% UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Changes in summer sea ice, albedo, and portioning of surface
solar radiation in the Pacific sector of Arctic Ocean during 1982-2009

Lei, Ruibo

2016-08

Lei, R, Tian-Kunze , X , Lepparanta, M, Wang , J , Kaleschke , L & Zhang , Z 2016 , '
Changes in summer sea ice, albedo, and portioning of surface solar radiation in the Pacific
sector of Arctic Ocean during 1982-2009 ', Journal of Geophysical Research : Oceans , vol.
121, no. 8, pp. 5470-5486 . https://doi.org/10.1002/2016JC011831

http://hdl.handle.net/10138/224136
https://doi.org/10.1002/2016JC011831

cc_by nc_sa
publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



@JAGU PUBLICATIONS

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE
10.1002/2016JC011831

Key Points:

« A distinct change in the seasonal
evolution of ice albedo at the SHEBA
geolocations has occurred since 2007

« Summer evolution of ice albedo
matched ice surface melting and
ponding well at basin scale

« A positive Arctic Dipole Anomaly
might enhance the ice-albedo
feedback in the Pacific sector of
Arctic Ocean

Correspondence to:
R. Lei,
leiruibo@pric.org.cn

Citation:

Lei, R, X. Tian-Kunze, M. Lepparanta,

J. Wang, L. Kaleschke, and Z. Zhang
(2016), Changes in summer sea ice,
albedo, and portioning of surface solar
radiation in the Pacific sector of Arctic
Ocean during 1982-2009, J. Geophys.
Res. Oceans, 121, 5470-5486,
doi:10.1002/2016JC011831.

Received 23 MAR 2016

Accepted 6 JUL 2016

Accepted article online 11 JUL 2016
Published online 5 AUG 2016

© 2016. American Geophysical Union.
All Rights Reserved.

Changes in summer sea ice, albedo, and portioning of surface
solar radiation in the Pacific sector of Arctic Ocean during
1982-2009

Ruibo Lei?, Xiangshan Tian-Kunze2, Matti Lepparanta3, Jia Wang?, Lars Kaleschke?, and
Zhanhai Zhang?

1Key Laboratory for Polar Science of the State Oceanic Administration, Polar Research Institute of China, Shanghai, China,
2Institute of Oceanography, University of Hamburg, Hamburg, Germany, 3Department of Physics, University of Helsinki,
Helsinki, Finland, “NOAA Great Lakes Environmental Research Laboratory, Ann Arbor, Michigan, USA

Abstract ssm/ sea ice concentration and CLARA black-sky composite albedo were used to estimate sea
ice albedo in the region 70°N-82°N, 130°W-180°W. The long-term trends and seasonal evolutions of ice
concentration, composite albedo, and ice albedo were then obtained. In July-August 1982-2009, the linear
trend of the composite albedo and the ice albedo was —0.069 and —0.046 units per decade, respectively.
During 1 June to 19 August, melting of sea ice resulted in an increase of solar heat input to the ice-ocean
system by 282 MJ-m ™2 from 1982 to 2009. However, because of the counter-balancing effects of the loss of
sea ice area and the enhanced ice surface melting, the trend of solar heat input to the ice was insignificant.
The summer evolution of ice albedo matched the ice surface melting and ponding well at basin scale. The
ice albedo showed a large difference between the multiyear and first-year ice because the latter melted
completely by the end of a melt season. At the SHEBA geolocations, a distinct change in the ice albedo has
occurred since 2007, because most of the multiyear ice has been replaced by first-year ice. A positive
polarity in the Arctic Dipole Anomaly could be partly responsible for the rapid loss of summer ice within the
study region in the recent years by bringing warmer air masses from the south and advecting more ice
toward the north. Both these effects would enhance ice-albedo feedback.

1. Introduction

Although the rate of global warming has slowed during the last decade [Kosaka and Xie, 2013], Arctic air
temperature has continued to increase at more than twice the global rate, which is a phenomenon referred
to as Arctic Amplification [Serreze and Barry, 2011]. Reduced summer albedo caused by sea ice retreat and
surface melting is one of major causes of Arctic Amplification [Screen and Simmonds, 2010; Pithan and Maur-
itsen, 2014]. The darkening of the Arctic Ocean surface, resulting from the decrease of albedo, introduced
an additional 6.4 = 0.9 W/m? of annual average solar heat input into the ocean from 1979 to 2011[Pistone
et al., 2014]. Averaged over the globe, this corresponds to a forcing equal to 25% of that caused by
increased emissions of CO, [Pistone et al., 2014].

Melt ponds contribute to ice-albedo feedback because they reduce the albedo [Perovich et al., 2002; Lu
et al,, 2016] and accelerate sea ice fragmentation by weakening its mechanical strength [Timco and John-
ston, 2002]. The melt pond fraction in the early melt season has been used to predict the September Arctic
sea ice extent because of the positive feedback mechanism [Schroder et al., 2014]. Because of the different
surface characteristics and ponding processes, first-year sea ice has different seasonal evolution of albedo
compared with multiyear ice [Perovich et al., 2002; Perovich and Polashenski, 2012; Webster et al., 2015]. Thus,
rapid depletion of multiyear ice in the Arctic Ocean [Maslanik et al., 2011] would lead to significant change
in basin-scale albedo. A proper parameterization of the albedo of ice-covered oceans is essential for the
treatment of ice-albedo feedback in climate models [Liu et al., 2007]. The composite albedo of an ice-
covered ocean can be defined by the area fractions and albedos of sea ice and open water. In contrast to
sea ice, open water albedo has a narrow range [Pegau and Paulson, 2001] and therefore, sea ice albedo is
the critical variable for the parameterization of the composite albedo.
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The most significant decline of summer Arctic sea ice extent has occurred in the Pacific sector from the
Beaufort Sea to the East Siberian Sea [Xia et al., 2014]. Sea ice surface melting in the Beaufort Sea remark-
ably exceeded that of the central Arctic Ocean [Perovich and Richter-Menge, 2016]. Consequently, both the
decrease in the regional composite albedo and the increase in the solar radiation transmittance through
the ice in this sector were much more distinct than in other Arctic sectors [Nicolaus et al., 2012; Arndt and
Nicolaus, 2014; Pistone et al., 2014]. Therefore, to analyze the change in Arctic sea ice albedo, this study
focused on the region of 130°W-180°W in the Pacific sector.

In situ observations are very important to characterize the ice-albedo feedback mechanism [e.g., Perovich
et al, 2002; C. Wang et al., 2014]. However, from a large-scale modeling or for a climate perspective, the
understanding of evolution of floe-scale albedo is not enough. For most parameterizations of sea ice albedo
which have been established based on in situ measurements [e.g., Perovich et al., 2007a; Perovich and Pola-
shenski, 2012], their upscale applicability has not been fully validated because of the lack of basin-scale
measurements. This highlights the value of satellite remote sensing observations. Using albedo data from
the Clouds and Earth’s Radiant Energy System (CERES) in combination with sea ice concentration derived
from passive microwave measurements, estimates of sea ice albedo have been produced [Pistone et al.,
2014]. However, the CERES albedo was only available from 2000 to 2011, which prevents us from obtaining
the long-term changes. The surface black-sky albedo of Earth, i.e., the directional-hemispherical reflectance,
has been retrieved using the measurements of the Advanced Very High Resolution Radiometer (AVHRR) by
the Satellite Application Facility on Climate Monitoring (CMSAF) project. These data comprise part of the
CMSAF clouds, Albedo and Radiation first release product family (CLARA-A1-SAL) [Riihela et al., 2013a]. The
CLARA albedo data set is available during spring-summer 1982-2009, which permits the exploration of
both seasonal and long-term changes. The long-term change in the sea ice albedo for the entire Arctic
Ocean has been obtained and analyzed using this data set by Riihela et al. [2013b]. As an extension and
complement, this study focused mainly on the seasonal evolution of sea ice albedo. At a local scale, seasonal
evolution of ice albedo can be closely related to ice surface melting and ponding processes [Perovich et al,
2002; Perovich and Polashenski, 2012]. However, these relationships at basin scale have not been sufficiently
discussed. The onsets of ice surface melt and refreezing can be determined by satellite passive microwave
measurements [Markus et al., 2009]. The melt pond fraction can be retrieved from the Moderate Resolution
Imaging Spectroradiometer (MODIS) optical measurements [Rosel et al., 2012]. Both data benefit exploring the
relationship between ice albedo and ice surface melting at basin scale.

The determination of partitioning of surface solar radiation is crucial for thoroughly understanding the inter-
actions of solar radiation with the ice cover [Wang et al., 2016]. Using the data of sea ice concentration and
albedo, surface solar radiation can be classified into the part reflected by the Earth’s surface and those
inputs to the sea ice and open water separately [Perovich et al., 2007b,2011]. In previous studies, this classifi-
cation was determined using only the ice albedo parameterization derived from the measurements during
the Surface Heat Budget of the Arctic (SHEBA) campaign. However, it can be expected that there would be
some differences between floe-scale and basin-scale sea ice albedo. In this study, surface incident solar radi-
ation was obtained from daily values of the European Centre for Medium-Range Weather Forecasts
(ECMWEF) ERA-Interim reanalyses. The satellite-derived ice concentration and albedo were used to estimate
the portioning of surface solar radiation. The poleward gradient of the ice albedo and surface radiation por-
tioning from the marginal ice zone to the pack ice zone was analyzed, which can be related to the differ-
ence in albedo between first-year and multiyear ice, and to the poleward gradients of ice surface ponding
and open water fraction.

In general, the main objectives of this study are to quantify the long-term and seasonal changes in Arctic
sea ice albedo and their relations to the sea ice surface melting and ponding at basin scale, which can pro-
vide new understanding for ice albedo parameterizations used in numerical models.

2. Data and Methods

2.1. Sea Ice Concentration and Albedo

The CLARA albedo has been determined in the clear-sky pixels after cloud masking and correction for topo-
graphic, anisotropic, and atmospheric effects in the observed surface radiance. This albedo is taken across a
broad band of wavelengths of 250-2500 nm for snow-free surfaces and 350-2800 nm for snow surfaces
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[Riihela et al., 2013a], i.e., almost covering the entire spectral range of incident solar radiation. The data used
here were the Arctic subset, with 25 km resolution provided on an equal-area polar grid. The CLARA data
set is available from 1982 to 2009, providing products every 5 days throughout the period that receives
solar insolation. It contains some pixels with missing data due to cloud effects, and therefore spatial-
temporal gap filling was conducted using the method of Riihela et al. [2013b]. Pixels with missing values
constitute about 2.5% of the data obtained in our study region throughout the entire period. To explore the
poleward gradient of ice albedo, the study region was divided into three subregions: 70°N-74°N, 74°N-
78°N, and 78°N-82°N. In summer, the region 70°N-74°N can be defined as the marginal ice zone (MIZ)
because sea ice in this region would melt completely for most years, while the region 78°N-82°N can be
defined as the pack ice zone (P1Z) because the ice edge would not shrink into this region for most years [Xia
et al.,, 2014]. The region 74°N-78°N is the transition zone. CLARA albedo is available in summer only until 3
September, 24 August, and 19 August for these three subregions because of the limitations of satellite view-
ing angle and sun zenith angle. According to the available period of CLARA albedo, the summer period is
henceforth defined as May-August, if no other definition is offered.

Time series of the data from the Defense Meteorological Satellite Program Special Sensor Microwave/Imag-
er (SSM/I), and both its predecessor (Scanning Multichannel Microwave Radiometer, SMMR) and its succes-
sor (Special Sensor Microwave Imager Sounders, SSMIS), have provided consistent information on sea ice
concentration since 1979. Here we used the daily ice concentration retrieved using the Bootstrap (BST) algo-
rithm [Comiso, 2000], which has a spatial resolution of 25 X 25 km? and is called as the SSM/I BST ice con-
centration thereafter. Comparison to summer ship-based visual observations shows that both the bias and
the error standard deviation of the SSM/I BST ice concentration are smaller or comparable with those
obtained from the NASA/Team or NASA/Team 2 algorithm [Andersen et al., 2007; Beitsch et al., 2015]. The
albedo () of a pixel comprising open water and sea ice can be defined as:

o=Cjo;+Cp ot (M

where C; and C,, are the area fractions of sea ice and open water, and «; and «,, are their albedos, respec-
tively. Sea ice albedo can be estimated using the satellite-derived data of composite albedo and ice concen-
tration because the albedo of open water can be set to a constant value of 0.07 [Pegau and Paulson, 2001].
To estimate sea ice albedo, only those pixels with an ice concentration of >15% were considered. The 5 day
sampling window provides more cloud-free pixels for the retrieval of CLARA albedo and normalizes the
influences of variations in sun zenith angle. However, this leads to the different sampling frequency
between CLARA albedo and sea ice concentration. To calculate sea ice albedo, we used the daily sea ice
concentration obtained from the middle day of each sampling period of CLARA albedo. Climatological aver-
ages of summer sea ice concentration, composite albedo, and sea ice albedo during 1982-2009 are shown
in Figure 1.

Comprehensive in situ observations of the sea ice albedo were conducted during the SHEBA campaign [Per-
ovich et al., 2002]. The aerial observation showed that the melt pond fraction obtained from the 200 m albe-
do survey line of SHEBA has a close seasonal evolution with those of a local region of 50 X 50 km? [Perovich
et al,, 2002]. Therefore, the albedo averaged from this survey line has a high local representativeness. To
assess the plausibility of the satellite-derived ice albedo, the data obtained at the grid cell containing SHEBA
coordinates were compared with the SHEBA data. To determine the long-term change, the satellite-derived
ice albedo obtained from four nearest pixels on a given day during 1982-2009 was spatially interpolated
into the SHEBA locations using the inverse-distance weighting method. For the analysis of seasonal evolu-
tion, we focused on the period 1 May to 3 September because of the limitation of the CLARA data. The in
situ measurements showed that sea ice albedo was nearly constant prior to May but then had large season-
al changes because of the formation, evolution, and refreezing of melt ponds [Perovich et al., 2002; Perovich
and Polashenski, 2012].

2.2. Melt Season and Melt Ponds

Based on the SSM/I brightness temperatures, Markus et al. [2009] defined four stages for the ice surface dur-
ing the melting season: early melt (earliest observed melting), full melt (melting throughout), early freezeup
(earliest observed freezing), and full freezeup (freezing throughout). The period between the full melt and
early freezeup can be considered as the season of uninterrupted melt. We used this data set to characterize
the relationship between the seasonal evolution of ice albedo and ice surface melting.

LEIET AL.

CHANGES IN ARCTIC ICE ALBEDO 1982-2009 5472



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC011831

Sea ice concentration /%
100

160°w
Albedo i Sea ice albedo
S c

0.8 0.8
0.6 0.6
04 0.4
0.2 0.2
70(;\/ 70%
/ /
801 — oW 0 80° — oW 0
o 140 140
160°wW 160°w

Figure 1. Climatological averages of (a) sea ice concentration, (b) composite albedo, and (c) sea ice albedo from 1 May to 19 August 1982-
2009. Also shown is the track of the SHEBA campaign (blue line in Figure 1a).

The melt pond fraction is defined as the area ratio between melt pond and sea ice. Melt pond coverage can
be obtained by scaling this fraction with the ice concentration. The melt pond fraction can be derived from
the level 3 MODIS surface reflectance product using a spectral unmixing algorithm [Rosel et al., 2012]. This
product, available every 8 days from 18 May to 7 September (2000-2011), was used to determine the rela-
tionship between the seasonal evolution of ice albedo and ice surface ponding. Since this data set is a com-
posite of selected could-free pixels, to avoid low data quality, we selected only grid cells, which contain
more than 50% cloud-free cases during one sampling period. After this filtration, pixels with missing values
constitute about 10% in our study region throughout the entire study period. To fill up the gaps of small
area (less than 12.5 km?) caused by cloud filtering, we use the corresponding pixel from days before and
after the relevant data as Rosel et al. [2012]. Otherwise, the gaps of larger areas are neglected and masked,
which constitute about 5% of the data. The difference of sampling frequency between MODIS melt pond
and CLARA albedo would not be considered here, because the seasonal evolutions only will be qualitatively
compared between two.

2.3. Reanalyzed Atmospheric Data

Incident solar radiation was obtained from the ECMWF ERA-Interim reanalysis data on a 1.5° regular grid.
Combined with the satellite-derived sea ice albedo and concentration, the partitioning of surface solar radi-
ation, including components of reflected by and input to sea ice and open water, could be obtained. Prior
to the calculation, the ERA reanalysis data obtained from the regular grids are reprojected into the equal-
area polar grids to match the data of albedo and sea ice concentration. The summer (May-August) NCEP/
NCAR Reanalysis 2 surface-level pressure data north of 70°N were used to derive the empirical orthogonal
function (EOF) modes. The Arctic Oscillation (AO) and the Dipole Anomaly (DA) correspond to the first and
second leading modes of the EOF, respectively [Wang and Ikeda, 2000]. Here we have analyzed the empiri-
cal relationships between the long-term change in sea ice and its albedo and the summer AO/DA indices.
This allowed us to explore the response of sea ice change to the atmospheric circulation.

The correlation between the variables was determined using the Pearson correlation analysis, while the sta-
tistical significance of all long-term trends was evaluated using a two-tailed Student's t test.
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Table 1. Autocorrelation Coefficients of Time Series of Sea Ice Concentration, Composite Albedo, and Sea Ice Albedo for Three Latitude
Zones and Two Subperiods in 1982-2009%

Latitude Zone Subperiod Sea Ice Concentration Composite Albedo Sea Ice Albedo
70°N-74°N May to Jun 0.52%*% 0.74%** 0.79%**

1 Jul to 3 Sep 0.67*** 0.77%** 0.83%**
74°N-78°N May to Jun 0.57** 0.82%*** 0.76***

1 Jul to 24 Aug 0.8%** 0.86*** 0.71%**
78°N-82°N May to Jun 0.43* 0.58** 0.58%*

1Julto 19 Aug 0.58%* 0.66%** 0.51%*

?Significance levels are shown as p < 0.001 (**¥), p < 0.01 (**), and p < 0.05 (¥).

3. Results

3.1. Long-Term Changes in Sea Ice Concentration and Albedo

In both early summer (May-June) and late summer (July—August), sea ice concentration, composite albedo,
and sea ice albedo all showed significant declining trends during 1982-2009 (Table 1). However, the long-
term trends for these variables had different seasonal patterns. The declining trend of sea ice concentration
in late summer was stronger than in early summer, because sea ice concentration maintained relatively
large values in the early summer of most years. The long-term average ice concentration during early sum-
mer in the region 70°N-74°N was 78%. In contrast, the long-term change of sea ice albedo in early summer
was similar to late summer.

The long-term trend of sea ice loss and the decrease in the regional composite albedo in the region 74°N-
78°N were stronger than in lower or higher latitudes. In lower latitudes, the seasonal retreat of sea ice was
remarkable, even in the early years, whereas in higher latitudes, sea ice concentration remained relatively
high into late summer, even until recent years. Compared with sea ice concentration, the long-term change
in sea ice albedo showed different spatial dependence; i.e., it was stronger in lower latitudes. This could be
attributed to the fact that the trend toward a longer melt season was stronger in the region 70°N-74°N
than in higher latitudes.

The Pearson correlation analysis (Table 2) showed that the early summer long-term declining trend of the
regional composite albedo depends more strongly on the decrease of the sea ice albedo than on the
decline of sea ice concentration. This is because the decrease in sea ice albedo is already apparent in mid-
May, while sea ice concentration begins to decrease considerably later. In contrast, in late summer, the
decline of sea ice concentration provides a comparable or larger contribution to the long-term trend of
composite albedo, because the decline of sea ice concentration reaches its fastest rate in July-August. Dur-
ing 1 July to 19 August, the average sea ice concentration within the study region decreased by about 25%
from 1982 to 2009. The average sea ice albedo decreased by about 0.12 or 20% (Figure 2). The joint contri-
bution resulted in a decrease in the regional composite albedo by about 0.19 or 38%. The trends of regional
composite albedo and sea ice albedo were about twice as large in magnitude relative to those of the entire
Arctic Ocean [Riihela et al., 2013b].

3.2. Seasonal Evolution of Sea Ice Albedo

From the 1982-2009 climatology (Figure 3), we found that sea ice concentration remained relatively large
(>88%) until 10 June. From then onward, it started to decrease gradually. Sea ice concentration reached a
stable level of about 60% by mid-August. The decrease in sea ice albedo commenced earlier, i.e., on about
21 May. This decrease can be divided into two phases. In the first phase that lasted until early July, sea ice
albedo decreased rapidly from 0.85 to 0.60. From early July to the end of August, sea ice albedo decreased

Table 2. Correlation Coefficients Between Regional Albedo (x) and Sea Ice Concentration (C;) or Sea Ice Albedo (x;) for Three Latitude
Zones and Two Subperiods in 1982-2009°

70°N-74°N 74°N-78°N 78°N-82°N
Ci o C,- o C,- o
o (May-Jun) 0.867 0.964 0.732 0.884 0.733 0.951
o (Jul-Aug) 0.967 0.937 0.952 0.846 0.845 0.829

2All correlations are significant at the confidence level of 0.001.
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Figure 2. Long-term trends of sea ice concentration, composite albedo, and sea ice albedo averaged during 1 July to 19 August in the
study region. Also shown are the correlation coefficients and confidence levels of the linear trends.

relatively slowly, because of the counteraction between the continued ice melt in low latitudes and the
refreezing in high latitudes, which could be supported by the difference of the changes in sea ice albedo
during this period among three subregions (will be discussed later). The regional composite albedo
decreased more rapidly because of the loss of sea ice area.

By comparing the remotely sensed ice albedo with the SHEBA in situ data (Figure 4a), we found that both
albedos showed similar summer evolutions, i.e., starting to decrease gradually from about 20 May onward,
reaching an annual minimum by about mid-July, and finally starting to increase again from about 20 July
onward. The ice albedo derived from the remote sensing data was slightly larger than the average of the
SHEBA outcome. Most of in situ SHEBA albedo was obtained on cloudy days [Perovich et al., 2002]. The albe-
do is 0.077 and 0.012 greater under overcast than under clear sky for snow-covered ice and melt pond,
respectively [Grenfell and Perovich, 1984]. Taking into account the influence of clouds and assuming a melt
pond fraction of 25%, the overcast albedo is about 0.06 larger than the clear-sky albedo. According to
Pistone et al. [2014], the all-sky albedo can be approximately estimated as:

Ogs = (1 _C)fxcs +C<xcld7 (2)

where oy, o5 and oy are all-sky, clear-sky and overcast albedos, and C is the cloud fraction. Using the cli-
matology of Arctic cloud fraction of 75% in June-August obtained from satellite observations during 1982-

-6~ Sea ice concentration ||
—&- Albedo
-A-Sea ice albedo

Albedo
Sea ice albedo
o
(=)

Sea ice concentration

=4
wn
T

0.4

1 1 1 1 1
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Figure 3. Seasonal evolutions of sea ice concentration, composite albedo, and sea ice albedo within the study region from 1 May to 19
August averaged over 1982-2009.
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Figure 4. (a) Seasonal evolution of SHEBA sea ice albedo and those estimated using the satellite data in 1998 and averaged over 2007-
2009 at the SHEBA coordinates; the blue shading indicates one standard deviation of the SHEBA spatial variability along the 200 m survey
line. (b) Seasonal evolution of sea ice albedo estimated using the satellite data of 1982-2009 at the SHEBA coordinates.

2004 [Wang et al., 2012], the all-sky albedo is about 0.045 greater than the clear-sky albedo. However, even
considering such adjustments the remote sensing albedo was still within the one standard deviation of the
SHEBA spatial variability along the 200 m survey line. Furthermore, aerial measurements showed that
although the summer evolution of melt pond fraction obtained from the SHEBA 200 m albedo survey line
was comparable with that obtained from the local region of 50 X 50 km?, the absolute magnitude of melt
pond fraction in mid-July obtained from the survey line was 10% less than that obtained from the local
region [Perovich et al., 2002], which implies a difference of about 0.04 for the albedo of composite surface of
snow-covered ice and melt pond. This can partly explain why remotely sensed ice albedo obtained from
four nearest pixels (~50 X 50 km?) was slightly larger than the average SHEBA albedo.

To obtain the long-term change of the summer sea ice albedo, we also interpolated the remotely sensed
ice albedo of other years, using the data obtained from four nearest pixels, into the SHEBA locations (Figure
4b). Prior to 2007, ice albedo showed a similar seasonal evolution. However, an obvious change, which
occurred after 2007, was the absence of a distinct increase of the ice albedo in late August. This can be
attributed to the fact that most sea ice at the SHEBA locations would melt completely by the end of sum-
mer. Field experiments have shown that the albedo of first-year ice would decrease to about 0.2 prior to its
complete melt [Perovich and Polashenski, 2012]. The refreezing of open water in autumn would be delayed
compared with the survived multiyear ice.

A significant anomaly in the melt pond fraction at the beginning of the melt season in June 2007 was
observed [Rosel and Kaleschke, 2012], the subsequent value of which was above the long-term average
throughout the entire summer. This anomaly in melt pond fraction was more pronounced in the Pacific sec-
tor from the Beaufort Sea to the East Siberian Sea [Rosel and Kaleschke, 2012]. Consequently, the June-
August average of sea ice albedo interpolated into the SHEBA coordinates was 0.54 in 2007, much smaller
than the average value of 0.62 during 1982-2009. This would have partly contributed to the dramatic
retreat of sea ice during the summer of 2007.

The SSM/I ice concentration data illuminates that more than 70% of the sea ice in the region 70°N-74°N in
the study area melts completely by the end of the melt season, while more than 80% of the sea ice in the
region 78°N-82°N survives the summer, as shown in Figure 5. Therefore, most of the sea ice in the region
70°N-74°N can be classified as first-year ice, whereas most of the sea ice in the region 78°N-82°N can be
classified as multiyear ice. To compare sea ice albedo with ice surface ponding, only data from 2000 to 2009
were used, because the MODIS-derived melt pond fraction was available only after 2000. As shown in Figure
6, sea ice albedo in the region 70°N-74°N started to decrease from about mid-May, when the ice surface
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Figure 5. Summer evolution of the averages and standard deviations of sea ice concentration in three subregions over 1982-2009.

melt commenced. From then onto the end of August, ice albedo decreased rapidly from about 0.85 to 0.30
in conjunction with snow melting and the formation and evolution of melt ponds. From mid-May to mid-
June, melt pond fraction increased from less than 10% to about 28%, causing a rapid decrease in sea ice
albedo. However, from late June onward, although melt pond fraction decreased gradually, sea ice albedo
continued to decline. Therefore, the decrease in melt pond fraction could be attributed to the disintegration
of floes in this region, but not to the refreezing of melt ponds.

Based on the observation of seasonal landfast ice in Barrow, Alaska, the seasonal evolution of ice albedo
can be divided into seven phases: dry snow, melting snow, pond formation, pond drainage, pond evolution,
open water, and freezeup [Perovich and Polashenski, 2012] (call as Parameterization-2012 thereafter). After
the formation of melt ponds, the expansion and interconnection of a brine channel system within the sea
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Figure 6. Seasonal evolution of satellite-derived ice albedo, parameterized ice albedo and melt pond fraction, and onsets of ice surface
early melt, full melt, early freezeup, and full freezeup averaged over 2000-2009 in the regions (a) 70°N-74°N, (b) 74°N-78°N, and (c) 78°N-
82°N. Blue shading denotes the standard deviation. The parameterized ice albedos (black line with red triangles) shown in Figures 6a and

6C were obtained

using the adjusted parameterizations for first-year and multiyear ice, respectively.
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Table 3. Adjusted Parameterizations for the Albedo of First-Year Ice and Multiyear Ice

Adjusted Parameterization-2012 Adjusted Parameterization-2007
Phase for First-Year Ice for Multiyear Ice
Dry snow 0.85 0.85
Wet snow after melt onset 0.81 0.81
Snow melts and changes to Decrease linearly to 0.71 within 6 days Decrease linearly to 0.71 within 15 days
bare ice
Melt pond formation Decrease linearly to 0.54 within 28 days Decrease linearly to 0.54 within 12 days
Melt pond evolution Decrease by 0.0166 per day until it reaches 0.2 Decrease by 0.0145 per day
Thin ice melts completely Drop in a single day to 0.07 N/A
After the onset of freezeup Increase by 0.025 per day until Increase by 0.0082 per day
in autumn the maximum of 0.85 until the maximum of 0.85

ice induces surface water drainage and reduces the pond area [Grenfell and Perovich, 2004]. However,
because of the large spatial and interannual variability, no episodic decrease in melt pond fraction could be
identified from the satellite-derived results as shown in Figure 6. Therefore, we adjusted the
Parameterization-2012 by neglecting pond drainage. In addition, because this parameterization was based
on observations in a relatively southerly region (71°N), we halved the rate of decline of ice albedo due to
the formation and evolution of melt ponds and tripled the rate of increase of ice albedo due to freezeup in
autumn. The adjusted Parameterization-2012 is described in Table 3. The seasonal evolution and value of
sea ice albedo determined by the adjusted Parameterization-2012 was close to the satellite-derived value
with maximal deviations of <0.05 (Figure 6a). Here it is noted that we have no satellite-derived data to vali-
date the parameterized ice albedo in the phases of complete melting and freezeup.

The decrease in sea ice albedo in higher latitudes was also strongly related to the onsets of ice surface melt-
ing and ponding. Because of the poleward delay of the onset in ice surface melting, the onset of the
increase in melt pond coverage and the decrease in ice albedo showed delays in the regions of 74°N-78°N
and 78°N-82°N compared with 70°N-74°N. In the region 78°N-82°N, sea ice albedo reached an annual mini-
mum by mid-August, and then it showed an inconspicuous increase with the decrease in melt pond frac-
tion. We infer that the regime resulting in the decrease in the pond area in higher latitudes from late
August onward was the surface refreezing, caused by low air temperatures. It was different from the regime
for the lower latitudes, which was mainly attributed to the disintegration of floe as mentioned above.

Here we also provide a simple parameterization to describe the summer evolution of sea ice albedo in the
region 78°N-82°N, which has been adjusted in comparison with the parameterization based on the SHEBA
measurements of multiyear ice [Perovich et al., 2007a] (called as Parameterization-2007 thereafter). Figure 4
shows that the rate of decline of the satellite-derived ice albedo was smaller than that of the SHEBA in situ
data during the formation and evolution of melt ponds. Therefore, we adjusted the decline rate of the ice
albedo during these phases to be half that of Parameterization-2007. The adjusted parameterization for
multiyear ice albedo is described in Table 3. Ice albedo determined by this parameterization was also very
close to the satellite-derived data with maximal deviations of <0.12 (Figure 6c).

3.3. Ice-Albedo Feedback

Ice-albedo feedback is positive and it can be described as the decrease of albedo that leads to increased
absorption of solar radiation and strengthening of the ice melting, which further reduces the albedo [J.
Wang et al., 2014]. In addition to the forcing of surface air temperature, the onset of ice surface melting is
also modulated by snow accumulation during winter and the topography of the ice surface [Eicken et al.,
2004; Grenfell and Perovich, 2004]. In our study region, the long-term trend of the onset of ice surface melt-
ing was statistically insignificant (Figure 7a). This can be partly explained by that the main factors influenc-
ing the onset of ice surface melt, especially snow accumulation, are independent in the consecutive
summers, although the thinning of sea ice was continuing. Furthermore, satellite observation shows that
the spring (March-May) cloud fraction increased by 2.3% per decade from 1982 to 2004 [Wang et al., 2012].
The increase of spring cloud would counteract partly the surface warming and hamper early onset of ice
surface melt through reducing the incident radiation, which has been defined as the cloud cooling effect
by Wang et al. [2012]. Consequently, the declining trend of ice albedo during the melt season was attribut-
ed mainly to the enhanced melting of the ice surface during summer rather than the early onset of melting.
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Figure 7. (a and b) Trends of the onsets of ice surface full melt and early freezing from 1982 to 2009, and (c and d) linear regression of the
onset of ice surface early freezing against regional composite albedo and sea ice albedo averaged from 1 May to 19 August 1982-2009.
Also shown are the correlation coefficients and confidence levels of the linear regressions.

In contrast, the long-term trend of ice surface freezeup was statistically significant at the 99.9% confidence
level (Figure 7b), which can be attributed that the accumulated solar radiation within the ice-ocean system
during the melt season would enhance the ice-albedo feedback in late summer. In statistics, the square of
correlation coefficient can indicate the proportion of the variance in the dependent variable that is predict-
able from the independent variable [Glantz and Slinker, 1990]. Therefore, the declining trends of regional
composite and sea ice albedos can explain the delayed timing of ice surface freezeup by 70% and 60%,
respectively (Figures 7c and 7d).

3.4. Portioning of Surface Solar Radiation

Because the seasonal evolution of sea ice albedo has changed significantly since 2007, we used the data of
CLARA albedo, ERA-reanalysis radiation, and SSM/I ice concentration averaged over 2007-2009 to character-
ize quantitatively the portioning of solar radiation over the surface of the ice-ocean system. The radiations
reflected by the ice-ocean system (F,) can be described as:

Fr=Fin(Cioi+Cpoy ), (3)
where F, is the incident radiation. The inputs of radiation to the open water (F,) and sea ice (F;) are:
Fo=FinCy(1—0,), (4)
and
Fi=FinGi(1—2). (5)

We note that the input of radiation to the sea ice includes the radiation absorbed by sea ice and that trans-
mitted into upper ocean through the ice cover. The incident solar radiation reached its annual maximum at
the summer solstice, following which it declined gradually with time. In addition to seasonal change, inci-
dent solar radiation was also modulated by variations of cloud cover and it showed high daily variability.
Although it had a similar seasonal behavior in all the subregions, the partition of the solar radiation at the
surface into absorption (at surface and below) and reflection components showed distinct patterns from
south to north (Figure 8). In all the subregions, the reflected radiation decreased gradually from June to
August because of the decreases in insolation and the composite albedo. Although insolation was decreas-
ing, the radiation absorbed by open water increased until the end of July and then remained stable to the
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Figure 8. Seasonal evolution of daily inputs of solar radiation to sea ice and open water individually and daily radiation reflected by the
composite surface averaged over 2007-2009 for the regions (a) 70°N-74°N, (b) 74°N-78°N, and (C) 78°N-82°N.

end of August, which can be attributed to the increase of the area of open water. In contrast, because the
effect of ice area loss overwhelmed that of the decrease in ice albedo, the input of radiation to sea ice
decreased distinctly from June to August in the region 70°N-74°N. However, in the region 78°N-82°N, the
input of radiation to sea ice remained almost constant after the summer solstice. We infer that in this subre-
gion, the effect of the decrease in ice area was counteracted by that of the decrease in ice albedo, in the
case of the portioning of surface solar radiation, because less open water was produced there. Generally,
solar radiation in the low latitudes was absorbed mainly by the open water, whereas in higher latitudes, it
was absorbed mainly by melt ponds on the sea ice. This was consistent with the fact that the poleward
decrease of ice bottom melt during summer was much larger than that of ice surface melt [Perovich and
Richter-Menge, 2016].

During 1 June to 19 August, the long-term trend of the input ratio of radiation to open water over 1982-
2009 was significant at the 99.9% confidence level because of the increase of the open water area (Figure
9). The linear trend indicated that this ratio has increased by about twofold from 18% to 35% over 28 years.
In the summers of 2007 and 2008, because of the extreme anomalies of sea ice loss, the input ratios of radi-
ation to open water were about 1.7 times the long-term 1982-2009 average. The linear trend indicated that
the absorption ratio of radiation by the composite surface of sea ice and open water increased from 46% to
63% during 1982-2009. Correspondingly, the solar radiation absorbed by the composite surface during 1
June to 19 August increased from 751 to 1033 MJ-m ™2 over these 28 years. The total increased solar heat
input of 282 MJ-m 2 to the ice-ocean system can provide sufficient heat to potentially decrease the thick-
ness of ice by about 1.03 m (assuming a latent heat of fusion of 0.3 MJ-kg~' and a density of 910 kg-m >
for sea ice in summer). In the same period, the ice concentration and ice albedo decreased from 80% to
60% and from 0.65 to 0.52, respectively. Setting the ice albedo equal to the long-term average of 0.6, the
decrease in ice area implied an increase of solar heat input of 172 MJ-m~2. Setting the ice concentration
equal to the long-term average of 70%, a decrease of ice albedo implied an increase of solar heat input of
149 MJ-m~2. Because the effects of loss of sea ice area and decreased sea ice albedo might cancel each oth-
er, the solar heat input to the sea ice remained stable during 1982-2009; its trend was insignificant at the
95% confidence level.

In June, the long-term average daily incident solar radiation in the study region was 28.2 MJ-m 2 This value
decreased to 20.0 and 10.6 MJ-m~2 in July and during 1-19 August, respectively. The linear trend during
1982-2009 indicated that the composite albedo decreased by 0.15, 0.15, and 0.23 in June, July, and 1-19
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Figure 9. Long-term trends over 1982-2009 for the input ratios of solar radiation to sea ice and open water individually, and to the com-
posite surface averaged during 1 June to 19 August; dashed lines denote the linear regression.

August, respectively. The decreased composite albedo resulted in an increase of daily solar radiation input
to the ice-ocean system by 3.2, 1.6, and 1.7 MJ-m~ 2 in these three periods, respectively. Therefore, because
of the distinct annual cycle of incident solar radiation, the sensitivity of the absorption of solar radiation to
the changes in composite albedo was higher in early summer than in late summer.

4, Discussions

4.1. Influence of Atmospheric Circulation Pattern on Arctic Sea Ice-Albedo Feedback

The ice-albedo feedback focuses mainly on thermodynamics, however, sea ice motion in terms of advection
and deformation plays an important role in opening and closing of sea ice [e.g., Lepparanta, 2011]. Sea ice
dynamics are forced by winds and currents, which are mostly associated with atmospheric circulation pat-
terns and mesoscale cyclones. Our study region is located upstream of the Transpolar Drift Stream (TDS)
and, for the most part, it is within the Beaufort Gyre (BG). Thus, sea ice motion within this region can be
influenced by both current systems. The intensities of the BG and TDS can be well explained by the two
leading Arctic atmospheric circulation patterns, i.e., the AO and the DA [Wang et al., 2009; Lei et al., 2015,
2016].

A negative AO would enhance the advection of multiyear ice from north of the Canadian Arctic Archipelago
to the study region because of anticyclonic wind anomalies [Kwok et al., 2013]. However, the multiyear ice
might melt completely or drift further into the East Siberian Sea during the summer. Therefore, the polarity
of the AO cannot provide an inevitable linkage to the sea ice retreat within the study region during sum-
mer. There was no significant correlation between the summer AO index and regional ice concentration. In
contrast, the correlations between the summer DA index and regional ice concentration or composite albe-
do were statistically significant at the 99.9% confidence level (Figures 10a and 10b). Under positive polarity
of the DA, a greater amount of sea ice within the study region can drift northward and accumulate in the
TDS system. Therefore, high positive polarity of the summer DA is related to reduced summer ice area and
a lower composite albedo. Consequently, the open water absorbs more solar radiation, which then enhan-
ces the ice-albedo feedback. Even more interesting is that the correlation between the DA index and ice
albedo in summer was significant at the 99.9% confidence level (Figure 10c). This implies that high positive
polarity of the summer DA is related to more obvious ice surface melting, which could be attributed to that
the prevailing southerly winds bringing relatively warmer air masses into the region. Furthermore, the
warm open waters would in turn warm the overlying atmosphere. Both these two regimes result in an
increase in Arctic surface air temperature [J. Wang et al., 2014], which leads to increases in surface longwave
radiation and in turbulent heat fluxes that introduce additional ice surface melting [Zhang et al., 2008]. In
two extreme years (2007 and 2008), the summer DA indices were >0.5. These high positive polarities were

LEIET AL.

CHANGES IN ARCTIC ICE ALBEDO 1982-2009 5481



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC011831

84 T T T T T T 0.55 T T T T T T 0.66 T
A A
A A A
AA R=0.669, P<0.001 a A 4 R=0.658, P<0.001 . A R=0.599, P<0.01
78F 05 0.63F
= 72h 0.6F
£ 0.45F 3
£ o 2
g 3 =
8 66f 2 g 0.57
) << =
(5 <
8 0.4f A
& oo} A 0.54F
A
0.35F : 1 A
s4f : : 1 0.51F A
2007
2007
2008 A 2007 A
(a) A (b) 2008 A © 2008
4 H H H H H H 0. H H H H A H 0.4 H H H H H H
*ﬁ.‘) 0.6 03 0 03 06 09 12 *%.9 -0.6 =03 0 03 06 09 12 *%.9 -0.6 =03 0 03 06 09 12
Summer DA index Summer DA index Summer DA index

Figure 10. Linear regressions of ice concentration, composite albedo, and ice albedo in May-August against summer DA index in 1982—
2009.

related to the lowest sea ice concentrations of 50% and 49%, regional composite albedos of 0.31 and 0.30,
and ice albedos of 0.51 and 0.49 in 2007 and 2008, respectively. Synthetic analysis showed that the average
ice concentration, regional composite albedo, and ice albedo under positive polarity of the DA (14 cases)
were 66%, 0.42, and 0.57, respectively, all significantly lower than for negative polarity of the DA (14 cases),
i.e, 74%, 0.48, and 0.61, respectively.

4.2. Limitations of the Data and Methods

The CLARA albedo data were available only until late August for the entire study region, which imposed the
main limitation on the examination of the seasonal evolution of ice albedo, because information on the
freezeup in early fall was unknown. This is not a trivial matter because albedo increases rapidly at that time,
for both young ice and surviving multiyear ice. In addition, the CLARA albedo represents a clear-sky albedo.
For the same surface, albedo can be influenced by external factors such as cloud fraction and solar zenith
angle that change the incident solar spectrum [Grenfell and Perovich, 2008; Wang and Key, 2005]. The influ-
ence of solar zenith angle is unlikely to have any long-term trend. The cloud fraction in the regions north of
60°N increased from 74.3% to 75.4% during 1982-2004 [Wang et al., 2012]. The incident spectral irradiance
weights the visible wavelength region more strongly compared with the infrared component on cloudy
days. The wavelength-integrated albedo of sea ice is larger on cloudy days than on clear-sky days, with a
difference of about 7% [Grenfell and Perovich, 1984]. Consequently, the increase of cloud fraction can induce
a small increase in all-sky sea ice albedo based on the approximate calculation using equation (2) (about
0.0005 or 0.08% from 1982 to 2004), which can be neglected compared with the long-term decrease in
clear-sky sea ice albedo (about 0.12 or 20% from 1982 to 2009). The long-term decreasing trend of clear-sky
sea ice albedo can approximately equal to that of all-sky sea ice albedo. This approximate calculation sug-
gests that changes in cloudiness only can play a negligible role in observed Arctic Ocean darkening.

The accuracy of the satellite-derived sea ice albedo depends mainly on the quality of the estimated ice con-
centration and composite albedo. During winter, sea ice concentration can be estimated to an accuracy of
2-5% from satellite passive microwave data [Andersen et al., 2007]. However, during the melt season, this
accuracy decreases significantly because of the weakening of open water-ice contrasts. Compared with
ship-based measurements, the root-mean-square error of the SSM/I BST ice concentration in Antarctica is
about 15% in summer [Beitsch et al., 2015]. In the Arctic Ocean, melt ponds are very likely interpreted as
open water by passive microwave measurements, while the area of ice between ponds is generally overesti-
mated [Kern et al., 2016]. These two effects might partly cancel each other out. However, when the melt
pond coverage reaches a certain threshold, the sea ice concentration would generally be underestimated
by passive microwave measurements [Andersen et al., 2007; Kern et al., 2016].

To quantify the influence of uncertainty of ice concentration on the accuracy of the estimated ice albedo,
we adjusted the ice concentration using an absolute increment of —5% to 10% for all pixels. The intention
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Figure 11. Variations of ice albedo (a) against increase of ice concentration related to the SMM/I observed value and (b) against relative
increase of composite albedo related to the CLARA value. Also shown are the total deviations for the entire testing range.

was to compensate the potential underestimation of passive microwave measurements by using a wider
range of positive change from the measurements. We found that underestimated sea ice concentration
would result in overestimated sea ice albedo (Figure 11a). This effect would be enhanced with a decrease in
ice concentration. The average sea ice concentration was lowest (39%) in the region 70°N-74°N in late sum-
mer (July—August). In this case, an increment of ice concentration from —5% to 10% resulted in the largest
change in ice albedo of 0.159. In addition, the quality of the ice concentration product from passive micro-
wave measurements is relatively poor in the MIZ because of large number of pixels that include mixed ice
and water [Spreen et al., 2008]. Therefore, the influence of ice concentration on the accuracy of the estimat-
ed ice albedo would be furthermore strengthened. The overestimated ice albedo resulting from the under-
estimated ice concentration could partly explain why the satellite-derived ice albedo is generally larger
than the SHEBA in situ data, when the melt pond fraction has reached its annual maximum.

The relative accuracy of the CLARA albedo, which is generally unbiased, is 5-15% [Riihela et al., 2013b]. To
perform a sensitivity analysis, we adjusted the albedo with relative increments from —10% to 10% for all
pixels. An overestimated composite albedo would result in an overestimated ice albedo (Figure 11b). The
sensitivity would also be enhanced with a decrease of ice concentration or an increase of regional compos-
ite albedo, while the latter influence was stronger. Therefore, the increase in sea ice albedo due to the over-
estimated composite albedo was larger in early summer than in late summer for all subregions.

Generally, an underestimation of ice concentration by 10% results in an overestimation of sea ice albedo by
about 0.08 in early summer and by 0.06-0.10 in late summer. A relative uncertainty of 10% in the CLARA
albedo results in an uncertainty of ice albedo of about 0.08 in early summer and 0.06 in late summer. There-
fore, the estimated ice albedo based on the data and method of this study can be considered acceptable,
because the seasonal range of ice albedo is generally 3-6 times these uncertainties. However, our estimated
annual minimum ice albedo might be overestimated because of the false interpretation of melt ponds by
the satellite measurements.

To estimate the portioning of surface solar radiation, we used the clear-sky CLARA albedo instead of the all-
sky albedo. As mentioned above, overcast sea ice albedo is greater about 7% than the clear-sky albedo. For
open water, whose albedo spectrum is essentially flat, the difference between overcast albedo and clear-
sky albedo is negligible [Grenfell and Perovich, 2004]. In June-July from 1982 to 2009, the daily averages of
incident radiation, sea ice concentration, and clear-sky ice albedo were 24.5 MJ-m~2, 78%, and 0.67,
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respectively. Using the climatology of Arctic summer cloud fraction of 75% obtained from satellite observa-
tions during 1982-2004 [Wang et al., 2012], the all-sky ice albedo is estimated to be 0.035 larger than the
clear-sky ice albedo. In June—July from 1982 to 2009, the daily average input of radiation to sea ice are 6.3
and 5.7 MJ-m~2, and the daily reflected radiations by the composite surface of ice and water are 13.1and
13.7 MJ-m~2 for using the clear-sky ice albedo and all-sky ice albedo, respectively. Therefore, the relative
uncertainty of the portioning of surface solar radiation is about 5-10% due to using clear-sky ice albedo
instead of all-sky ice albedo.

5. Conclusions and Summary

Using the SSM/I BST ice concentration and CLARA black-sky albedo, the long-term trends and seasonal evo-
lutions of sea ice concentration, regional composite albedo, and sea ice albedo were obtained. Based on
the above investigations, the following conclusions were drawn.

All these variables showed significant negative long-term trends. The trend of sea ice loss was more signifi-
cant in late summer than in early summer, whereas the trend of decrease in sea ice albedo was rather uni-
form. In July—August 1982-2009, linear trends of composite albedo and sea ice albedo were —0.069 and
—0.046 units per decade, i.e.,, both about twice those of the entire Arctic Ocean. Thus, the study region
could be considered as a critical area for the Arctic ice-albedo feedback.

The decrease in composite albedo was more related to the decrease in sea ice albedo in early summer,
which could be explained by the early onset of ice surface melt, rather than the onset of sea ice loss. In con-
trast, in late summer, the loss of sea ice area has more profound impact on the composite albedo decrease,
due to the large difference in the albedos of open water and sea ice. Both the seasonal evolution and the
magnitude of the satellite-derived ice albedo were very close to those derived from the SHEBA data, sup-
porting the reliability of the satellite-derived information. When melt pond fraction reached its annual maxi-
mum, the satellite-derived ice albedo was slightly larger than the average in situ value. This was partly
attributed to the measurement scale and partly to the potential underestimation of ice concentration by
the passive microwave measurements under the presence of melt ponds. At the SHEBA geolocations, an
identifiable change in sea ice albedo has occurred since 2007, which can be explained by the replacement
of multiyear ice by first-year ice as well as the delayed refreezing.

Comparison with the satellite-derived ice albedo confirmed that the parameterizations of sea ice albedo
established on the basis of in situ measurements by Perovich et al. [2007a] and Perovich and Polashenski
[2012] are applicable not only for floe scale but also for basin scale. However, the seasonal range of parame-
terized ice albedo should be adjusted for different regions because the intensities of ice surface melting
and ponding are likely to have large spatial variability.

The ice-albedo feedback, which is one of the major contributors to Arctic Amplification, is more intense in
late summer than in early summer because of the accumulated solar heat within the ice-ocean system.
Therefore, the long-term delaying trend of ice surface freezeup was stronger than the trend of earlier onset
of ice surface melt. Changing sea ice conditions within the study region resulted in an increase of the total
solar heat input to the ice-ocean system by 282 MJ-m ™2 during 1 June to 19 August from 1982 to 2009, pro-
viding enough heat to reduce ice thickness by about 1.03 m. This potential increase of ice melting is larger
than the climatological ice surface melting (~0.6 m) or ice bottom melting (~0.8 m) in the Beaufort Sea [Per-
ovich and Richter-Menge, 2016]. The positive DA would bring warmer air masses into the region and advects
the ice northward out of the region. Although the Arctic ice-albedo feedback involves multiple complex
processes [J. Wang et al., 2014] and the atmospheric circulation pattern is not the major cause for Arctic
albedo change, the positive DA would enhance the ice-albedo feedback in the study region through
strengthening the interactions between ice dynamics and thermodynamics.

Due to the limitation of availability of CLARA albedo data, sea ice albedo during the refreezing phase cannot
be obtained. Therefore, the combination of satellite-derived albedo and the in situ measured albedo is very
necessary. The unmanned observation combining one sea ice mass balance buoy and one spectral radiation
buoy is a good tool to acquire the data of radiation-ice interactions during the entire melt season [e.g., C.
Wang et al., 2014]. The maximum uncertainty of the ice albedo was estimated to be <0.16 resulting from
the uncertainties of the products of sea ice concentration and composite albedo, which is much smaller
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than the seasonal range. Therefore, the seasonal evolution of sea ice albedo found in this study is unambig-
uous. Clouds would increase sea ice albedo. Using the clear-sky ice albedo instead of all-sky ice albedo to
estimate portioning of surface radiation, the relative uncertainty is about 5-10%. However, the correspond-
ing uncertainty on long-term change is insignificant because the long-term change in summer Arctic cloud-
iness is very small.
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