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The vulnerability of the Barents Sea region to climate change is under investigation in the 
context of the EU Project BALANCE (http://balance1.uni-muenster.de). Today’s climate 
of the Barents Sea region has been simulated using the regional climate model REMO 
driven by Analysis (since 1994) and by Reanalysis (1979–1993) of the European Centre 
for Medium-Range Weather Forecasts (ECMWF) from 1979 to 2000 with a horizontal 
resolution of about 55 km. The results have been validated using observations from the Cli-
matic Research Unit (CRU data) for 2-m temperature and precipitation for land areas only. 
The differences between the REMO simulation results and the CRU data are of the same 
order of magnitude as the deviations between CRU data and ERA-40 data (Reanalysis 
data of the European Center for Medium-Range Weather Forecasts). To investigate a pos-
sible future climate development a 140-year-long transient simulation from 1961 to 2100 
has been carried out using REMO. In this experiment, called the CCC run (Control and 
Climate Change run), REMO has been driven by ECHAM4/OPYC3 following the IPCC-
SRES B2 scenario. The annual mean 2-m temperature of the CCC run shows a clear trend 
as expected, the 2-m temperature increases by 5 °C by the end of the century. The Arctic 
Climate Impact Assessment reports a 1.5 °C temperature increase from 1960 to today, 
which is in good agreement with our results. From 1960 to 2000 the observed annual mean 
temperature for the Arctic rises exactly in the same way as in the REMO simulation for the 
Barents Sea only. Three 20-year periods have been defined in order to analyze differences 
among these time slices. A stronger warming in January than in July is evident for all time 
slices. As expected, the warming is enhanced for the period 2041–2060 as compared with 
that for the earlier period (2011–2030). The largest warming occurs along the sea ice edge 
and over Russia during the winter months.

Introduction

The Arctic climate is of special importance. The 
sensitivity of this region to climate change has 
given the motivation to conduct several studies 
and international projects: The Arctic Climate 
Impact Assessment (ACIA, 2004: Impacts of a 
warming arctic, http://amap.no/acia), the Arctic 
Ocean Model Intercomparison Project (AOMIP, 

http://fish.cims.nyu.edu/project_aomip/over-
view.html) and the Arctic Regional Climate 
Model Intercomparison Project (ARCMIP, http://
curry.eas.gatech.edu/ARCMIP/index.html). The 
variability of temperature and precipitation in 
the entire Arctic region has been documented 
and a summary of available measurement sta-
tions and historical schedules has been given by 
Przybylak (2002). Regional modeling studies 
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were performed for example by Lynch et al. 
(1995, 2001, 2004) and Dethloff et al. (1996, 
2001). The importance of the Arctic climate 
for the European weather conditions (Semmler 
2002) and the changes of the Arctic climate in 
response to scenarios prepared by the Inter-
governmental Panel on Climate Change (IPCC) 
were investigated for example with the regional 
model REMO by Pfeifer and Jacob 2005. Their 
study points out whether the presented scenario 
calculation indicates an anthropogenic climate 
change or not. In their study, they analyzed 
global climate scenario calculations with the 
global climate model ECHAM4 (Roeckner et al. 
1999) to demonstrate the internal variability of 
the Arctic climate. In addition, they conducted 
REMO simulations for the period 2070 to 2079 
to assess the smaller scales of the Arctic climate 
change. They conclude that the regional climate 
model simulates quantitatively the same changes 
as the global climate model does, but its advan-
tages are clearly related to the high amount of 
detail, which becomes obvious when looking at 
the spatial pattern of the signal.

In the Special Report on Emission Scenarios 
(SRES, Nakićenović et al. 2000, Houghton et al. 
2001) atmospheric conditions have been defined 
to appoint conceived scenarios. For example, the 
B2 scenario describes a world orientated towards 
environmental protection and social equity with 
emphasis on local solutions to economic, social 
and environmental sustainability. In the B2 sce-
nario a moderate CO2-increase and SO2 decrease 
are assumed. The CO2 emissions assumed for 
the B2 scenario lie in the middle of the other 
IPCC scenarios. For the A1B scenario a greater 
CO2 emission increase is assumed until 2050 
and a decrease afterwards. For the B1 scenario 
the assumed CO2 emission is clearly less than 
the CO2 emission of the B2 scenario. The B2 
scenario has been chosen together with our EU-
project partners for our investigation with the 
regional climate model REMO.

The vulnerability of the Barents Sea region 
to climate change is investigated in the context 
of the EU-Project BALANCE (http:/balance1.
uni-muenster.de). In co-operation with fifteen 
participating institutes from Norway, Sweden, 
the Netherlands, Finland, the United Kingdom 
and Germany, the influence of climate change 

on the Barents Sea region is studied. This project 
addresses a large variety of components, includ-
ing the terrestrial and the marine ecosystems as 
well as some of the economic sectors, such as 
fishery, forestry and reindeer husbandry. Climate 
change is affecting living conditions for humans, 
vegetation and animals in the Arctic. The basis 
for these advanced studies in BALANCE is 
the Control and Climate Change run (CCC-run) 
performed with the regional model REMO. The 
goal of the study presented here, is to highlight 
possible future changes of temperature, precipi-
tation and snowfields in the Barents Sea region, 
with a higher spatial resolution than offered by 
global climate models.

After a short model description and a specifi-
cation of the experimental setup, a validation of 
the baseline run using the Climate Research Unit 
data set, called the CRU data (New et al. 2002), 
and reanalysis data of the European Center for 
Medium Range Weather Forecasts (ERA-40) is 
presented. This part of the paper indicates the 
quality of the regional model results for the 
region under investigation and serves as trust 
building for the climate change analyses. The 
major part of the paper is related to the analysis 
of the climate changes in temperature and pre-
cipitation fields in the Barents Sea region, utiliz-
ing time series and differences of 20-year means 
of these quantities.

Model description and 
experimental setup

REMO is a regional hydrostatic climate model 
and is used in different regions all over the 
world depending on available boundary condi-
tions. It has been developed at the Max Planck 
Institute for Meteorology (MPIfM) (Jacob and 
Podzun 1997, Jacob 2001, Jacob et al. 2001) 
as the atmospheric component of a coupled 
atmosphere-hydrology model system. Applica-
tions of REMO have included the simulation 
of the energy and water cycle over Europe 
within the international BALTic Sea EXperi-
ment (BALTEX) (Raschke et al. 1998, 2001). 
REMO was also involved in the evaluation of 
an ensemble of eight different regional climate 
models over the Arctic Ocean (Rinke et al. 2006) 
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and additionally in the intercomparison of six 
regional climate models in modeling the Arctic 
boundary layer (Tjernström et al. 2005).

For simulations of today’s climate of the 
Barents Sea region REMO has been driven by 
Analysis/Reanalysis of the European Center for 
Medium-Range Weather Forecasts (ECMWF). 
The integration of REMO from 1979 to 2000 
is called the baseline run. This baseline run has 
been used for comparisons with observations.

To investigate possible future climate devel-
opment, REMO has been driven by the transient 
ECHAM4/OPYC3 IPCC-SRES B2 scenario. 
This run is called Control and Climate Change 
run (CCC run) and has been performed to simu-
late the climatic change of the Barents Sea 
region from 1961 to 2100. The ECHAM4/OPYC 
simulation started 1860 with SST values close to 
those of 1990 and has therefore a warm bias in 
the sea surface temperature (SST). It was sug-
gested by Roeckner et al. (1999) to analyze only 
differences of time slices and not the absolute 
values themselves.

The simulation domain is shown in Fig. 1. 
All simulations have been conducted with 1/2° 
horizontal resolution in a rotated grid.

Validation

Results of the baseline run in the period 1979 
until 2000 have been validated with observa-
tions using a high resolution data set of sur-
face climate over land areas from the Climate 
Research Unit (New et al. 2002) and against the 

ECMWF Reanalysis data (ERA-40). A direct 
comparison of temperature data for Norway, Fin-
land and Sweden has been carried out because 
other Arctic areas especially Russia have bad 
data coverage (Fig. 2). The comparison of the 
annual cycle between simulated and observed 
data reveals warmer simulated winter months 
(about 2 °C) and colder simulated spring and 
early summer months (about 1 °C) for Norway 
and Sweden. For Finland the 2-m temperature 
during April shows the strongest deviation (Fig. 
3). The differences between the baseline run and 
CRU data are of the same order of magnitude 
as the deviations between CRU and ERA-40. In 

Fig. 1. Simulation domain of the Barents Sea region 
with model orography (m).

Fig. 2. Global distribution 
of available measurement 
data in the CRU data set. 
Shown here is the number 
of stations per grid area 
of CRU.



332 Keup-Thiel et al. • BOREAL ENV. RES. Vol. 11

Finland, where the differences are strongest, the 
observation density is coarser than in Sweden or 
Norway (Fig. 2). This could be the reason for the 
relatively strong deviation between simulation 
and observation in Finland. The validation of 

the precipitation data was executed for the same 
areas as shown in Fig. 4. The variability in the 
simulated precipitation is similar to the meas-
ured one (left-hand side of Fig. 4). The system-
atic overestimation of the precipitation in REMO 

Fig. 3. Comparison of 2-m temperature (°C) between the ERA-40 data, REMO baseline run and CRU data set as 
a mean over Norway, Finland and Sweden. The left-hand side panel shows the time series and the right-hand side 
panel shows the mean annual cycles of REMO data and ERA-40 data in deviation to the CRU data set for Norway, 
Finland and Sweden.

Fig. 4. Comparison of the precipitation rates (mm month–1) from CRU data set (dashed line) and REMO (solid line) 
from 1979 until 2000 on the left-hand side. The mean annual cycles of precipitation rates of the baseline run of 
REMO (solid line) compared with the CRU data set (dashed line) on the right-hand side.
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(right-hand side of Fig. 4) is in the range of the 
measurement accuracy (B. Rudolf & F. Rubel 
unpubl. data).

The horizontal distribution of the difference 
between the bi-decadal annual mean 2-m tem-
perature (1981–2000) of the baseline run and 
the CRU data set shows a warm deviation for 
Norway and Sweden (Fig. 5). The largest bias 
is located in the northern part of Norway. Over 
Russia REMO is systematically colder than the 
CRU data set. Under consideration of the coarse 
data coverage of the CRU data in Russia, the 
comparison of REMO and CRU data is very 
imprecise for that region. The same is true for 
the relative differences of the precipitation, but 
REMO seems to be about 20%–30% too wet over 
Scandinavia. The difference might be explained 
at least partly by a negative bias in the CRU data 
set that is based on uncorrected gauge measure-
ments. This feature needs to be addressed in more 
detail, since an overestimation of precipitation in 
the simulation could lead to an overestimation of 
runoff calculated by the BALANCE partners.

Climate change scenarios for the 
Barents Sea region

The climate of the Barents Sea region has been 
simulated from 1961 until 2100 with REMO. 

This Control and Climate Change run (CCC run) 
has been performed to study the future climate 
of the Barents Sea. The analysis of the scenario 
describes the hypothetical changes in the Bar-
ents Sea region in the next century according 
to the IPCC/SRES B2 scenario (Houghton et 
al. 2001). In the B2 scenario a continuous CO2 
increase weaker than in the A1B scenario and a 
SO2 decrease is assumed. As a first result, annual 
mean time series of temperature and precipita-
tion will be presented. Additionally, time slices 
of 20-year periods have been investigated to 
figure out in which season and in which region 
the largest changes in temperature and precipita-
tion are located.

As expected, the annual and area mean 2-m 
temperature of the CCC run in the Barents Sea 
region shows a clear trend, the 2-m-temperature 
increases by 5 °C in 140 years (Fig. 6). The area 
mean is calculated over the model domain shown 
in Fig. 1. The mean temperature over land is gen-
erally higher than the mean temperature over sea 
(not shown). The Arctic in the Arctic Climate 
Impact Assessment report (ACIA, 2004: Impacts 
of a warming arctic, http://amap.no/acia) notifies 
a 1.5 °C increase from 1960 to today, which is in 
good agreement with our results. From 1960 to 
2000 the observed annual mean temperature of 
the Barents Sea region rose exactly in the same 
way as in the simulation.

Fig. 5. Differences (Baseline – CRU) of the 2-m temperature (°C) on the left-hand side and the relative difference of 
precipitation (%) on the right-hand side for the annual mean of the time slice (1981–2000).
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To demonstrate the inter-annual variability of 
the 2-m temperature, the detrended time series 
(Fig. 6, right-hand side panel) and the frequency 
distribution of Norway monthly temperature 
anomalies to the reference period 1961–1990 
(Fig. 7) are shown. A clear shift of the frequency 
distribution by ~2.8 °C towards warmer tem-
peratures can be seen in 2061–2090. The distri-
bution for the future period is also slightly wider, 
but the increase in variability is not statistically 
significant.

The time series of the annual mean precipita-
tion rate for the whole model region shows an 
increase in precipitation from 58 to 74 mm 
month–1 from 1960 to 2100 (Fig. 8, left panel). 
The annual mean precipitation over land is gen-
erally higher than over sea (not shown), both 
time series show a clear trend for the whole 
period. The annual precipitation rate varies 
around 15–20 mm month–1 (Fig. 8, right-hand 
side panel). No change in precipitation variabil-
ity can be detected from this curve.

Fig. 6. Annual mean 2-m temperature (°C) rise in the CCC-run for 1960–2100 on the left-hand side. The black verti-
cal lines mark the time slices. A 20-year mean around these time slices (gray marked) is analyzed separately. On 
the right-hand side the annual 2-m temperature variability for the detrended time series is shown.

Fig. 7. Results from the regional climate change simulation representing today’s (CTRL: 1961–1990) and future 
(scenario: 2061–2090) scenario conditions. Statistical distributions (without trend) of monthly temperature anoma-
lies for Norway (with respect to the reference period 1961–1990) for today and for the scenario. The bold line shows 
the fit with the Gaussian distribution, thin lines are obtained from raw data with an interval of 0.5 °C.
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To investigate decadal changes three 20-
year periods have been defined: a control period 
1981–2000, and two future 20-year periods 
2011–2030 and 2041–2060 (marked in Fig. 6). 
Only differences of the horizontal pattern of 
these time slices will be presented to point out 
where the biggest changes occur in the simula-
tion. The differences (future decade – control) of 
2-m temperature are shown in Fig. 9. A stronger 
warming in January than in July is evident 

for both time slices. As expected, the warming 
is enhanced for the period 2041–2060 relative 
to the earlier period (2011–2030). The largest 
warming is located along the sea ice edge and 
over Russia for January 2041–2060 with temper-
ature anomalies of more than 6 °C. There exist 
strong differences between snow-covered and 
snow-free areas and between ice covered sur-
faces and those without ice, respectively, in sur-
face albedo. The significantly higher amount of 

Fig. 8. Annual mean precipitation rate (mm month–1) from the CCC-run from 1960–2100 (left) and its variability 
(right).

Fig. 9. Differences (time slice – control) of the mean 2-m temperatures (°C) for January on the left-hand side and 
for July on the right-hand side for the time slice 2011–2030 above and for the time slice 2041–2060 below.
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solar energy absorbed on snow and ice-free areas 
results in the documented warming evident for 
January in areas south of 70°N (Fig. 9). For the 
other areas north of 70°N where the solar insola-
tion is negligible the heat exchange between the 
sea water and the atmosphere is enhanced for 
ice-free areas. Therefore, the temperature change 
is largest along the sea ice edge and along the 
previously snow-covered land surfaces. The dis-
tribution of today’s sea ice cover is documented 

in Fig. 10 to show the location of the sea ice edge 
in January and July. The reduction of the sea ice 
cover for the two future periods takes place near 
the islands of Spitzbergen, Franz-Josef Land and 
Novaja Zeml’a for January. For July the strong-
est reduction is located more northwards in the 
northern part of the Barents Sea.

Changes in precipitation for January (left 
panel) and July (right panel) are illustrated in 
Fig. 11 and specified in Table 1. The maximum 

Fig. 10. Sea ice cover (%) for the mean of the time slice from 1981 until 2000 for January on the left-hand side and 
for July on the right-hand side.

Fig. 11. Differences of the precipitation fields for January on the left-hand side and for July on the right-hand side, 
for the first time slice (2011–2030 – control) above and for the second time slice (2041–2060 – control) below.
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mean precipitation sum for January in the con-
trol period (1981–2000) adds up to 150–200 mm 
month–1 along the Norwegian coast. Mean precip-
itation rates occur over the Barents Sea and over 
Russia and amount to about 40–50 mm month–1. 
In the precipitation anomaly fields for January 
in Fig. 11 a precipitation increase of about 5 
mm month–1 for the first time slice (2011–2030) 
as mean over the simulation domain is visible. 
Locally the precipitation rate anomaly attains 
maximum values around 70 mm month–1. For the 
later period (2041–2060) this signal is enhanced, 
the regional mean increase amounts to 8 mm 
month–1. In addition, the precipitation decreases 
over the Baltic Sea and Scandinavia for the first 
20-year period in January. The opposite signal 
is seen in the climate change pattern for the 
later 20-year period (2041–2060). The precipi-
tation rate over the Baltic Sea and Scandinavia 
increases. For July the precipitation rate anomaly 
fields have different structures as compared with  
those occurring in January. A decrease of the pre-
cipitation rate over the Barents Sea is evident for 
both periods in contrast to an increase of precipi-
tation over land. The increase of precipitation is 
slightly larger for the first 20-year period, both 
signals have the same sign.

Finally, changes in snow are investigated. In 
January, changes in snowfall rate share common 
features with the changes in precipitation. The 
snowfall rate is enhanced over land and along the 
sea ice edge from Novaja Zemlja, over Spitzber-
gen to Greenland up to 30 mm month–1 (Fig. 12). 
A decrease of snowfall occurs over Scandinavia, 

the Baltic Sea and the European North Sea. This 
decrease is enhanced for the later period (2041–
2060). Nevertheless the warming trend leads to 
a considerable decrease in snow cover over the 
Barents Sea region. Almost all of Norway, except 
the Norwegian coast, experiences in the control 
period more than 180 “snow days” a year, defined 
here as a day with more than 3 cm water equiva-
lent of snow depth (Fig. 13). In contrast, in the 
scenario more than 180 snow days in Norway 
appear only at higher latitudes towards the north. 
The 180-snow day line moves from its current 
position about 300 to 500 km to the north. The 
longer snow-free time and the increase of the 
temperatures have important consequences for 
the vegetation in the arctic and subarctic. Rustad 
et al. (2001) showed in field experiments a tem-
perature induced increased mineralization and 
plant productivity. According to Sonesson and 
Hoogesteger (1983) a shift of the tree lines to 
higher altitudes could be expected.

Fig. 12. Climate change signal shown as differences (time slice – control) for snow fall (mm month–1) in January for 
the first time slice (2011–2030 – control) on the left-hand side and for the second time slice (2041–2060 – control) 
on the right-hand side.

Table 1. Minimum, mean and maximum differences 
(time slice – control) of the mean precipitation (mm 
month–1) rate for the model region of the investigated 
20-year periods for January and July.

Time slice Month Min Mean Max

2011–2030 – control January –18.9 5.5 72.3
 July –41.3 0.2 46.2
2041–2060 – control January –20.0 8.0 94.5
 July –40.1 –0.1 43.5
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Conclusions

A regional climate simulation (baseline run) with 
REMO using 50 km horizontal resolution driven 
by ECMWF-Analysis/Reanalysis from 1979 
until 2000 has been performed to reconstruct 
realistic temperature and precipitation fields for 
today’s climate in the Barents Sea region. Our 
model results have been compared to the CRU 
data set, which encompasses unfortunately only 
a few measurement stations in high latitudes. 
Despite some biases in the investigated regions 
the simulated temperature and precipitation 
fields seem to be realistic, but further compari-
sons with measured data are still desirable. Nev-
ertheless the observed temperature increase for 
the Arctic is well captured by our results (ACIA, 
2004: Impacts of a warming arctic, http://amap.
no/acia).

In the CCC run the largest surface tempera-
ture changes occur during winter months due to 
changes of the sea ice cover. This implies that 
the annual cycle of the signal is varying, with a 
strong signal in winter and a less strong warming 
during summer months.

The annual mean temperature difference 
between the present (1970–1979) and the future 
Arctic climate (2070–2079) amounts to about 5.5 
K and the annual mean precipitation rises about 
80 mm as shown in Pfeifer and Jacob (2005). 
The results in this study point to the same direc-
tion despite the fact that different time slices and 

just a part of the Arctic — the Barents Sea region 
— were considered. Additionally an increase 
of precipitation, which differs between January 
and July, was detected. The increase of snowfall 
rate for the first 20-year period is in agreement 
with the increase of precipitation, the decrease 
of snowfall rate is evident for the later 20-year 
period as expected for a slightly warmer climate. 
As a consequence of the warming, the biomass 
production and the location of tree-lines would 
be expected to be changed as well.

It would be useful to have more than one 
realization of different scenarios to constitute the 
range of future regional climate conditions for 
the Barents Sea which might be more reliable 
(Räisänen et al. 2004). The BALANCE project 
focused on the vulnerability of the Barents Sea 
region for future climate conditions with empha-
sis on interdisciplinary work. Therefore as a first 
guess just one scenario of future climate has 
been calculated and analysed.

Finally, it has to be stated that only the pos-
sible regional atmospheric response to global 
warming has been analyzed without taking into 
account the feedbacks of the Barents Sea as a part 
of the Arctic Ocean and the vegetation (Graham 
et al. 2004). Every change of the atmospheric 
quantities could be different if a coupled ocean/
atmosphere/land/hydrology regional climate 
model would be used.

Additional sensitivity experiments are in 
preparation to study the influence of the sea 
surface temperature, the vegetation ratio and the 
forest cover separately. The BALANCE partners 
will provide fields of these quantities representa-
tive for the time periods under investigation.
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