of 0.075W/m? in response to a negative trend in
cloud fraction (Figure 6). A strong cooling effect by clouds
can be seen in the central Arctic Ocean. The decreasing
trend in the shortwave cloud forcing at the annual rate of
—0.04 W/m? only represents the sunlit part of the Arctic
region for the latitudes lower than about 75°N. In the warm
seasons, the increasing cloud fraction and warmer clouds in
spring result in the increasing trend in the longwave cloud
forcing (greater warming) at the annual rate of 0.102 W/m?,
but more clouds also result in a strong negative trend in
the shortwave cloud forcing (greater cooling) at the annual
rate of —0.325 W/m?, such that there is a significant negative
trend of —0.223 W/m? per year with an SD of 0.066 W/m? in
the all-wave cloud forcing. While in summer, the shortwave
cloud forcing is much larger in magnitude than in winter,
and it dominates the net all-wave cloud forcing with the
annual rate of —0.22 W/m?. The longwave cloud forcing has
been also decreasing at the annual rate of —0.045 W/m?.
Though the summer shortwave and longwave cloud forcing
trends are not significant, the net all-wave cloud forcing
resulting from the combination of the two is statistically
significant and has the annual rate of —0.266 W/m? per
year with an SD of 0.122 W/m?. The strongest cooling effect
exerted by cloud forcing occurred in the central Arctic Ocean
and Arctic land areas. In autumn, the cloud cooling effect
on the surface is less strong than that in winter and summer
and statistically insignificant. Overall the annual mean trend
in the all-wave cloud forcing is —0.211 W/m? per year with
an SD of 0.053 W/m?, indicating an increased cooling effect
enforced by clouds on the surface.

The interactions between clouds, surface, and radiation
field, that is, the cloud-surface-radiation feedback, are such
that there are significant increasing trends in the net radi-
ation budget in spring and summer. It appears that during
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the sunlit part of a year the decreases in sea ice extent and
albedo that result from surface warming overtake the increas-
ing cloud cooling effect, resulting in a net increasing trend in
the surface all-wave radiation budget. However, the balance
of these effects is influenced by other atmospheric factors as
well, for example, air temperature and humidity. In general,
the net shortwave radiative flux overwhelms the longwave
radiative flux in the net all-wave radiative flux as shown in
Figure 10. In the Chukchi Sea, for example, there are positive
trends in the net shortwave and all-wave radiative fluxes in
summer and autumn that is primarily due to the increasing
trend in the surface temperature and a decreasing trend
in surface albedo. With no trend in cloud fraction in this
area, more shortwave radiation is absorbed by the surface
in that area. Change in one surface property will not only
affect other surface properties, but may also affect clouds as
discussed in the paper by Liu et al. [22] which shows that
decreasing sea ice concentration could result in increasing
cloud cover locally to a certain degree. This implies that the
cloud-radiation feedback may act to modulate the net surface
radiative flux.

6. Sea Ice

Sea ice is probably the most important component of the
Arctic climate system. It is also the unique and important
indicator for the Arctic climate change in terms of sea
ice extent, concentration, thickness, volume, and loss of
multiyear ice. Combining APP-x data products with sea ice
concentration data from microwave observations, the One-
dimensional Thermodynamic Ice Model (OTIM) [34] was
applied to estimate sea ice thickness and subsequently the sea
ice volume for the Arctic Ocean north of 60°N. The OTIM
was developed based on surface energy budget theory where
the surface may be covered with snow. Validation of the
model was performed with sea ice thickness measurements
from submarine cruises, moorings, and stations. The overall
uncertainty of the OTIM estimated ice thickness against
ground truth is less than 20%. The model is described in
detail in [34]. Figure 12 is an example of the OTIM retrieved
sea ice thickness for the September of 2003.

The time series and trends of the total sea ice extent,
concentration, thickness, and volume over 1982-2004 are
shown in Figure 13 for September when Arctic sea ice extent
and thickness are at their minimum for the year. The total
ice extent within the Arctic has declined at the annual rate of
—54,850 km? with an SD of 13,390 km?. The area-average ice
thickness has also decreased by 0.003 m per year, but it is not
statistically significant. The total sea ice volume has declined
at the annual rate of —56.12 km? with an SD of 18.82 km?.
The areal average sea ice concentration also shows a negative
tendency at the annual rate of —0.13% with an SD of 0.087%.

Overall in the Arctic Ocean, sea ice extent, concentra-
tion, thickness, and volume have been all declining at the
decadal rates of —8%, —1.4%, —5%, and —15%, respectively,
consistent with a warming Arctic Ocean since 1982. Kwok
and Rothrock [6] and Kwok and Untersteiner [7] found
much larger decline rates in sea ice thickness and volume
with the 10 Ice, Cloud, and Land Elevation Satellite (ICESat)
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FIGURE 10: As in Figure 3, but for net shortwave, net longwave, and all-wave radiative fluxes at the surface. The first pair of S and P denotes
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FIGURE 12: Spatial distribution of the monthly mean sea ice thickness for September 2003 retrieved by OTIM with APP-x data set for the

Arctic Ocean north of 60°N.

campaigns that span a 5-year period between 2003 and
2008 that does not overlap with this study period and
for the relatively smaller region covering the central Arctic
Ocean only. In addition, from the microwave derived sea
ice age and extent over 1982-2011, the loss of sea ice in
the Arctic is totally from multiyear ice which is defined as
sea ice survives at least one summer melt season. Figure 14
shows the time series and trends of total sea ice extent,
first-year sea ice extent, multiyear sea ice extent, and the
North Atlantic Oscillation (NAO) index over 1982—2011. The
Arctic multiyear sea ice extent has declined at the annual
rate of —65,980 km? with an SD of 11,620 km?2, while in
the meantime the first-year sea ice extent has oppositely
increased at the annual rate of 15,960 km? with an SD
of 11,580 km?, but statistically insignificant. Consequently,
the total sea ice extent has declined at the annual rate of
—51,330 km? with an SD of 5465 km?.

7. Discussion

The analysis of the variations and trends in Arctic climate
in the previous sections indicates the Arctic has indeed been
warming up since 1980s, and this warming is accelerating
starting from the end of 20th century. The warming is in
concert with a global warming, though the Arctic is warming
at a greater rate, a phenomenon called “Arctic Amplification”

(AA) [53]. A recent study by Francis and Vavrus shows
that Arctic amplification may cause more persistent weather
patterns in midlatitudes that can lead to extreme weather
[54]. The scope of the trends identified here also suggests
that the interactions between the Arctic and lower-latitude
regions are likely to play important roles in Arctic climate
change.

Corresponding to the Arctic sea ice decline over 1982—
2011, the North Atlantic Oscillation (NAO) has also shown
a significant negative trend at the annual rate of —0.022
with an SD of 0.007 towards the more negative phase
(Figure 14). Other climate indices can also be used to
better understand the relationship between Arctic climate
change and global climate change. The most commonly used
climate indices include the Arctic Oscillation (AO), the NAO,
the Antarctic Oscillation (AAO), the Southern Oscillation
(SO), the Multivariate ENSO Index (MEI), the Pacific
Decadal Oscillation (PDO), the Pacific-North American
(PNA) Pattern, and the Madden-Julian oscillation (MJO).
Figure 15 shows the variability of the climate indices since
1950. It appears that there are significant turning points
in most of the climate indices that occurred in the late
1970s and early 1980s when the global climate has been
warming up, as stated in IPCC Fourth Assessment Report
[55]. Correspondingly, Arctic climate has been also changing
rapidly with profound impacts on environmental, ecological,
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and biological cycles. Is there any link between Arctic climate
change and global climate change? What areas in the Arctic
are most sensitive to global climate change? To answer
those questions, correlation coefficients between climate
indices and surface skin temperature anomalies (SSTAs) were
calculated for each pixel in the Arctic for winter, spring,
summer, autumn, and the annual mean based on the 23-year
monthly data. The student’s t-test was used to examine at
what confidence level a correlation coefficient is statistically
significant.

Figure 16 is the correlation coefficient image between
AO indices and surface temperature anomalies from 276
months during the period of 1982 to 2004. The contours
in the image represent confidence levels. It clearly shows
that different areas in the Arctic have different correlations
with AO. Though the warming is prevalent in the Arctic
in all seasons except winter over the central Arctic Ocean,
the relationships of the AO and the surface temperature
anomalies are quite different in different areas. For example,
there is a positive correlation in the eastern part of the
Arctic, but a negative correlation in the western part of the
Arctic. Northern Europe and northern Russia have positive
correlations with the AO, while Greenland and northern
Canada have negative correlations in all seasons except for
a weak positive correlation in northern Canada in summer.
The highest correlation occurs in winter, and the weakest
correlation is in summer, as expected given the nature of
the AO. The AO can explain about 30% of the variation
in surface temperature in North Europe, Baffin Bay, and
Greenland in winter, and on an annual time scale it explains
about 25% of the variance in surface temperature. The
correlation between NAO and SSTA is very similar to that
between AO and SSTA; the other climate indices show much
weaker correlations with SSTA than AO and NAO as shown
in [15].

The analysis of the relationships between Arctic surface
skin temperature anomalies and climate indices suggests

that the global climate interacts with the Arctic climate to
a certain degree. Arctic climate change is, indeed, closely
related to global large-scale circulation changes in both the
atmosphere and ocean. Changes in the global climate seen in
the AO and the NAO can explain at least 25% of the changes
in Arctic climate in every season in some areas, for example,
Greenland. Table 3 lists the correlation coefficients between
surface temperature anomalies and the AO and NAO indices
using both the original time series and the detrended time
series. Each of the detrended time series was obtained by
removing its linear trend, that is, the slope of the linear
regression line, from its original time series. The two sets
of correlation coefficients are nearly identical in value and
confidence. It is clear that there are some areas in the Arctic
that are more sensitive to global climate change than other
areas. Those areas should be very useful in monitoring and
predicting Arctic climate change caused by, at least in part,
changes outside of the Arctic.

8. Conclusions

Satellite data provide a unique and unprecedented opportu-
nity to gain knowledge of environment, weather, and climate
in the remote and data-sparse areas like the Arctic and
Antarctic. The APP-x data set provides climate data records
of surface, cloud, radiation, and cryosphere properties for
the Arctic. This study investigated recent Arctic climate vari-
abilities and trends based on the updated APP-x data set. As
shown in the previous sections, the Arctic as a whole appears
to be warming rapidly at the surface, but the sign and magni-
tude of the changes vary in time and location. On an annual
time scale the entire Arctic has been warming, but cooling
has also been observed over much of the Arctic Ocean
in winter, except for the Beaufort Sea, Baffin Bay, Canada
Archipelago Seas, Hudson Bay, and Canada Basin, where
the trends are not statistically significant. The strongest
cooling occurred in the eastern central Arctic Ocean at
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F1Gurek 16: Correlation between the AO index and surface temperature anomalies from 276 months during the period 1982-2004. Contours

in the image are confidence levels.

TaBLE 3: Correlation between surface skin temperature anomalies and AO/NAO indices for the 18 Arctic sub-regions based on 276 months.

Area name and ID no.* AO NAO
Original Detrended Original Detrended

Beaufort sea (1) —0.1905 (99%) —0.1850 (99%) —0.1832 (99%) —0.1662 (99%)
Chukchi sea (2) —0.1696 (99%) —0.1647 (99%) —0.1380 (88%) —0.0594 (84%)
Canada basin (3) —0.1717 (99%) —0.1681 (99%) —0.0809 (91%) —0.0718 (88%)
Central arctic (4) —0.1067 (96%) ~0.1061 (96%) —0.0128 (58%) —0.0113 (57%)
Laptev sea (5) —0.0278 (68%) ~0.0327 (71%) 0.0813 (91%) 0.0718 (88%)
North pole (6) —0.0508 (80%) —0.0564 (82%) 0.0795 (91%) 0.0690 (87%)
Nansen basin (7) —0.0123 (58%) —0.0134 (59%) 0.1471 (99%) 0.1454 (99%)
Kara and Barents sea (8) 0.1923 (99%) 0.1874 (99%) 0.2561 (99%) 0.2441 (99%)
GIN seas (9) 0.0316 (70%) 0.0304 (69%) 0.0531 (81%) 0.0508 (80%)
Baffin bay (10) —0.3594 (99%) —0.3623 (99%) —0.3147 (99%) —0.2996 (99%)
Canada archipelago seas (11) —0.2675 (99%) —0.2637 (99%) —0.2513 (99%) —0.2378 (99%)
Hudson bay (12) —0.3190 (99%) —0.3207 (99%) —0.3327 (99%) —0.3186 (99%)
North Europe (13) 0.3661 (99%) 0.3798 (99%) 0.2705 (99%) 0.2933 (99%)
North central Russia (14) 0.3051 (99%) 0.3063 (99%) 0.1454 (99%) 0.1480 (99%)
Northeastern Russia (15) 0.0478 (79%) 0.0530 (81%) —0.0401 (75%) —0.0299 (70%)
Alaska region (16) —0.2370 (99%) —0.2328 (99%) —0.1493 (92%) —0.1298 (99%)
North Canada (17) —0.1875 (99%) —0.1829 (99%) —0.2958 (99%) —0.2794 (99%)
Greenland Island (18) —0.4157 (99%) —0.4164 (99%) —0.4534 (99%) —0.4443 (99%)

“Numbers in parenthesis in the second and third columns are the student’s ¢-test confidence level for the above correlation coefficient. Bold type indicates
correlations with confidence levels of 95% or higher. Correlations were done with original time series (Original) and detrended time series (Detrended) as

marked in the first table row.
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the annual rate of —0.20°C in winter. In the warm seasons
(spring, summer, and autumn), all significant trends in
surface skin temperature are positive. The strongest warming
is over northern Canada where the annual rates of the surface
temperature changes are 0.10°C, 0.07°C, 0.15°C, 0.17°C, and
0.11°C for winter, spring, summer, autumn, and the annual
mean, respectively.

Arctic cloud properties have been changing, especially
in winter and in spring when negative and positive cloud
fraction trends were found. Clouds have become more liquid
phase, likely with smaller cloud particle effective radius and
higher cloud top height over the warmer surface areas.
Cloud optical depth does not show significant trends except
over the northern Canada, where significant positive trends
were found in summer and autumn, and over the GIN
Seas where negative trends were found all the year round.
In addition, cloud height increased significantly in warm
seasons over most of the Arctic areas. The net all-wave
radiative flux at the surface shows a significant negative trend
in winter over most of the Arctic Ocean areas due to the
negative trends in cloud fraction; positive trends have been
found in warm seasons over most of the Arctic landmasses
and ocean areas. The interactions between clouds, surface,
radiation, and atmospheric conditions, commonly called the
cloud-surface-radiation feedback, work together to cause
significant negative trends in the net radiative flux in winter
and positive trends during warm seasons for most of the
Arctic areas. However, the trends in cloud forcing are always
negative for all seasons, indicating a damping effect on the
surface warming by clouds. It appears that during the sunlit
part of a year the negative trends in sea ice extent and surface
albedo from surface warming modulate the cloud damping
effect on the surface warming to some degree, which results
in positive trends in the net surface radiative flux during
warming seasons.

Arctic sea ice is a unique and critical parameter of the
Arctic climate system. Changes in sea ice can reflect and
impact Arctic climate state to a much larger extent than in
any other regions. It is obvious from this study that Arctic sea
ice has been declining significantly since the 1980s, with the
overall decadal rates of —8%, —1.4%, —5%, and —15% in sea
ice extent, concentration, thickness, and volume, respec-
tively. These changes indicate that Arctic warming has
casused substantial changes to the cryosphere, which may
lead Arctic climate towards to another unprecedented equi-
libratory state. Some studies [6, 7] reported even more rapid
declines in sea ice volume, as high as —40% per decade from
2003 to 2008.

All the commonly used climate indices imply a significant
turning point of the global climate in the late 1970s and
early 1980s along with an accelerated Arctic warming. The
correlation analysis of the AO/NAO and surface skin temper-
ature anomalies, cloud fraction anomalies, and precipitable
water anomalies in the Arctic indicates that there is at
least a statistical linkage between Arctic climate change
and global climate change for some sensitive Arctic areas.
Feedback mechanisms should be investigated further using
both models and observations, and additional research is
needed in order to determine to what degree Arctic climate
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change is due to local processes (e.g., evaporation) and large-
scale circulation.

Most previous studies of Arctic climate that were based
on satellite data focused on a specific climate parameter. Our
study assesses trends in many of the major Arctic climate
parameters. Agarwal et al. (2011) [56] used Advanced Very-
High-Resolution Radiometer (AVHRR) Polar Pathfinder
(APP) data over a 23-year period to study the decadal to
seasonal variability of the clear-sky Arctic sea ice albedo.
Comiso (2003) [57] used AVHRR data to examine the clear-
sky Arctic surface temperature trend over the period 1981—
2001; his results are very similar to ours in terms of season
and value, for example, cooling trend found in winter for
central Arctic ocean both in his study and ours. Schweiger
(2004) [58] compared cloud trends from the TOVS (TIROS
Operational Vertical Sounder) Polar Pathfinder retrievals
and two AVHRR datasets, including an earlier version of
APP-x, and found similar trends over the period 1980-2001.
Regarding the trends in sea ice, Kwok and Rothrock [6]
and Kwok and Untersteiner [7] (2009) found much larger
autumn rates of decline: 20 cm per year and 1237 km® per
year in sea ice thickness and volume, respectively, but for the
5-year period between 2003 and 2008 when Arctic sea ice
changes were significant and for the relatively smaller region
covering the central Arctic Ocean. Maslanik et al. (2007) [37]
used a different technique to estimate sea ice thickness from
sea ice age with microwave data for the period of 1982—
2006, but did not examine trends. Similarities and differences
between these studies warrant further investigation.
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