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Atmosphere model (RCA). The regional model simulations largely reflect the
circulation bias patterns of the driving global models in the historical period,
indicating the importance of lateral and lower boundary conditions. However,
local differences occur as a reduced winter 2-m air temperature bias over the
Arctic Ocean and increased cold biases over land areas in RCA. The projected
changes are dominated by a strong warming in the Arctic, exceeding 15°K in
autumn and winter over the Arctic Ocean in RCP8.5, strongly increased pre-
cipitation and reduced sea-level pressure. Near-surface temperature and preci-
pitation are linearly related in the Arctic. The wintertime inversion strength
is reduced, leading to a less stable stratification of the Arctic atmosphere. The
diurnal temperature range is reduced in all seasons. The large-scale change
patterns are dominated by the surface and lateral boundary conditions so
future response is similar in RCA and the driving global models. However, the
warming over the Arctic Ocean is smaller in RCA; the warming over land is
larger in winter and spring but smaller in summer. The future response of
winter cloud cover is opposite in RCA and the GCMs. Precipitation changes in
RCA are much larger during summer than in the global models and more
small-scale change patterns occur.

The Arctic is an important region for the entire world’s
climate system. Sea ice and snow dominate the heat and
mass exchanges between atmosphere and ocean. Fresh-
water exports from the Arctic Ocean can potentially
affect the meridional overturning circulation and there-
fore the entire world ocean circulation (Hdkkinen 1999;
Haak et al. 2003; Jungclaus et al. 2005; Koenigk et al.
2006). Observations show large changes in the Arctic
climate system in recent decades (Symon et al. 2005;
Solomon et al. 2007). The sea-ice cover and volume
has dramatically been reduced (Comiso et al. 2008;
Devasthale et al. 2013) and temperature increase is ampli-
fied compared to the global mean (Graversen & Wang
2009; Serreze et al. 2009; Koenigk & Brodeau 2014).

Also, snow cover on the Arctic continents is subject to
extreme changes with a much earlier onset of snowmelt
and a strong reduction in summer snow extent (Brown
& Robinson 2011). The atmospheric circulation might
already have responded to changes of the Arctic surface
with effects for mid-latitude climate. Results by many
recent studies (Overland & Wang 2010; Petoukhov &
Semenov 2010; Hopsch et al. 2012; Liu et al. 2012; Yang
& Christensen 2012) indicated that the reduction of sea
ice leads to reduced westerlies, a more negative North
Atlantic Oscillation index and consequently colder mid-
latitude winter conditions.

Third (CMIP3) and fifth (CMIP5) phase Climate Model
Intercomparison Project simulations indicate an accelerated
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climate change in the Arctic compared to the recently
observed changes (e.g., Chapman & Walsh 2007; Vavrus
et al. 2012; Koenigk et al. 2013) with a possible total loss
of sea ice in the second half of the 21st century (Holland
et al. 2010; Massonnet et al. 2012; Wang & Overland
2012). However, the spread among models is large and
only very few models are able to reproduce the observed
trend in sea-ice extent (Stroeve et al. 2007; Stroeve et al.
2012). The CMIP5 model simulations show some im-
provements in reproducing the observed rapid sea-ice
reduction in the last two decades compared to CMIP3
(Massonnet et al. 2012; Stroeve et al. 2012). Despite
improvements, climate models still show a large spread
in simulating historical and future climate conditions
(Stroeve et al. 2012; Koenigk et al. 2014). The occurrence
of the first total loss of sea ice in future climate projec-
tions using the Representative Concentration Pathways
greenhouse gas concentration trajectories high emission
scenario RCP8.5 varies between 2030 and 2100, depend-
ing on the model. Moreover, biases in air temperature
and atmospheric circulation are considerable.

The resolution of most global climate models (GCMs) is
still too coarse to adequately resolve important processes
such as atmospheric circulation and its interaction with
the ocean and sea ice or the topographical/orographical
influence on the flow of water and air. Regional Arctic
simulations allow for a higher spatial resolution and poten-
tially improved representation of many relevant pro-
cesses (Shkolnik & Efimov 2013) although even regional
models are too coarse to resolve small-scale processes.
Regional atmosphere stand-alone and coupled Arctic
models with pan-Arctic domain have demonstrated skill
for simulations of Arctic climate conditions when driven
with reanalysis products (Mikolajewicz et al. 2005; Dorn
et al. 2008; Doscher et al. 2010; Cassano et al. 2011).
Some of the first coupled regional climate model simu-
lations of future climate indicated a somewhat earlier
Arctic summer sea-ice loss in the 21st century and larger
ice extent variations than the global models (Koenigk
etal. 2011; Doscher & Koenigk 2013). However, Tjernstrom
et al. (2005) and Rinke et al. (2006), comparing different
Arctic regional models to observations of the Surface Heat
Budget of the Arctic Ocean project (Uttal et al. 2002),
found large uncertainties particularly in the surface energy
fluxes. Regional model simulations depend strongly on
information at their lateral boundaries. Since this bound-
ary driving is generally provided by independent global
models operating at coarser spatial resolution, there is the
potential for the interior regional climate model solu-
tion to become inconsistent with the driving model. It is
therefore not certain that regional simulations are gen-
erally more reliable than global model simulations.
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In this study, we use the regional Rossby Centre
Atmosphere model (RCA) to downscale simulations
with four different GMCs using two different emission
scenarios. This is the largest set of Arctic regional future
simulations existing so far and part of the Coordinated
Regional Climate Downscaling Experiment (CORDEX;
Giorgi et al. 2009; Jones et al. 2011).

We compare the performance of the regional down-
scaling simulations with the original global coupled scena-
rios at the end of the 20th century and analyse the
simulated climate change in the 21st century in both
regional and global models.

Model and simulations

Regional atmosphere model RCA

The regional Arctic scenario simulations are performed
with RCA (Jones et al. 2004; Samuelsson et al. 2011). RCA
is originally based on the numerical weather prediction
model, High Resolution Limited Area Model (HIRLAM;
Unden et al. 2002). It is a hydrostatic model using pri-
mitive equations. Here, we used the newest version—
RCA4—which differs from previous RCA-versions descri-
bed in Jones et al. (2004) and Samuelsson et al. (2011) in
substantial recoding and updates particular of the surface
processes. The soil hydrology is divided into a forest
and an open land tile, soil carbon is included and snow
albedo improved. Furthermore, RCA4 utilizes the fresh-
water lake model FLAKE (Mironov et al. 2010). RCA4
has already been used in studies by Nikulin et al. (2012)
and Berg et al. (2013).

For this study, we performed simulations with RCA on
a pan-Arctic region using the official Arctic-CORDEX
area (see, e.g., http://wcrp-cordex.ipsl.jussieu.fr/index.php/
community/domain-arctic-cordex or Fig. 1a) as also done
in Berg et al. (2013). RCA runs in a horizontal resolu-
tion of 0.44° on a rotated latitude—longitude grid with
the grid equator crossing the geographical North Pole.
The current model set-up has 40 vertical layers in
terrain-following hybrid coordinates with a model top at
approximately 15 hPa.

Simulations

RCA has been used to downscale historical simulations
and future scenario projections from a selected number
of CMIP5 models. The global models have been chosen
based on existing lateral and surface boundary conditions
for regional downscaling. From this subset of remaining
models we selected four global models, which simulate
sea-ice conditions, air temperature and atmospheric circu-
lation reasonably well for the recent past but show a
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Fig. 1 Sea-level pressure (SLP) bias compared to the reanalysis data set by the European Centre for Medium-range Weather Forecasts (ERA-interim) for
the period 1980-2005 in (a—d) the ensemble mean of Rossby Centre Atmosphere model (RCA) downscalings of global models (GCM) and (e—h) the
ensemble mean of the global models. The projections are based on RCP8.5. The numbers in the titles (a—h) indicate the model area averaged root
mean square error (in hPa). Red areas in (i—l) mark areas where the SLP biases in regional and global simulations are significantly different (at the

95% confidence level).

spread in their future response towards greenhouse gas
forcing. These models are CanESM2, NorESM1-M, MPI-
ESM-LR and EC-Earth2.3. For each of the global models,
one historical simulation (1950-2005), followed by each
one simulation according to RCP4.5 and RCP8.5 emission
scenarios (2006—-2100) have been downscaled with RCA.
The temporal changes in the atmospheric constituents
according to the respective scenario have been prescribed
in the regional simulations as well.

In most cases, we will discuss the results of regional
model and global model ensemble means including all
simulations using the same emission scenarios. For cal-
culating the significance of the differences between global
model simulations and their regional model downscalings,
we used a paired student ¢-test. A detailed description can
be found in Von Storch & Zwiers (1999). If nothing else is
stated, differences are called significant if the 95% signi-
ficance level is reached.
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The Arctic climate in RCA simulations forced with
boundary conditions of the reanalysis data set by the
European Centre for Medium-range Weather Forecasts
(ECMWEF), known as ERA-interim, have been discussed
in Berg et al. (2013). Note, we do not use spectral nud-
ging in our RCA downscaling simulations.

Results

Evaluation of the 20th century climate

Before analysing the Arctic climate change in future pro-
jections, we present a short overview of the performance
of present-day climate in regional downscalings and
global model simulations for the period 1980-2005. We
compare the results to ERA-interim reanalysis (Dee et al.
2011). The Arctic is a data-sparse area and reanalysis
provides a comprehensive set of variables for the Arctic.
ERA-interim represents a newer generation of reanalysis
compared to earlier products as, e.g., the reanalysis data
set from the National Center for Atmospheric Research
and National Centers for Environmental Protection and
ERA-40 from the ECMWE. Note, that reanalysis data are
not observations and to the extent of missing observa-
tions in the Arctic, data assimilation provides less value,
although effects from more southerly locations with
better observational coverage should have a positive
impact. A recent study by Lindsay et al. (2014) points
out ERA-interim as one of three reanalyses products
most consistent with independent measurements in the
Arctic.

Figure 1 shows the sea-level pressure (SLP) bias of the
ensemble mean of both the regional downscalings and
the global models for each season. Obviously, the lateral
and lower boundary conditions strongly govern the res-
ponse of the large-scale atmospheric circulation in the
regional model. The bias patterns are similar in regional
and global simulations, which indicate the importance
of the lower and lateral boundary conditions from the
global models for the regional downscalings. We find
a slight amplification of the bias in the regional down-
scalings compared to the global models. The area aver-
aged root mean square (RMS) error of the ensemble
means is larger in RCA than in the GMCs, particularly in
winter and autumn. Note that the area averaged RMS
error does not provide any information about possible
added value of the regional downscalings in sub-regions
of the model area. In all seasons, the SLP bias patterns
are dominated by a pressure gradient across the Arctic,
which leads to anomalous winds towards the Siberian
coast. Particularly in winter and autumn, this means
reduced offshore winds at the Siberian coast, which is

(page number not for citation purpose)

T. Koenigk et al.

a typical problem in most coupled atmosphere—ocean
models (Bitz et al. 2002; DeWeaver & Bitz 2006). RCA
forced with ERA-interim data simulates a similar bias
(Berg et al. 2013), which might contribute to the fact that
the SLP bias tends to be slightly amplified in the RCA
downscalings compared to the global models.

Despite the similarities between RCA and GCM bias
patterns, the ensemble mean SLP biases in RCA and the
GCMs are significantly different in most of the model
area in winter and autumn—except for the Nordic seas—
and over most land areas in spring and summer (Fig. 1i-1).
Interestingly, the biases are already directly at the boun-
daries of the regional model area and significantly dif-
ferent in RCA and GCMs. This might indicate that the
global model circulation is significantly changed by the
transition of the signal into the regional model.

The 2-m air temperature (T2m) bias patterns of global
and regional simulations show substantial differences
(Fig. 2), which are significant in most of our regional
model domain. Only in a few areas off the ice edge, the
biases are not significantly different. In winter, the RCA
bias is smaller over the Arctic Ocean than in the GCMs,
which are substantially colder than ERA-interim. Also in
spring and autumn, RCA simulates a higher T2m over
the Arctic Ocean but with a small positive bias while the
global models are 1-3°K colder than ERA-interim. In
summer, both regional and global simulations are about
1°K colder than ERA-interim. Over land, RCA is too cold
in spring and summer. Also the global models are too
cold but less pronounced. The area averaged RMS error is
smaller in winter and autumn in the ensemble mean of
the downscalings compared to the GCMs” RMS error but
larger in spring and summer due to the large biases over
land. Taking only the ocean areas into account, the RMS
error is smaller in the downscalings in all seasons.

Analysing the performance of individual global models
and their regional Arctic downscalings confirms that
regional and global simulations have SLP biases of com-
parable magnitude (Fig. 3). The fact that biases of the en-
semble mean of the RCA downscalings show a systematic
amplification of the GCM biases while this is not the case
if comparing individual GCM simulations and their RCA
downscaling indicates that compensating of atmospheric
circulation errors is larger among different GCMs as in
their RCA downscalings. This indicates that the atmo-
spheric circulation bias seen in RCA is not completely
forced by the boundary conditions, as also shown by
Kjellstrom et al. (2011) for RCA downscalings over
Europe.

However, the bias patterns in the global models partly
resemble each other in the Arctic—except for spring—
which is different to the European results presented
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Fig. 2 Two-metre air temperature bias (in °C) compared to the reanalysis data set by the European Centre for Medium-range Weather Forecasts
(ERA-interim) for the period 1980-2005 in (a—d) the ensemble mean of Rossby Centre Atmosphere model (RCA) downscalings of global models (GCM)
and (e-h) the ensemble mean of the global models. The projections are based on RCP8.5. The numbers in the titles (a—h) indicate the model
area averaged root mean square error (in hPa). Red areas in (i—I) mark areas where the 2-m air temperature biases in regional and global simulations

are significantly different (at the 95% confidence level).

by Kjellstrom et al. (2011). The compensation effect of
errors is therefore relatively small for the atmospheric
circulation in the Arctic. The relation between magnitude
of regional model biases and global model biases depends
also on the global model. While the downscalings of
the EC-Earth model show generally larger biases than
EC-Earth itself, this is not true for the downscalings of
the other three global models. Particularly, the down-
scalings of the MPI-ESM and NorESM 1 models provide a
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slight reduction of the bias in many regions in all seasons,
except for autumn.

In summer and spring, smaller biases in the global
simulations result in reduced biases in the regional down-
scalings, which indicates once again the importance
of realistic boundary conditions for regional modelling.
However, this feature is less pronounced during winter,
where the downscalings of MPI-ESM and NorESM1 show
the smallest RMS error despite relatively large biases in
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Fig. 3 Seasonal sea-level pressure bias compared to the reanalysis data set by the European Centre for Medium-range Weather Forecasts (ERA-interim)
for the period 1980-2005 for the four individual Rossby Centre Atmosphere model downscalings (RCA-Can, RCA-ECE, RCA-Nor, RCA-MPI) and their
global models (CanESM2, EC-Earth, Nor-ESM1, MPI-ESM) for (a) December—February, (b) March—May, (c) June—August and (d) September—November.
The numbers in the titles indicate the model area averaged root mean square error (in hPa).

the global simulations. We speculate that this is mainly
caused by error-compensation between the global and
regional simulations. While CanESM2 and EC-Earth simu-
late a similar spatial pattern as RCA forced with ERA-
interim, MPI-ESM and NorESM1 simulate a substantially
different winter bias pattern.

Climate change in the 21st century

In the following, we analyse the climate change in
our regional and the original global simulations in a
near future period (2030-2049) and a far future period
(2080-2099); the reference period is 1980-1999. In addi-
tion, we will discuss time-series from integrative para-
meters. For spatial change patterns, we will focus on the
RCP8.5 scenario simulations. The results from the RCP4.5
simulations show nearly identical patterns with similar
amplitudes until 2030; thereafter the amplitude of the
change grows much quicker in RCP8.5 but change pat-
terns remain similar in RCP4.5 and RCP8.5.

(page number not for citation purpose)

In the Arctic, sea-ice changes are an important source
for atmospheric changes. Regional atmosphere models
use the sea-ice concentration from their driving global
models as lower boundary conditions, which reduces the
degree of freedom in the climate change signal of the
regional downscalings. Figure 4 shows the sea-ice con-
centration at the end of the 20th century and the sea-ice
reduction in the 21st century in the four individual
global models for September and March. Obviously, there
is a large spread among these four models both in respect
of the trend and the regions with largest ice reductions.

Atmospheric circulation. Figure 5 shows the future
SLP change in ensemble means of the GCMs and RCA
downscalings in all four seasons. The season with the
most pronounced change is autumn; in the near future
period, the entire Arctic shows a reduced SLP. This SLP
reduction is likely related to the strong sea-ice area reduc-
tion in the Arctic Basin in autumn. While large areas of
the Arctic Basin are still ice-free, the atmosphere starts
to cool again in autumn, which causes strong upward
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Fig. 4 (a—h) Sea-ice concentration in 1980—1999 and (i—x) simulated future change in the four global climate models (CanESM2, EC-Earth, Nor-ESM1,
MPI-ESM) in March and September until 20302049 and 2080-2099. The projections are based on RCP8.5.
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Fig. 5 Sea-level pressure future change in the ensemble means of the Rossby Centre Atmosphere model (RCA) downscalings and the global models
(GCM) for the periods (a—I) 2030-2049 and (m-x) 2080-2099 compared to the reference period 1980-1999. The projections are based on RCP8.5.
The red areas in (i—I) and (u—x) mark areas with significantly different responses in regional and global simulations (at the 95% confidence level).
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surface heat fluxes resulting in vertical upward motion in
the atmosphere. We speculate that this is the main reason
for the autumn SLP reduction. Bhatt et al. (2008) found
a SLP reduction in the Arctic and an increase over the
North Pacific as a response to summer ice reductions.
Studies analysing the atmospheric response to realistic
winter anomalies (Alexander et al. 2004; Deser et al.
2004; Magnusdottir et al. 2004) revealed a local negative
SLP response to sea-ice reductions but a negative Arctic
Oscillation-like large-scale response. In winter, RCA and
GCMs show a reduction of SLP over the Pacific Arctic
sector and over the Barents Sea; over the North Atlantic,
SLP is slightly increased. The SLP change in spring and
summer is relatively small until 2030-2049. In the far
future period (Fig. 5), the change is much more pro-
nounced but the change patterns are almost the same as
in the near future period. In autumn, SLP is reduced by
up to 5 hPa in the Central Arctic. In winter and spring,
SLP reduction is most pronounced over the Pacific sector,
in summer over the Atlantic Arctic sector. The projected
future changes of SLP are in both the near future and far
future period very similar in the global models and their
regional downscalings but we see a tendency towards
slightly smaller changes in the regional simulations. The
differences between ensemble mean SLP changes in RCA
and GCMs are significant over some land regions, parti-
cularly in summer while they are mostly not significant
over the Arctic Ocean. The regions of significant differ-
ences are the same for changes in the near future and the
far future period but are somewhat extended in the later
period. This indicates that the differences among regional
and global simulations are robust. As for the SLP biases,
the significant areas are often found along the southern
boundaries of the regional model area. The treatment
of the lateral boundaries might therefore be of more
importance for differences of the large-scale atmospheric
circulation in RCA and GCMs than different physical
parameterization or the horizontal resolution.

Temperature. T2m shows the strongest change signal
in autumn and winter (Fig. 6). In the near future period,
the entire Arctic Ocean area shows an increase of 4-8°K.
This agrees well with results from Screen & Simmonds
(2010), who found the largest warming trend since 1989
in winter and autumn based on satellite observations.
However, while during autumn the warming was con-
centrated between 82°N and 90°N, during winter the
largest warming occurred between about 78°N and 85°N.
Our model simulations show the same behaviour and
this is very likely caused by the fact that sea-ice reduction
in winter is strongest further to the south, in contrast to
autumn, when it is concentrated to the Central Arctic.
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In summer, the warming is only moderate and T2m
over the Arctic Ocean is hardly warming at all. This is
because both melting ice and sea surface of open ocean
areas in the Arctic Ocean have a temperature near 0°C
in summer. As long as some sea ice is left in the Arctic
Ocean, the water cannot warm up significantly during
summer. Spatially, the strongest T2m warming undoubt-
edly takes place in the Barents Sea; this is the only larger
region where sea ice disappears completely even during
winter (Koenigk et al. 2013). This agrees with satellite-
based results by Comiso (2006) and with findings in
future projections with GCMs (Chapman & Walsh 2007;
Koenigk et al. 2013).

Patterns and amplitudes agree relatively well between
our regional and global model simulations. However,
some interesting and significant differences occur: the
T2m warming over the ocean is generally smaller and the
warming over land is larger in winter and spring but
reduced in summer in RCA. The gradient of temperature
change between land and ocean is reduced by up to 4 K
in RCA in winter and spring. If this is an effect of higher
resolution in the regional model or if it is a characteristic
of RCA remains unclear. In the far future period, the same
behaviour occurs (Fig. 6). The warming is further ampli-
fied and reaches up to 20°K compared to the historical
period in parts of the Arctic Ocean in winter. In summer,
the warming over the Arctic Ocean is still much smaller
but over most land areas, a T2m increase of 4—6°K occurs.
The different behaviour of the temperature response
in RCA and GCMs is significant over most of the Arctic
Ocean and large parts of the Arctic land areas in both the
near future and the far future period.

Figure 7 shows the relation between changes in sea-ice
concentration and T2m averaged over 70—90°N. In winter,
temperature rises abruptly in areas that become ice-free
because strong heat fluxes from the warm ocean to the
cold atmosphere will arise. The relation between sea-ice
reduction and T2m increase seems to be linear until
T2m changes of about 10°K: T2m is increased with about
0.7°K per 1% reduced ice concentration. For further ice
concentration reductions exceeding about 15%, the addi-
tional T2m response seems to get slightly smaller: about
0.4°K per 1% ice reduction. We believe that this is due to
the fact that the initial ice reduction and related strong
upward heat fluxes warm the air and therefore reduce
the temperature gradient at the surface and consequently
the upward heat flux. Why the relationship is seemingly
linear until about ice reductions of 15% (and thereafter
again but with a reduced slope) remains unclear but
might be due to the small number of models and time
periods used in this study. The temperature response
in the regional downscalings, averaged over 70—-90°N is

(page number not for citation purpose)


http://www.polarresearch.net/index.php/polar/article/view/24603
http://dx.doi.org/10.3402/polar.v34.24603

Arctic climate change in CORDEX simulations T. Koenigk et al.

2030-2049 — 19801999
(a) RCA, DJF (b) RCA, MAM (c) RCA, JJA (d) RCA, SON

I

¥

o

(i) Significance, DJF

2080-2099 — 1980-1999

(m) RCA, DJF (n) RCA, MAM (0) RCA, JUA

Fig. 6 Two-metre air temperature future change in the ensemble means of the Rossby Centre Atmosphere model (RCA) downscalings and the global
models (GCM) for the periods (a—I) 2030-2049 and (m-—x) 2080-2099 compared to the reference period 1980-1999. The projections are based on
RCP8.5. The red areas in (i—l) and (u—x) mark areas with significantly different responses in regional and global simulations (at the 95% confidence level).
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The reference period is 1980-1999.

slightly smaller than in the GCMs. However, the dit-
ference between a downscaling and its GCM is much
smaller than the spread among individual GCMs and
downscalings of different GCMs.

As discussed above, ice surface and ice-free ocean tem-
peratures are both near melting point in summer, which
limits the temperature increase. Somewhat stronger T2m
summer warming occurs only in ocean water areas away
from melting ice and ice edge. However, despite a much
smaller warming per 1% sea-ice reduction, the relation-
ship between sea-ice concentration reduction and T2m
increase averaged over 70—-90°N is still close to linear.
Again, we see a slight tendency towards a larger warming
in the GCMs per 1% sea-ice reduction. CanESM?2 and its
downscalings simulate a larger warming for the same ice
reduction as the other models, which all follow about the
same line. The reason for this is probably that CanESM2
starts with the lowest summer ice concentration of the
four models in the 20th century (Fig. 4). With further
ice reduction in CanESM2, more ocean regions within
70—90°N are ice-free for a longer period during summer
and the ocean surface and consequently T2m can warm
up more than in the other models.

Figure 8 shows the development of the diurnal tem-
perature range (DTR) averaged over 70-90°N in the
20th and 21st century. In the present-day period, both
regional and global model simulations show a similar
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DTR with slightly larger values than the ERA-interim
data. In the 21st century, the DTR is reduced; in RCP8.5
from 4.5°K to about 3.5°K in the regional simulations
and to 3°K in the global simulations. In the RCP4.5
scenario, DTR is reduced by about 0.5 K in the GCMs and
0.3 K in RCA. In summer, the daily cycle is smaller than
in winter and the global models show an approximate
0.3°K smaller DTR than the downscalings. Both models
and reanalysis show a small negative trend in the period
1980-2005 and this negative trend continues through-
out the 21st century but without accelerating. Rinke &
Dethloff (2008) found in future projections with the
regional model HIRHAM a similar reduction in DTR in
both winter and summer. The largest reductions occurred
over the future ice-free oceans in their simulations. Over
open water and under maritime conditions, the DTR is
generally smaller than over land and ice-covered areas
(Tuomenvirta et al. 2000). The DTR difference between
ocean and sea ice is much less pronounced during sum-
mer since the ice surface temperature is near the melting
point and can vary much less than during winter. In the
future winters, more open water areas and reduced ice
thickness reduce the variability of the Arctic surface tem-
perature. Thus, DTR is reduced in the Arctic and con-
ditions head towards similar oceanic conditions as in
summer. Also changes (increase) in cloud cover might
contribute to a reduced DTR by reducing the incoming
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short wave radiation during the day (Dai et al. 1999; and leads to a very stable atmospheric stratification in
Stone & Weaver 2003). However, in the Arctic this effect the Arctic (Serreze et al. 1992, Devasthale et al. 2010).
only plays a role in the summer season. Here, we use the difference between temperature at

The near-surface wintertime temperature inversion is 850 hPa and at 2m height as index (Fig. 9). In the
one of the main characteristics of the Arctic atmosphere models, the temperature at 850 hPa is about 7°K higher
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Fig. 9 Wintertime near-surface temperature inversion (difference between temperature at 850hPa and 2-m air temperature) in the ensemble mean of
the Rossby Centre Atmosphere model (RCA) simulations and the global model simulations (GCM). Also shown are values for to the reanalysis data set
by the European Centre for Medium-range Weather Forecasts (ERA-interim).
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than near the surface in the 20th century if averaging
over the area 70—90°N. This compares to a difference of
roughly 5°K in the ERA-interim data. Similar to our
results, Medeiros et al. (2011) found that most CMIP3
models slightly overestimate today’s Arctic winter tem-
perature inversion. In our future projections, the inver-
sion is strongly reduced, down to about 3°K in RCP4.5
and disappears entirely in the RCP8.5 scenario at the end
of the 21st century. Spatially, the change in inversion
varies a lot (not shown); wherever the ice is strongly
reduced, the inversion is as well. The inversion disap-
pears in the Barents Sea (Koenigk et al. 2013) and the
Bering Sea in the near future and advances into the
Central Arctic in the farther future with the northward
moving ice edge. Bintanja et al. (2011) argued that the
surface inversion intensifies Arctic amplification, because
the ability of the Arctic wintertime clear-sky atmosphere
to cool to space decreases with inversion strength.

Clouds and precipitation. Figure 10 shows the total
cloud cover (TCC) in the Arctic, averaged over 70—90°N.
In the 20th century, TCC differs strongly between regional
downscalings and the global models. While RCA simu-
lates a TCC of more than 85%, the ensemble mean of the
GCMs reaches about 70% in winter. However, the four
global models show a large spread; TCC reaches about
40% in NorESMI1-M, 65% in CanESM2 and 80% in
EC-Earth and MPI-ESM-LR (not shown). Karlsson &
Svensson (2013) analysed the TCC for a large number
of CMIP5 models and found values for the historical
period varying between roughly 30 and 90% in winter.
Our regional downscalings do not show any spread, so
TCC in the 20th century is obviously rather independent
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of the global model. It seems likely that differences in
TCC in RCA and GCMs are mainly due to different treat-
ment of physical processes and not a matter of different
resolution. TCC in ERA-interim varies between 80 and 90%
in winter; in contrast, the CMSAF-CLARA-A1 (Karlsson
et al. 2013; Riiheld et al. 2013) and MODIS (http://modis-
atmos.gsfc.nasa.gov/index.html) satellite cloud products
indicate much lower TCC. Interannual variability is
extremely high in CLARA-A1 and uncertainties in cloud
clover of these satellite-derived values are large during
winter time. The future change of winter cloud cover
is relatively small in our projections. Interestingly, the
global models simulate a slight increase of clouds while
the regional downscalings show a slight decrease towards
the end of the 21st century. The future change is model
dependent and varies between 0 and 10% increase in
the GCMs and a slight 0-7% decrease in RCA. The GCMs
with larger increase are connected to a smaller decrease in
their respective RCA downscalings, indicating that the
future change of TCC in RCA is not entirely independent
of the driving GCM. The TCC decrease in RCA goes along
with a reduction of low clouds (not shown) and is mainly
due to the reduced surface temperature inversion in the
Arctic (Fig. 9). The spatial distribution of TCC change (not
shown) indicates the largest reduction of low clouds
in the Barents Sea area, which is the area where sea ice
and temperature inversion disappear first. Obviously,
the response to reduced sea ice and inversion is the
opposite in the GCMs. The reason for the different beha-
viour remains unclear.

In summer, uncertainties in the representation of clouds
in satellite products and reanalysis data are smaller than
in winter. They suggest a mean TCC of about 75-82%
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Fig. 10 Total cloud cover in the ensemble mean of the Rossby Centre Atmosphere model (RCA) downscalings, the ensemble mean of the global
models (GCM), the reanalysis data set by the European Centre for Medium-range Weather Forecasts (ERA-interim) and CALRA-A1 and MODIS satellite
products in (a) winter (December—February) and (b) summer (June—August).
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for the end of the 20th century/beginning of the 21st
century. The regional downscalings simulate a mean
TCC of 73% and the GCMs 79% for this period. Again,
the four GCMs show a substantial spread (70-90%) while
there is hardly any spread in the regional downscalings
(72—74%). The entire CMIP5 range shows TCC between
50 and 90% (Karlsson & Svensson 2013). Both GCMs and
RCA simulate an increasing TCC in the 21st century but
the trend is more pronounced in RCA. In RCA, the cloud
changes are dominated by low-level clouds (not shown).

Precipitation (P) is increasing in all seasons almost
everywhere in the Arctic (Fig. 11). In the near future
period, the increase varies between 2 and 10 mm/month
in most areas; in the Barents Sea and along some moun-
tain ranges substantially more. The largest increase occurs
in autumn. The change pattern and the amplitude agree
in regional downscalings and their global originals. How-
ever, we see more small-scale variations in the regional
results over land areas and near the coastlines, probably
due to the higher resolution and better-resolved topo-
graphy compared to the global models. Many of these
small-scale patterns in RCA are significantly different
from the global model results. The P increase continues
until the end of the 21st century; the largest P-changes
still occur in autumn. The further increase of P over the
Arctic Ocean after 2030-2049 is particularly large in
winter and autumn. Kattsov et al. (2007) investigated the
CMIP3 ensemble, and found results similar to those
presented here, with an increase of P in the entire Arctic
both in summer and winter. Furthermore, they found the
largest increase in the Barents Sea area and the Chukchi
Sea in winter and summer, respectively. A similar change
pattern was also found in regional downscalings with
HIRHAM of the ECHAMS5/MPI-OM global model by
Rinke & Dethloff (2008). However, their results indicate
an increase of P up to 500% in the Barents Sea area,
which is much more than in our model ensemble mean.
On the contrary, results from Vavrus et al. (2012) using
CCSM4 indicated a more uniformly distributed P-increase
in the Arctic.

Interestingly, our regional downscalings simulate a signi-
ficantly larger P change than the original global future
projections in summer. The reason for this strong P-
increase in RCA compared to the GCMs remains unclear.
In both GCMs and downscalings, the convective pre-
cipitation part is very small in the Arctic throughout the
entire year and we do not find any indications for more
summer cyclonic activity in RCA (Fig. 5). However, Fig. 10
indicated a stronger increase in cloud cover in RCA
compared to the GCMs, which might be related to
enhanced P in RCA.
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Figure 12 shows a linear relationship between the
projected future changes of T2m and P in the Arctic. This
relationship is the same for the GCMs and the regional
downscalings in winter. A warming of 1°K over the
70-90°N area is connected to an average P-increase of
about 0.8 mm/month in the same area. This relation is
obviously independent of the time period and the emis-
sion scenario and is stable across all global models and
their regional downscalings. The spread among indivi-
dual global models is slightly larger than in the regional
downscalings, which might indicate that the connection
of winter precipitation to Arctic warming in RCA is
independent of the large-scale boundary conditions.
Also in summer, T2m and P seem to be linearly related.
However, the P increase per K T2m-increase is much
larger than in winter (note the change in scale of the
x-axis in Fig. 12) and is substantially different between
GCMs and the regional downscalings. While the P in-
crease in the GCMs is about 2 mm/month per K T2m-
increase, it is >3 mm/month in RCA (compare also Figs.
11c, k, j, o). In contrast to winter, the spread among
individual downscalings is not smaller than among
individual GCMs.

Summary and conclusions

In this study, we performed an ensemble of regional
Arctic future projections as part of the CORDEX-project.
The Rossby Centre Atmosphere model RCA4 has been
used to downscale future climate projections based on
RCP4.5 and RCP8.5 emission scenarios of four different
global CMIP5 models.

The model biases in RCA are of similar size as in the
driving global models. The atmospheric circulation in the
regional downscalings is strongly governed by the lateral
and surface boundary conditions from the global models.
The regional downscalings therefore do not provide any
added value to the large-scale atmospheric circulation.
Note, all regional simulations have been performed with-
out spectral nudging. As Berg et al. (2013) showed,
spectral nudging towards ERA-interim reanalysis im-
proved 20th century climate in RCA. However, perform-
ing spectral nudging towards the global models is debated
since it reduces the possibility of the regional model
to improve the prescribed global climate conditions. On
the other hand, this study showed that the large-scale
atmospheric circulation in the regional model is not
improved compared to the global models. Contrary to
SLP, air temperature shows larger deviations between
regional and global model simulations. Particularly over
the Arctic Ocean, the T2m bias is significantly reduced.
Instead, it is increased over some land areas. Considering
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Fig. 11 Precipitation future change in the ensemble means of the Rossby Centre Atmosphere model (RCA) downscalings and the global models (GCM)
for the periods (a—I) 2030-2049 and (m-x) 2080-2099 compared to the reference period 1980-1999. The projections are based on RCP8.5. The red
areas in (i-l) and (u—x) mark areas with significantly different responses in regional and global simulations (at the 95% confidence level).
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Fig. 12 Precipitation and temperature change until 2030-2049 (small symbols) and 2080-2099 (big symbols) averaged over 70-90°N in (a) winter and
(b) summer. Regional downscalings are represented by circles (RCP4.5) and squares (RCP8.5) and the global models are represented by plus signs
(RCP4.5) and asterisks (RCP8.5); CanESM2 (red), EC-Earth (blue), NorESM1-M (green), MPI-ESM-LR (black). The reference period is 1980-1999.

the entire model area, the added value of the regional
downscalings is limited for the air temperature as well,
although studies focusing on specific regions might benefit
from the downscaling effort.

The future projections show large climate changes
in the Arctic until the end of this century. The largest
response occurs in autumn and winter with a tempera-
ture increase of up to 15°K and strongly reduced SLP.
Precipitation is enhanced in all seasons with the largest
increase in areas of sea-ice loss. The winter time inver-
sion strength will be reduced in future which leads to
a less stable stratification of the Arctic atmosphere. The
DTR will be reduced in all seasons.

The changes in sea ice are the strongest influencing
factor for the climate changes presented here. This relates
to SLP, temperature, precipitation, inversion, DTR and
to some extent cloud cover. Future changes are there-
fore very similar for regional climate models (RCMs) and
GCMs due to the lateral boundary conditions and due
to the prescribed sea ice and sea-surface temperature.
Despite these similarities, we found some interesting
significant differences between regional and global simu-
lations: the warming over the Arctic Ocean is generally
smaller in RCA, the warming over land is larger in RCA in
winter and spring but smaller in summer. The tempera-
ture response over the Arctic Ocean and the surrounding
land areas is of similar size in RCA while the global mod-
els simulate a larger response over the Arctic Ocean.
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It remains unclear if the higher resolution in the regional
model and a possible better representation of small-scale
flows plays a role for this behaviour or if it is just a special
feature of RCA. To explore this more in future, simula-
tions with the same regional and global models using
different resolution would be required. The response of
winter cloud cover is opposite in our RCM simulations
and the GCMs indicating the importance of the micro-
physics parameterization. Precipitation changes in RCA
are significantly larger during summer than in the GCMs
and we see more small-scale change patterns, likely due to
the better-resolved topography.

Near-surface temperature and precipitation are found
to be linearly related in the Arctic. For the area 70—90°N,
we found an average increase of 0.8 mm/month per 1°K
warming in winter for both the global models and our
regional downscalings in the 21st century. In summer, the
precipitation-increase per K is much larger than in winter
and is substantially different between GCMs (about
2 mm/K) and the regional downscalings (3 mm/K).

This study shows that we cannot assume that regional
model results generally outmatch their driving global
model simulations for the historical time period and that
they are generally more reliable for the future. The added
value of the regional downscaling with RCA for the
parameters analysed in this study seems to be limited.
However, note that we only used one regional model
in one specific region and analysed a limited number
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of variables. Furthermore, the regional simulations were

performed at a 50 km resolution, which is still too coarse
to resolve many important processes. Future work should

explore if regional simulations reaching the grey zone
or even higher resolution show enhanced added value.

It is therefore too early to make general conclusions on

the added value of regional model simulations but it

is becoming clear that regional model simulations need
to be carefully evaluated before using for impact and

adaptation studies.
The use of regional coupled atmosphere—ocean—
sea-ice models has the potential to increase the added

value from regional downscalings in the Arctic under the

assumption that the sea ice is more realistic simulated

in the regional model. However, since sea-ice distribution
is highly sensitive to the atmospheric circulation, this

assumption is not necessarily valid.

An upcoming study will focus on a more detailed
representation of extremes in regional Arctic simulations
since this is often pointed out as the main benefit of
regional climate models.

Another interesting fact requiring more research

in future is that spatial change patterns in the future

scenario simulations are very similar in near and far
future periods and across emission scenarios. It is mainly

the amplitude of the response which differs. Therefore,

observed change patterns could provide valuable indica-

tions for future climate changes.
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