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Abstract. Spatial and temporal variations of summer sea icel Introduction

albedo over the Arctic are analyzed using an ensemble of his-

torical CMIP5 model simulations. The results are compared . . .

to the CLARA-SAL product that is based on long-term satel- Arctic climate has strongly changed in the last decades

lite observations. The summer sea ice albedo varies substat.(f‘CIA’ 2005). The observed warming in the Arctic regions

; bout twice the rate of the global mean warming (ACIA,
tially among CMIP5 models, and many models show large'® 2 ; . .

biases compared to the CLARA-SAL product. Single sum-2005’_ IPC_:C’ 2007; R|cht_er-Menge anq Jeffries, .2011)' The
mer months show an extreme spread of ice albedo amonmrmmg is concurrent with an extension of melting season

models; July values vary between 0.3 and 0.7 for individ- arkus et al., 2009) and a rapid decline of Arctic sea ice
ual moc,iels The CMIP5 ensemble mean, however, agree xtent in the last decades (Comiso et al., 2008; Stroeve et al.,

relatively well in the central Arctic but shows too high ice 012) with a recent extreme September minimum in 2012

albedo near the ice edges and coasts. In most models, the ié?evasthale et al., 2013; Guemas et al., 2013). Markus et

albedo is spatially too uniformly distributed. The summer-to- al. (2009) found also an increase of melting season in re-

summer variations seem to be underestimated in many globaﬁent decades_. Future proj_ections indicate a continuous cli-
models, and almost no model is able to reproduce the temmate change in the Arctic in the next decades (Vavrus et al.,

poral evolution of ice albedo throughout the summer fully. 20_%&; Kcl))enlgk gtzl., .2013)' lificati d
While the satellite observations indicate the lowest ice albe- e observed Arctic temperature amplification compare

dos during August, the models show minimum values in Julyto lower latitudes has led to an intensive discussion on the

and substantially higher values in August. Instead, the JunéoIe of the surface albedo. Riihela et al. (2013b) showed in_a
values are often lower in the models than in the satellite Ob__recent study that the observed surface albedo of the remain-

servations. This is probably due to too high surface temper—Ing Arctic ige area has decreased Signiﬁcan“y since 1982.
atures in June, leading to an early start of the melt seasoﬁes!d_es the ice—albedo feedback, the importance of enhanced
and too cold temperatures in August causing an earlier re:merldlonal energy transport (Graversen et al., 2008), changes
freezing in the models. The summer sea ice albedo in thé" clouds and waier vapar (Qrave_rs_en gnd Wang,_ 2099’ Liu
t al., 2008), the weak vertical mixing in the Arctic winter

CMIP5 models is strongly governed by surface temperaturee . . .
and snow conditions, particularly during the period of melt Inversion (Bintanja et al., 2011) and enhanced ocean heat

onset in early summer and refreezing in late summer. transport into the Arctic (Spielha_gen et al., 2011;_Koenigk
The summer surface net solar radiation of the ice-covere(fnd Br(_)deau, 2013) have b_e_en _d|scussed as possmle SOurces

Arctic areas is highly related to the ice albedo in the CMIP5 or Arctic temperature am-pllflcat|on. However, '.t Seems to be

models. However, the impact of the ice albedo on the SeQeyond guestion that the ice—albedo feedback is an important

ice conditions in the CMIP5 models is not clearly visible. contributor to Arctic temperature amplification and changes

This indicates the importance of other Arctic and Iarge-scalein sea ice conditions ($erreze etal, 20.09; Winton', 2.006)'
The surface albedo is strongly affecting the radiation bud-

rocesses for the sea ice conditions. X
P get of the earth. Li et al. (2006) showed that already small
changes in the surface albedo have a large impact on the
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climate. This is particularly true for the Arctic since tem- Hereby, we assumed a constant surface albedo of the ice-
poral and spatial variations of surface albedo are extremelyree part of 0.07. We only considered sea ice albedo for grid
high in the Arctic; values can vary between around 0.8 forpoints exceeding 15 % ice concentration in order to be con-
snow-covered ice and around 0.5 for melting ice and are evesistent with the results from the satellite product (Sect. 2.2).
substantially lower if melt ponds are formed on the ice or if We used ice concentration, ice thickness, snow depth on
the ice becomes very thin and totally melts (Laine, 2004).ice and surface temperature from the models to analyze ice
Refreezing or snowfalls can lead to rapid albedo increasesalbedo variations further. Note that snow depth was only
These temporal and spatial variations on small scales makavailable for 16 out of the 21 global models. For better com-
modeling the albedo of the Arctic ice/snow system challeng-parison, all model data have been interpolated on a common
ing. Hodson et al. (2013) showed that the cross-model variagrid (1° x 1°).
tions of ice albedo contribute to the large uncertainties in the The period 1982-2005 was used for comparison with
Arctic climate as simulated by global climate models. Liu et satellite data of the same period. We not only compare in
al. (2007) analyzed the albedo in the Arctic by using SHEBA detail the spread among single models but also compare the
data (Surface Heat Budget of the Arctic Ocean Project, Utallmodel ensemble mean to satellite data. It has been shown that
et al., 2002) as input for four global climate model albedo the multi-model ensemble mean almost always outperforms
schemes and compared the results to the observed SHEBgingle model results by compensating for differences due to
albedo. The values varied substantially from model to modelnatural variations and to model errors. We cannot expect a
indicating substantial differences in the model albedo paramsingle climate model to reproduce the single realization of
eterizations. the reality exactly, and the CMIP5 model mean helps to set
In a recent study, Karlsson and Svensson (2013) showethe result in the wider context. A realistic ensemble mean
that Arctic mean surface albedo varies strongly amongcould provide certain confidence in the models despite strong
CMIP5 models with large consequences for the radiationspread among models. However, for reducing uncertainties it
balance. This, among other reasons, further warrants des necessary to analyze the single models since the ensemble
tailed evaluation of the spatiotemporal variability of surface mean is not based on a set of consistent physics.
albedo over the Arctic. The recently released surface albedo
product from the Satellite Application Facility on Climate 2.2 Observations and data
Monitoring (CM-SAF) clouds, albedo and radiation data set
(CLARA-SAL, Riiheld et al., 2013a; Karlsson et al., 2013) We used the surface albedo product from the Satellite Ap-
and sea ice concentration from the Ocean and Sea Ice SatgHication Facility on Climate Monitoring (CM-SAF) clouds,
lite Application Facility (OSI-SAF) data set (Eastwood et al., albedo and radiation data set (CLARA-SAL, Riihela et al.,
2010) allow such detailed evaluation of CMIP5 models. This2013a; Karlsson et al., 2013) and sea ice concentration from
is the main focus of the present study. Furthermore, we disthe Ocean and Sea Ice Satellite Application Facility (OSlI-
cuss the main sources for the cross-model variations and poSAF) data set (Eastwood et al., 2011) as comparison for the
sible implications for the Arctic climate. model data. Both data sets are available on a°0g2i6l. The
surface albedo is available for 1982—-2009 and ice concentra-
tion from 1979 to 2009. The CLARA-SAL surface albedo

2 Model simulations and data is defined as the inherent surface reflectance and presents
the mean albedo in each grid box, averaging over the ice
2.1 Model data and ocean parts of the box. Figure 1 shows an example for

the CLARA-SAL surface albedo and the CMIP5 ensemble

Historical simulations from 21 CMIP5 models are analyzed. mean. While the large-scale patterns look similar, the satel-
One ensemble member from each model has been used, afite data provide much more detailed information and resolve
all models were selected from the CMIP5 database wherdiner transition from open ocean to sea ice.
all relevant variables were availabletip://esgf-data.dkrz.de/ ~ To extract the sea ice albedo from the CLARA-SAL data,
esgf-web-fe). we used the ice concentration from the OSI-SAF product and

The surface albedo in the models was calculated fromsplit the albedo in the ice-covered part and the ice-free part,
monthly mean values of the downward and upward surfaceassuming a constant albedo of 0.07 as for the model simula-
solar radiation (as done in Karlsson and Svensson, 2013}ions. We will refer to this ice albedo based on CLARA-SAL
Monthly mean sea ice concentration was used to extract théurface albedo and OSI-SAF ice concentration as CLARA-

sea ice albedo for the ice-covered part of each grid box: ~ SAL ice albedo.
The uncertainties of sea ice concentrations are largest in

summer when it is difficult to distinguish between open water
and water on ice. This is particular the case for areas with low
ice concentrations; therefore we excluded all grid points with
awater= albedo of the ice- free part Ajce = ice— covered area g jce concentration below 15 % from the analysis.

Asurf = Uice - Aice + Qwater- (1 — Aijce)

with agyrf = surface albedarice = albedo of the ice- covered part
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Fig. 1. Summer (JJA average) surface albedo in the northeastern Barents Sea region, averaged over 1982—-2005, in CLARA-SAL on a
0.25 x 0.25 grid and in the CMIP5 ensemble mean interpolated ofi a 2° grid.

The CLARA-SAL surface albedo has been validated by observations. The ice edge is relatively well simulated in the
Riiheld et al. (2010) using observed values from the TaraCMIP5 model ensemble mean. However, ice concentration is
Experiment. Time-averaged products show an accuracy ofoo small in the central Arctic, and ice extends slightly too far
5-10%. to the coasts, particularly in the Kara Sea. Variations among

No comprehensive observational data sets exist for surmodels are very large showing both strongly underestimated
face temperature, snow depth and ice thickness in the Arcand overestimated Arctic ice areas. Also the distribution of
tic Ocean area. We thus used surface temperature from thiee concentration varies strongly among models. Even mod-
ERA-Interim reanalysis (Dee et al., 2011) as comparison forels with realistic sea ice extent and sea ice trend (Masson-
the model results. Note that the reanalysis also has relativelpet et al., 2012) do not necessarily show an entirely realis-
large uncertainties since the Arctic is a data-sparse regiortic ice distribution (e.g., ACCESS1.3 and MPI-ESM-MR).
The surface temperature in the central Arctic in the ERA-They tend, like a number of other models as well (CanCM4,
Interim reanalysis is mainly determined by the state of theCan ESM2, HadCM3, MPI-ESM-LR), to simulate highest
surface, and Lipke et al. (2010) and Jakobson et al. (2012ce concentrations in the middle of the Arctic Basin or in the
highlighted uncertainties in the near-surface temperaturesBeaufort Sea and not along the north coasts of Greenland and
Ice thickness and snow depth are compared to results fronthe Canadian Archipelago as observed by satellites.
the literature. The large spread of ice conditions among models is also

obvious in the ice thickness distribution (Fig. 3). The cen-
tral Arctic ice thickness varied between about 1m and 4 m

3 Results at the end of the 20th century. A number of models simulate
the thickest ice in the central Arctic (CanCM4, CanESM2,
3.1 Seaice conditions in the CMIP5 models CSIRO-Mk3-6-0, FGOALS-g2, HadCM3, INMC4), while

others show a secondary maximum near the Siberian coast
The Arctic surface albedo in the CMIP5 climate models (CMCC-CESM, EC-Earth, MIROC5. NorESM1-M). Al-
might depend strongly on the distribution of sea ice con-though the distribution of ice thickness is not well observed,
centration and thickness in the models. Thus, this sectiorbbservation-based estimates suggest an ice thickness dis-
presents the spatial distributions of the Arctic ice conditionstripution (Belchansky et al., 2008; Rothrock et al., 2003;
in the global models before discussing the albedo in the fol-kwok and Cunningham, 2008), which compares relatively
lowing sections. well with the CMIP5 ensemble mean.

The sea ice extent in the Arctic in the CMIPS model The reasons for the large spread in sea ice conditions
ensemble shows a very large spread although some imamong models are probably wide and include varying
provements are observed compared to the CMIP3 ensemblgceanic and atmospheric heat transports into the Arctic,
(Stroeve et al., 2012; Massonnet et al., 2012). Figure 2 showgarying Arctic atmospheric and oceanic circulations, differ-
the spatial distribution of September sea ice concentration irences in Arctic cloud and radiation processes and different
the 21 CMIP5 models used in this study and in the satellite
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Fig. 2. September sea ice concentration in the OSISAF satelliteFig- 3. September sea ice thickness in meters in the CMIPS ensem-
product, CMIP5 ensemble mean and individual CMIP5 models, av-ble mean and individual CMIP5 models, averaged over the period
eraged over the period 1982-2005. 1982-2005.

surface albedo is reduced and falls below 0.5, partly due to
parameterizations in the sea ice models. Small differencesnore open water in these areas.
among models in one or more of these variables might lead The ensemble mean of the CMIP5 models simulates
to large differences in the simulated Arctic climate since the observed distribution relatively well. However, surface
many feedback mechanisms (e.g., sea ice albedo, water valbedo varies strongly among models. The majority of mod-
por, lapse rate, cloud) are active in the Arctic and can amplifyels show summer values between 0.55 and 0.7 in the cen-

the signal. tral Arctic, but a few outliers simulate substantially lower or
higher albedo values.
3.2 Surface albedo The spatial pattern of the observed surface albedo is rel-

atively well simulated in most models with highest albe-
Figure 4 shows the summer mean (mean over June, Jul os in the area between North Pole and northern Green-

and August) surface albedo in CLARA-SAL and the cMIp5 land/Canadian Archipelago. However, in a few models the
models. Since the surface albedo is an average over the efraximum s moved away'from the Greenland coast into the
tire grid box, it shows a mixture of ice albedo and water interior of thg central ArCt'C_' These_: are those mOde.IS where
albedo. This means the differences in ice concentrations iﬁ;\lso the sea ice concentration is highest in the interior of the
the CMIP5 models shown in Sect. 3.1 might partly explain Arctic away from Greenland’s north coast. There is a clear

the cross-model spread in summer surface albedos and de\;-l(_alation between the spatial distribution of sea ice concentra-

ations from the satellite observations. tion and surface albedo in each individual model. However,
Highest summer surface albedo in CLARA-SAL occurs we cannot generally state that models with a high (low) ice

between the North Pole and the coasts of northern Greemanﬁoncentration also show a high (low) surface albedo.
and the Canadian Archipelago with values of up to 0.65. To-
wards the ice edges and the coasts of Alaska and Siberia,
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CLARA-A1—SAL CMIPS ensmean ACCESS1-3 uniformly distributed surface albedo compared to CLARA-
SAL.

In August, the satellite product produces grid-cell aver-
age albedo values between 0.5 and 0.6 over most of the ice-
covered part of the Arctic and thus smaller spatial variations
as in June and July. Also, most of the models show small
spatial variability and a relatively uniform distribution of sur-
face albedo in August. However, the surface albedo strongly
differs among individual models. The mean surface albedo
of the ice-covered ocean areas varies between about 0.3 in
GISS-E2-R and 0.75 in MIROCS. A part of this spread can
be explained by many more open water areas in the mod-
els with lower surface albedo (Fig. 2). In addition, freeze-up
starts already in August in a number of models, leading to
increased albedo compared to CLARA-SAL.
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3.3 Seaice albedo

As already discussed, the surface albedo depends on the sea
ice concentration and does not allow for a proper comparison
between models and between models and observations since
a number of processes affect the ice conditions. Thus, in the
following, we focus on the albedo of the ice-covered part of
each grid box.

The mean summer ice albedo in CLARA-SAL reaches up
to 0.7 between the North Pole and the north coasts of Green-
land and Ellesmere Island (Fig. 5). It drops first slightly to-
wards lower latitudes and then rapidly near the ice edges and
Fig. 4. Summer-averaged (JJA) surface albedo in CLARA-SAL, the ¢oasts. Here, ice albedo reaches average summer values be-
_CMIPS_ ensemble mean and th(_e individual CMIP5 models. Shown|0W 0.4. The ensemble mean of the CMIP5 models compares
Is the time average over the period 1982-2005. well to the satellite data in the central Arctic. It reproduces

both the area of maximum albedo as well as the slight reduc-
tion towards lower latitudes. However, the ensemble mean
does not simulate the observed reduction of ice albedo from

A number of models underestimate the observed gradienthe central Arctic towards the ice edges and coastlines. At
of albedo in the Arctic and show a too uniform surface albedothe coasts, values are 0.58-0.62 in the CMIP5 mean and thus
over large parts of the central Arctic. much higher than in CLARA-SAL.

The differences among models and between models and Individual models simulate a large range of summer sea
CLARA-SAL are substantially larger for single months than ice albedos, although the range is slightly reduced com-
for the summer average (not shown). In June, surface albedpared to the surface albedo (compare Fig. 4). The spatial
is already strongly reduced in a few models due to earlierdistribution of the observed sea ice albedo is not well re-
onset of snowmelt and ice melt and warmer surface temperproduced in most models. Only 9 (CanCM4, CanESM2,
atures, while the Arctic is still snow-covered in others, lead- FGOALS-g2, GFDL-CM3, GFDL-ESM2M, MPI-ESM-LR,
ing to a much higher albedo. CLARA-SAL shows still high MPI-ESM-MR, MRI-CGCM3, NorESM1-M) out of the 21
albedo values in the central Arctic and north of Greenlandmodels are able to simulate an ice albedo distribution that
and the Canadian Archipelago; here values exceed 0.7, bus characterized by an albedo gradient between the area
the albedo is substantially reduced towards the coasts. Onlgorth of Greenland and the Canadian Archipelago and the
a few models are able to reproduce this strong gradient toeoasts and ice edges as shown by CLARA-SAL. However,
wards lower Arctic latitudes. In July, the satellite observa- most of these nine models still underestimate the gradi-
tions show maximum values of slightly above 0.6 near theent or simulate too high albedo values in the entire Arctic.
North Pole but much smaller values near the ice edges andhree models (ACCESS1-3, EC-Earth, CNRM-CM5) show
coasts. Most models simulate surface albedos between 0.5quite similar albedo values in most of the Arctic but at least
and 0.58 in the central Arctic and slightly below 0.4 near thea slight tendency to smaller values at the edges. Another
ice edges, but a few models have substantially too high oseven models simulate almost the same ice albedo in the
too low albedos. Again, models tend to simulate spatially tooentire Arctic (CMCC-CESM, CSIRO-Mk3-6-0, GISS-E2-R,
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Fig. 6. Standard deviation of summer-averaged (JJA) sea ice albedo

Fig. 5. Summer-averaged (JJA) sea ice albedo, as derived from thﬁ,] CLARA-SAL, the CMIP5 ensemble mean and the individual

satellite data and the CMIP5 model ensemble. Shown is the time-\» o 1 odels. Shown is the time average over 1982-2005
average over 1982—2005. ' '

and coastlines where values up to 0.1 are reached. As shown

HadCM3, INMCM4, MIROC5, MIROC-ESM). HadGEM2- above, spatial variations of ice albedo are largest near the
ES and particularly IPSL-CM5A-LR show highest ice albe- ice edge, and the strongly varying position of the ice edge
dos in the Atlantic sector of the Arctic and slightly lower in between summers can explain the large standard deviation
the Pacific sector. here. Results from Perovich and Polashenski (2012), analyz-

In June (not shown), most models — except for four — still ing 4 yr of albedo observations near Barrow, further indicate
show relatively high albedos compared to the summer meathat the year-to-year variations are largest in the melt period.
with values between 0.6 along the ice edges and 0.8 in th@hus, a longer melt period near the ice edge and coastlines
interior of the Arctic. This compares to CLARA-SAL val- compared to the central Arctic might contribute to large sum-
ues between 0.5 and 0.8. In July, CLARA-SAL data show amer albedo variations in these regions.
strong ice albedo reduction in the entire Arctic Basin, butthe The model ensemble mean shows, similar to CLARA-
large gradient from the North Pole/Greenland region towardsSAL, strongest temporal variations of the sea ice albedo
the ice edges still exists. The CMIP5 ensemble mean showalong the coasts and ice edges. However, the variations are
slightly lower values in the central Arctic but higher ice albe- generally smaller than in CLARA-SAL. The standard devia-
dos near the ice edges compared to CLARA-SAL and thustion of the ice albedo varies strongly among individual mod-
as in June, strongly underestimates the spatial gradient in thels; models with spatially uniformly distributed ice albedo
Arctic. In August, CLARA-SAL ice albedo reaches its mini- tend to simulate smaller summer-to-summer variations. This
mum while it starts to increase again in the CMIP5 ensemblamight either indicate that the albedo formulations in these
mean. models react less sensitively to variations in the driving pa-

The standard deviation of summer mean ice albedo for theameters or that the temporal and spatial variability of the
period 1982—-2005 is shown in Fig. 6. CLARA-SAL shows forcing fields is smaller.
smallest summer-to-summer variations north of the Cana- The summer ice albedo trend in CLARA-SAL is relatively
dian Archipelago and largest variations along the ice edgesmall in the interior of the Arctic (Fig. 7 and Table 1) but
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CLARA—A1—SAL May CLARA—A1—SAL Jun CLARA-—A1-SAL Jul CLARA—A1—SAL Aug Table 1.Ice albedo trend for the period 1982—-2005, averaged over
s 2 ] 80-90 N. Trends that are significant at the 95 % significance level
are marked bold.

Trend per 24 yr Jun Jul Aug JIA

ACCESS1-3 —0.003 0.008 0.017 0.007
CanCM4 —-0.010 -0.037 -0.018 -0.022
CanESM2 —0.053 -0.102 0 -0.050
CMCC-CESM —0.030 -0.004 -0.008 -0.014
CNRM-CM5 —-0.016 -0.001 0.009 -0.003
CSIRO-Mk3-6-0 —-0.018 -0.007 -0.010 -0.012
EC-Earth —0.052 -0.012 -0.013 -0.025
[ e FGOALS-g2 —-0.027 -0.081 —0.079 —0.062
-0.2-0.15-0.1-0.06-0.04-0.020.02 0.04 0.06 0.1 0.15 0.2 GFDL-ESM2M —0.024 —-0.002 -0.012 -0.012
) . . GFDL-ESM2M —-0.024 -0.002 -0.011 -0.012
Fig. 7. Sea ice albedo trend for May, June, July and August in GISS-E2-R 0 —0.003 0.034 001

CLARA-SAL and the CMIP5 ensemble mean. Shown is the trend HadCM3 0.003 0.005 0.004 0.004
per 24yr (1982-2005). HadGEM2-ES  —0.017  0.001  0.014 —0.001
INMCM4 -0.008 -0.011 -0.011 -0.010
IPSL-CM5A-LR -0.026 -0.012 0.007 -0.010
. . . . MIROC5 —-0.022 -0.009 -0.022 -0.019
strongly negative along the ice edges, particularly in the Pa- \;iroc-Esm 0.003 0.001 —0.011 —0.002
cific sector of the Arctic, in the period 1982—2005. This goes  mpI-ESM-LR 0.002 —0.021 0.003 —0.005
along with a slight northward movement of the ice edge MPI-ESM-MR —0.010 -0.022 -0.010 -0.014
in this period. Between 2005 and 2009 when summer ice MRI-CGCM3 —0.065 -0.103 -0.069 -0.078
reduction accelerated (not shown), CLARA-SAL shows an  NorESM1-M —0.006 -0.025 -0.053 -0.028
increased ice albedo reduction, even in the central Arctic. CMIPS mean -0.019 -0.021 -0.012 -0.017
These results agree well to findings by Laine (2004) — show- CLARA-SAL —-0.008 -0.014 -0.038 -0.019

ing almost no trend in the central Arctic but slightly negative
trends in the surrounding seas for 1982-1997 — and recent
results by Riihela et al. (2013b), indicating an enhanced sur- . .
face albeydo reduction s(ince ths)a mid-19985 The trend in theeIS during the summer (JJA) and allows for a direct compar-
CMIP5 models is small compared to the observed one: how ' SON Petween ice albedo and related variables in this area.

P ' Figure 8 shows the summer-averaged sea ice albedo, sur-

ever, a few models show, similar to the satellite data, a negaface temperature and snow deoth. averaaed over the ocean
tive trend in larger areas of the Arctic Ocean with ice albedo P pin, 9

reductions of 0.1 in the 24 yr period points between 80N and 90 N between 1982 and 2005. The

Note that we calculated the linear trend in every grid box '© albedo in CLARA-SAL varies substantially from sum-

mer to summer and reaches values between 0.62 and 0.69.

separately. We did not treat boxes differently where the ice_l_he CMIP5 ensemble mean agrees relatively well, but indi-
totally disappeared during 1982-2005, which might affect '. . . '
vidual models simulate a large range of ice albedos. Most of

the trend in these boxes. However, only in CLARA-SAL in . L

. . oo the models underestimate the temporal variations as expected
August, we find some grid points in the Greenland and Bar-from Fig. 6
ents seas directly at the ice edge with small negative trends The trend in the central Arctic (Table 1) is negative both in

(small compared to the trend two or three grid points furtherthe satellite data and all models except for two. The CMIP5

into the ice), which might be caused by this problem. o . .
In the models, we find at the ice edge even some areagnsemble mean shows a significant negative trend in all sum-

. . o - mer months with the largest reductions in June and July. In
with slightly positive trends. This is probably due to natural . o .
gntly p P y contrast, the satellite data indicate almost no trend in June

variability. In single extreme years, ice can occur in areas . o 0
where normally no ice exists. If this happens in the later partbUt a substantial — although not significant at the 95 % level

of the time period, this leads to a positive ice albedo trend. rEdl.JCt'on dur_lng August. Most individual mOdeIS show a
negative trend in all 3 summer months but with the smallest

trend in August. Note that the time series are short, which
3.4 Ice albedo in the central Arctic makes it difficult to identify clear trends, and that trends are
only in a few models statistically significant.
To avoid comparing effects that are related to different simu- In most albedo schemes, surface temperature and snow
lations of the ice edge, we focus in the following on the cen-depth (and cover) play a leading role for the albedo of the
tral Arctic Ocean. The ocean area betweeh8@nd 90 N ice/snow system. Depending on the degree of sophistication
shows a relatively high ice concentration in all CMIP5 mod- of the albedo scheme, other variables like for example ice
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Table 2. Correlation between ice albedo and surface temperature,

ypeaicelbedo; I P averaged over 80N-9C° N. Correlations that are significant at the
0.8—— 95 % significance level are marked bold.
Correlation coeff. May June July  August JIA
o ACCESS1-3 -0.57 -0.79 -021 -0.32 -0.40
3 CanCM4 071 -0.44 -075 -0.77 -0.77
e \ CanESM2 062 -0.75 -0.80 -0.72 -0.68
- b "r A LA g CMCC-CESM -0.54 -089 -041 -0.74 -0.70
NPT Y Voo i CNRM-CM5 -0.34 -068 -0.10 -0.31 -0.13
Loy e NP ] CSIRO-Mk3-6-0 —0.47 -0.88 -0.69 -0.76 —0.82
§ - — I M EC-Earth -0.35 -092 -069 -0.63 -0.85
05 50 SO =Bl FGOALS-g2 0.09 -0.78 -0.83 -0.73 -0.85
b) surface temperature, JJA, 80-90N GFDL-CM3 -0.68 -0.94 -0.24 -0.88 -0.89
0 GFDL-ESM2M  -0.60 -0.92 -0.62 -0.53 -0.82
GISS-E2-R -0.72 -026 012 040 0.5
HadCM3 -0.95 -027 016 -0.04 -0.02
- 1 HadGEM2-ES  -0.64 -0.87 -0.75 -0.44 -0.66
2 INMCM4 -0.94 -055 -0.33 0.26  0.07
3 IPSL-CM5A-LR  —0.81 -0.94 -0.63 -0.81 -0091
8 MIROC5 0.02 -098 -0.88 -0.94 -0.95
i MIROC-ESM -0.33 -095 -001 -0.93 -0.82
e MPI-ESM-LR -0.01 -066 -0.11 -0.10 -0.46
e MPI-ESM-MR -0.27 -051 -0.40 -0.24 -0.61
-3 v MRI-CGCM3 -0.72 -0.87 -0.78 -0.79 -0.91
NorESM1-M 052 -0.64 -058 —0.63 -0.77
1990 2000 2010 CMIP5 mean -0.33 -0.74 -045 -051 -061
i ¢) snow depth, JJA, 80-90N CLARA-SAL/ 053 —-043 -0.23 —-0.38 —-0.61
’ e ERAInt
F o~ N — M
/’ b t/\\ ’I ‘\ \/\
0.3 N5, —_
E | foal & P I and almost all models show a high negative correlation (Ta-
I ¢ WA= ble 2). In July and August, the correlations are negative in
E 1 ) /,;f [\ - most models, but a few show low or even positive correla-
g ".\:‘,, ;\,f\" ~ T ‘\\ 22 N tions, which mostly are not statistically significant. In May,
0.1 ;:\ X&/ A N7 s @ * surface temperature is still much below freezing temperature
.\27’\ L );\@Z&g o ¥ . in many models, which leads to a smaller correlation between
g " [ : - a temperature and ice albedo in a number of models and also
VR et s in the ensemble mean.

The CLARA-SAL ice albedo is significantly positively
Fig. 8. (a) Summer-averaged (JJA) ice albedo in the central Arctic, correlated with ERA-Interim surface temperature in May and
averaged over 80-9M for 1982-2005(b) The same aa) but for negatively correlated in June, July and August (not signifi-
surface temperaturéc) The same ag) but for snow depth onice.  cant at 95% level in July and August). Similar to the mod-
els, the highest negative correlation is found in June, but cor-
relations are smaller than in most models. However, ERA-
Interim surface temperatures are no observations and ERA-

thickness, snow age, melt ponds or flooding play an impor- . q q - ; 3
tant role as well. Here, we concentrate on the impact of sur/Nterm and CLARA-SAL do not originate from a consistent

face temperature and snow depth on ice albedo in the centr&4@t@ Set. Thus, the lower correlation between ERA-Interim
Arctic. We chose snow depth instead of snow cover since>Urface temperature and CLARA-SAL ice albedo compared
more CMIP5 models provide snow depth on ice than snowt® t_he models does not necessarily indicate that models over-
cover. However, for those models providing both depth angestimate the relation between surface temperature and ice
cover, they are highly correlated during summer. albedo. ) )

Surface temperature is negatively correlated with the ice  SNOW depth plays an important role in all summer months.
albedo in the summer. This is particularly the case if surface\| Mdels show a highly positive correlation between snow
temperature is near freezing and melting points, and a sma@epth and ice albedo in June and_August (T_able 3). Correla-
change in surface temperature strongly affects the physicaﬁ'ons n 'V'aY f'md July are subs_tanﬂally I_ow_e_r in many models
properties of the ice/snow system. The highest correlatiorPUt Still positive and often statistically significant.
between surface temperature and ice albedo is found in June,
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Table 3. Correlation between ice albedo and snow depth, averaged a) sea ice albedo, mean 1982-2005, 80-00N

over 80—90 N. Correlations that are significant at the 95 % signifi-

cance level are marked bold.
Correlation coeff. May June July  August JIA
ACCESS1-3 0.14 091 -0.35 0.39 0.48 o
CanESM2 0.43 0.72 0.88 0.73 0.82 B
CNRM-CM5 0.37 083 -0.25 0.61 0.47 =2
CSIRO-Mk3-6-0 0.43 0.87 -0.09 0.60 0.72
EC-Earth —0.07 0.78 0.87 0.73 0.85
FGOALS-g2 0.59 0.76 0.92 0.93 0.94
GFDL-CM3 0.47 0.87 0.63 0.71 0.88
GFDL-ESM2M 048 094 0.28 0.73 0.90
HadGEM2-ES 0.30 0.93 0.49 0.63 0.58
INMCM4 0.46 0.05 -0.30 0.21 -0.04
MIROC5 0.18 0.66 0.77 0.84 0.78
MIROC-ESM 0.06 0.77 -0.17 0.57 0.49
MPI-ESM-LR 0.43 0.69 0.84 0.86 0.82
MPI-ESM-MR —0.05 0.62 0.94 0.88 0.90 =z
MRI-CGCM3 0.40 0.84 0.93 0.96 0.93 =z
NOrESM1-M 0.26 052  0.78 0.80 071 S
CMIP5 mean 031 074 045 070 0.70 8

S
~

The summer evolution of ice albedo, surface temperature
and snow depth in the central Arctic, averaged over the 24 yr

f L L - : L

period, is shown in Fig. 9. The spread in sea ice albedo 5 6 7 8
among models is relatively small in May, with values around ¢) snow depth, rican 19822005, 80:001

0.8 in almost all models except for two showing a substan- ] = s

tial lower albedo. CLARA-SAL indicates an ice albedo of i — Siowseo
slightly below 0.8 in May. All models show an albedo re- 0.6 — Foon

duction in June and July with an increasing spread among = G v
models; the ensemble mean is lower than in CLARA-SAL e
in June but agrees well in July. In August, almost all mod-

= == MIROC-ESM
e = MPI-ESM-LR
~ —— MPLESM-MR

snow depth [n

els simulate an increasing ice albedo, which is in contrast to — By == nmcoon
CLARA-SAL, showing a further ice albedo reduction. - __\_-1_ S s i et :__

The surface temperature in the central Arctic shows the == S5~ l
largest spread among models in May. In June and particu- i ——— o S i
larly July, spread is strongly reduced and all models simulate 0z : e e —
surface temperatures slightly belo®®. In August, temper- time [month]

ature starts to fall and the spread among models increases _ _ )

again. The model ensemble mean is slightly warmer (colderf'g' 9. (a) Time evolution of sea ice albedo through May to August,

than ERA-Interim in June (August), which might explain the 2veraged over 80— and 1982-200%(b) The same aga) for

different development of ice albedo in models and CLARA- surface temperaturec) The same) for snow depth.

SAL. This assumes, however, that ERA-Interim provides a

more realistic temperature evolution throughout the summer

than the models. 4 Discussing the impact of ice albedo spread among

The snow depth varies between 20cm and 40cm in most  models

models in May, is strongly reduced in June, and only very

little snow is left in July and August. This is in relatively The large spread among simulated ice albedos in the CMIP5

good agreement with the snow depth climatology from War-models is one important contributor to the large uncertain-

ren et al. (1999), who proposed a slightly larger snow depthties in model simulations of both present-day climate and

of about 35 cmin May, 30 cmin June, 10 cmin July and 5 cmfuture climate conditions in the Arctic. Different ice albe-

in August. However, the results of Warren et al. (1999) aredos have a direct effect on the absorption of solar radiation

based on data from the period 1954-1991. at the ice surface. Given the same downward solar radiation
at the surface, a smaller ice albedo will reduce the reflection
and thus increase the net surface solar radiation flux. As a
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20 MIJA groups of models with high and low ice albedo and showed
© [ | | that the simulated mean Arctic ice volumes differed signifi-
“ % ic"fﬁé‘é‘_‘;‘,’“i,“ﬁ{)'fj,:“;iﬂ— cantly between these two groups.

100

r=-0.89

5 Summary and conclusions
80

This study focused on evaluating spatial and temporal varia-
\oE © tions of Arctic summer ice albedo in the CMIP5 models us-
B ) ing satellite observations (CLARA-SAL) of surface albedo
s for the period 1982—-2005.
b o), The summer sea ice concentration and thickness distribu-
R tions in the Arctic strongly vary among the CMIP5 models.
05 0.5 o5 T Even some of those models showing a realistic September
ice albedo Arctic ice extent do not necessarily simulate realistic spatial
Fig. 10.Relation between summer (MJJA) mean sea ice albedo anclice d_lstrlbutlons. This _Ieaves doub_ts a_bout the .re“.ablhty of
net solar surface radiation flux of the ice-covered area averaged ove ea ice deveIOpmem. n fumr? projeCt!onS a.n.d |nd|(.:ates the
80-90 N. importance of analyzing spatial fields in addition to integra-
tive time series.
We extracted the ice albedo from the surface albedo by tak-
ing the ice concentration into account and assuming a con-
consequence, more ice is reduced, which further reduces th&tant surface albedo for the ice-free part. The summer sea
surface albedo. This relation between ice albedo and net solace albedo varies substantially among CMIP5 models, and
surface radiation flux is clearly reflected in the CMIP5 mod- many models show large biases compared to the CLARA-
els (Fig. 10). Net solar surface radiation flux is highly corre- SAL product. The CMIP5 ensemble mean, however, agrees
lated with the ice albedo in the central Arctic. The downward relatively well to the satellite data.
solar radiation is of course also influenced by absorption and The ice albedo is too uniformly distributed in most models
reflection processes in the atmosphere. Thus, the downwarand overestimated at the ice edge. This is very likely a defi-
solar surface radiation flux differs among models; summerciency in the parameterization of the albedo of the ice/snow
(MJJA) average values vary between roughly 150 Wand  system. In contrast to the ice albedo, the spatial pattern of
205W nT 2. However, no clear relation exists between ice the surface temperature shows an increase near the ice edge
albedo and downward solar radiation flux. in most CMIP5 models. However, the response of the sea ice
Karlsson and Svensson (2013) argued that the ice albedalbedo to this increase is obviously not sufficient to simulate
strongly affects the surface cloud radiative effect and thusthe observed large ice albedo decrease. Although we did not
not only the shortwave but also the longwave radiation. Theyanalyze the albedo parameterizations of the individual mod-
stated that “models with a high sea-ice albedo have a smallegls, many models seem to have a minimum ice albedo that is
cloud albedo effect than those models having less reflectivéoo high compared to the ice albedo found by satellites and
sea-ice surface”. This also has implications for the behaviodirect measurements (Perovich and Polashenski, 2012), and
of the models in a changing climate, and the large spreadhey do not have any or only simplistic melt pond parame-
in simulated ice albedos affects the response of the energterizations. Thus, only few models are able to simulate ice
budget to climate change. albedos below about 0.5. The overestimated albedo near the
The strong impact of the albedo on the surface energy budice edge might lead to reduced summer ice melt in the mod-
get should affect sea ice conditions, and indeed Karlsson andls compared to reality due to an underestimated ice—albedo
Svensson (2013) showed that the annual amplitude of avfeedback. This might contribute to the problem that many
erage Arctic sea ice concentration is higher in models withglobal models have no reproduced the observed rapid sea ice
low summer ice albedos than in models with high summerreduction in the last decade (Stroeve et al., 2007; Stroeve et
ice albedo. However, they did not find any significant rela- al., 2012; Massonnet et al., 2012).
tion between ice albedo and trends and absolute values of In addition, the CMIP5 models are not fully able to repro-
the ice concentration. We extended this analysis to ice thick€duce the albedo evolution throughout the summer. The ice
ness in the Arctic, but we did not find any significant rela- albedo is smaller in most CMIP5 models in June compared
tion between September Arctic ice volume and summer se@#0 CLARA-SAL. On the other hand, it starts to increase in
ice albedo either. However, models with extremely low andthe models already in August when it reaches its minimum
high ice albedo tend to simulate thin and thick ice, respecin CLARA-SAL. To which degree the ice albedo parameteri-
tively. This can also be seen comparing Figs. 3 and 5. Hodzations themselves are responsible for this shift in annual cy-
son et al. (2013) divided the CMIP3 model ensemble into twocle remains unclear. We found that also surface temperature

60

net solar surface radiation [W/m?]

40
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