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[1] Climate simulations suggest that the emissions of carbon dioxide and other
greenhouse gases will lead to strong climate changes in the 21st century. Here the resulting
effects of the freshwater balance of the Arctic Ocean in the 21st century are analyzed using
coupled Intergovernmental Panel on Climate Change simulations with the Max Planck
Institute for Meteorology climate model. For the Arctic region, particularly strong
warming and an almost complete removal of sea ice during summer time are predicted.
Arctic river runoff and net atmospheric freshwater input (P-E) are strongly enhanced. Most
of this additional freshwater input is stored in the Arctic Ocean. While the total freshwater
export out of the Arctic remains almost constant, significant changes occur in its
distribution. The dominance of sea ice for the Fram Strait export disappears, while the
liquid freshwater export is enhanced. The mean export shows therefore almost no changes,
but its interannual variability is slightly reduced. In contrast, both the export through the
Canadian Archipelago and its variability are increased in the 21st century. Therefore the

importance of the Canadian Archipelago for the total Arctic export grows. Enhanced
freshwater input into the Labrador Sea leads to a strong decrease in deep convection.
Greenland Sea convection is reduced as well but mainly because of strong warming of the
upper ocean layers. The meridional overturning circulation responds with a decline of

about 6 sverdrups.
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1. Introduction

[2] The Arctic plays an important role in the global
climate system. As an interface between atmosphere and
ocean, the rather thin layer of sea ice controls most of the
fluxes of heat, momentum and matter in ice-covered regions.
Small changes in sea ice cover may have a strong impact on
the large-scale atmospheric circulation [Magnusdottir et al.,
2004; Alexander et al., 2004].

[3] The export of freshwater from the Arctic is very
important for the coupling of the Arctic Ocean to the rest
of the world. This export influences and alters the deep
water formation in the North Atlantic Ocean, in particular in
the Labrador Sea. The largest source of export is the Fram
Strait sea ice export. It amounts to about 2400—3200 km?/a
(75,000—100,000 m*/s) [Vinje et al., 1998; Vinje, 2001;
Aargaard and Carmack, 1989; Schmith and Hansen, 2003].
The interannual variability of the ice export is large and
mainly dominated by the sea level pressure gradient across
Fram Strait. According to Vinje [2001] and Hilmer et al.
[1998], this pressure gradient explains more than 80% of the
total variability of the ice export. Several investigations
indicated that large ice export events strongly reduce the
convection in the Labrador Sea 1 or 2 a later. Dickson et al.
[1988] and Belkin et al. [1998] suggested that at least the so-
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called “Great Salinity Anomaly” (GSA) in the early 70s
was caused by previous large Fram Strait sea ice exports.
Hdikkinen [1999] prescribed large freshwater anomalies in
the East Greenland Current and showed that they provoke
GSAs in the Labrador Sea. Haak et al. [2003] performed
simulations with an ocean model forced by NCEP reanal-
yses and found that also the GSAs of the 80s and 90s are
caused by large sea ice exports. Koenigk et al. [2006]
showed a significant atmospheric response to large sea ice
export events through Fram Strait.

[4] The most important source of freshwater for the
Arctic Ocean is river runoff. Peterson et al. [2002] analyzed
river-monitoring data of the largest 6 Eurasian rivers from
1936 to 1999 and found an increase of 7% in the discharge.
Berezovskaya et al. [2005] showed an increase in runoff of
the Lena River by 10% since 1936 with particularly high
runoff since 1988. The authors attributed this to strong
precipitation to an anomalously positive Arctic Oscillation
(AO). In contrast to the enhanced river runoff in Eurasia, the
river discharge in northern Canada decreased by 10% since
1964 [Déry and Wood, 2005]. Dyurgerov and Carter [2004]
analyzed mass balance data from Arctic mountains and
subpolar glaciers. They came to the conclusion that melting
of glaciers was the main source of increased freshwater
inflow into the Arctic Ocean since 1961. In agreement with
these observations, Wu et al. [2005] simulated an increased
river runoff in the second part of the 20th century with the
HadCM3 model.
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[5] As found both in satellite observations [Kwok, 2000]
and model studies [Hilmer and Lemke, 2000], sea ice cover
has strongly reduced over the last 30 a as well. Serreze et al.
[2000] suggested that about half of the observed changes in
the Arctic can be attributed to changes in the atmospheric
circulation. This would explain the warmer and wetter
climate in Siberia and the colder and drier climate in
northern Canada at the same time. The second half of the
changes may be attributed to anthropogenic forcing. Data
records are still quite short and model simulations suggest a
large decadal to multidecadal variability in the Arctic [e.g.,
Goosse et al., 2002; Jungclaus et al., 2005]. Therefore the
interpretation of the change as a signal for enhanced
greenhouse warming is still under debate. However, model
simulations predict a future climate change in the Arctic that
is amplified because of ice-albedo feedback [Holland and
Bitz, 2003].

[6] In this study, an ensemble of Intergovernmental Panel
on Climate Change (IPCC) scenario runs performed with
the global coupled atmosphere-ocean model ECHAMS/
MPI-OM is analyzed. The freshwater export from the Arctic
in the 20th and 21st century is investigated. The reasons for
the changes and their possible impacts are presented.

2. Model Description

[7] The model used in this study is the Max Planck
Institute for Meteorology global atmosphere—ocean—sea
ice model ECHAMS/MPI-OM. It consists of the latest (fifth)
cycle of the European Centre for Medium-Range Weather
Forecasts Hamburg (ECHAM) and Max Planck Institute
Ocean Model (MPI-OM). The atmosphere model ECHAMS
[Roeckner et al., 2003] is run at T63 resolution, which
corresponds to a horizontal resolution of about 1.875° x
1.875°. Tt has 31 vertical levels up to 10 hPa. The ocean
model MPI-OM [Marsland et al., 2003; Jungclaus et al.,
2006] includes a Hibler-type dynamic-thermodynamic sea
ice model. The ocean grid is based on an Arakawa C grid
and allows for an arbitrary placement of the grid poles. In
this setup, the model’s North Pole is shifted to Greenland
and the South Pole is placed in the center of Antarctica. This
approach avoids the numerical singularity at the North Pole.
It has the additional advantage of a relatively high resolu-
tion in the deep water formation regions near Greenland and
in the Weddell Sea. The grid spacing varies between about
15 km around Greenland and 184 km in the tropical Pacific.
The model has 40 vertical layers.

[8] The atmosphere model and the sea ice—ocean model
are coupled by the OASIS coupler [Valcke et al., 2003]. The
coupler transfers fluxes of momentum, heat, and freshwater
from the atmosphere to the ocean and performs the inter-
polation onto the ocean grid. It also transmits sea surface
temperature, sea ice thickness and concentration, snow
thickness and surface velocity from the ocean to the
atmosphere. The climate model includes a river runoff
scheme [Hagemann and Duemenil, 1998; Hagemann and
Duemenil-Gates, 2003]. The river runoff is transferred to
the ocean together with the precipitation. Glacier calving is
included such, that any snow falling on Greenland and
Antarctica is instantaneously transferred into the nearest
ocean grid point. Hence the mass balance of glacier ice
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Figure 1. Annual mean 2 m air temperature anomalies in
Kelvin. Ensemble means of the 20th century and A1B
scenario runs are shown. The dashed line shows the global
average, and the solid line shows the average of the area
north of 60°N.

sheets is not accounted for. In the coupled model, no flux
adjustment is used.

[o] In this study, simulations of the climate during the
20th and 21st century are analyzed. For the 20th century
runs, observed concentrations of climate relevant gases and
aerosols are used. For the 21st century, the IPCC scenario
Al1B is prescribed. A detailed description of the IPCC
scenarios is given in the [PCC Special Report on Emission
Scenarios (SRES: http://www.ipcc.ch/). Solar variability is
not considered in the simulations.

[10] An ensemble of three members is used both for the
20th and 21st century runs. The three realizations of the
20th century have been started with initial conditions from
three different years of a preindustrial control integration.
The 21st century simulations were started from the end of
the three 20th century runs. It should be noted that the
cooling effect of aerosols exceeds the warming due to
increased CO, in the Arctic in large parts of the 20th
century. For this period, the 20th century runs present a
slightly colder Arctic climate than the control runs. This
leads to somewhat enhanced ice exports and reduced liquid
freshwater exports in the 20th century simulations. In the
following, ensemble means are presented.

3. Results
3.1. Changes in the Arctic Climate

[11] This subsection analyses the changes of relevant
parameters of the Arctic freshwater system. Figure 1 shows
ensemble mean air temperature anomalies of the area-
weighted global mean and the mean of the area north of
60°N in the 20th and 21st centuries. The warming in the
Arctic reaches more than 7 K by the year 2100, which is
almost twice the global mean warming. The main reason is
the ice-albedo feedback: A warming leads to an increased
melting of sea ice in the Arctic. This reduces the albedo and
more solar radiation will be absorbed. Consequently, the
warming is enhanced.
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Figure 2. Annual number of months with a sea ice concentration exceeding 15%. (a) Mean of 1900—
2000. (b) Mean of 2080—2100. Shown are ensemble means.

[12] The decrease of Arctic sea ice coverage can be seen
in Figure 2. In the 20th century, almost the entire Arctic
Ocean is ice-covered year round. Only the Barents Sea and
parts of the Kara Sea are ice free during summertime. The
model reproduces satellite observations [Johannessen et al.,
2002] in most areas reasonably well. However, at the coasts
of the Laptev and East Siberian seas, sea ice thickness and
summer sea ice cover are slightly overestimated. During the
21st century, sea ice is strongly reduced. At the end of the
century, the Arctic is completely ice free during a short
period in summer. There is no region with an ice cover
duration exceeding 11.5 months. During wintertime, the
Arctic is still ice covered and the reduction of maximal sea
ice extent is rather moderate. However, the ice volume is
strongly reduced in winter as well. The difference between
winter and summer ice volume in the Arctic remains
constant as do winter ice production rates in the entire
21st century.

[13] Exchange processes with the atmosphere are of great
importance for the freshwater balance of the ocean. Figure 3a

a)

Figure 3.

shows the averaged atmospheric net freshwater input into the
ocean in the 20th century, which is given by the difference
between evaporation (E) and precipitation (P). On the right,
the difference of E-P averaged from 2080 to 2100 and from
1900-000 (Figure 3b) is presented. Most parts of the Arctic
are dominated by an excess of P over E in the 20th century.
Groves and Francis [2002] analyzed a 19-a data set and
found similar results. They showed that the annual E-P
pattern is dominated by E-P in summer. In our model, the
annual mean excess of precipitation varies between 10 and
30 mm/month over the Arctic Ocean and more than 80 mm/
month over the North Pacific, the western North Atlantic and
in some coastal regions. Positive E-P values occur over parts
of the Norwegian and southwestern Barents Sea. Here, a
combination of relatively warm surface water and strong
winds leads to strong evaporation, especially in winter when
cold Arctic air masses are advected over the open ocean. The
changes until the period 2080—2100 are characterized by a
growing difference of P-E in large parts of the Arctic. This
increase reaches 2—10 mm/month in most areas. Again, over

b)

(a) Annual mean E-P during 1900-2000 in mm/month. (b) E-P difference between the means

of 2080—-2100 and 1900—-2000. Shown are ensemble means.
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the North Atlantic and North Pacific larger values occur. In
an area along the displaced ice edge from Iceland over
Spitsbergen to the Kara Sea, evaporation is strongly
enhanced because of the reduction of sea ice during winter.
The net atmospheric freshwater input into the Arctic Ocean
(including Barents Sea) grows from about 70,000 m*/s in the
20th century (mean 1900—-2000) to slightly more than
80,000 m?/s at the end of the 21st century (Figure 4a). As
only rather few observational records exist for the Arctic, it
is difficult to provide safe observational estimates. Walsh et
al. [1994] and Serreze et al. [1995] have utilized the network
of northern high-latitude rawinsonde stations to examine P-E
averaged over the Arctic Basin north of 70°N. They found
mean values for a 20-a time period of about 160—170 mm/a,
which is equivalent to a net atmospheric freshwater flux of
about 80,000 m>/s for the area north of 70°N. Note that we
only use the Arctic Ocean (including Barents Sea) as Arctic,
which slightly differs from the area north of 70°N used by
Walsh et al. [1994] and Serreze et al. [1995].

[14] The river runoff to the Arctic Ocean reaches on
average about 130,000 m*/s in our 20th century simulations.
This agrees with results of Lammers et al. [2001] and
Peterson et al. [2002]. They analyzed river discharge
data of the 20th century and found a runoff to the Arctic
Ocean of 130,000 m’/s and 152,000 rn3/s, respectively.
Several observational studies [McClelland et al., 2004,
2006; Berezovskaya et al., 2004] showed a positive trend
of both P and river runoff in the second half of the 20th
century. However, Berezovskaya et al. [2004] analyzed
three different precipitation data sets and found that the
observed P trend seems to be too weak to explain the strong
increase in river runoff. McClelland et al. [2004] analyzed
the impact of dams, permafrost thaw and fires on the
Siberian river runoff but could not explain the significant
increase in river runoff. He concluded that increasing
northward transport of moisture as a result of global warm-
ing remains the most viable explanation for the observed
increase in Eurasian Arctic river discharge. Contrary to P in
Siberia, it seems P was not enhanced in northern Canada
since 1950: Déry and Wood [2005] found a decrease both in
P and river runoff. Using station data, Przybylak [2002]
showed a reduction in P in the southeastern Canadian Arctic
otherwise P was increased. Model results by Wu et al.
[2005] with the HadCM3 climate model showed a rise of
the total Arctic river runoff by about 10,000 m’/s since
1960. Main reason for this was increasing precipitation over
Siberia whereas changes in the discharge of the North
American rivers contributed only little to the positive trend.
Our simulations show an enhanced Eurasian river runoff by
5000 m*/s between 1960 and 2000. This is somewhat less
than in the simulations by Wu et al. [2005]. The increase in
our simulations fits well to increased P in the catchment
areas of the Eurasian rivers in our model. Hence our
simulations do not show the gap between precipitation
and river runoff trend as shown by Berezovskaya et al.
[2004]. It has to be noted that our river runoff scheme does
not include changes due to permafrost thaw, vegetation
changes and human activities. In contrast to Siberia, river
discharge of the North American rivers does not change
throughout the 20th century in our simulations.

[15] During the 21st century, our simulation show a
growing excess of P over E in the catchment areas of both
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Figure 4. (a) Annual mean Arctic river runoff (red), P-E
over the Arctic Ocean (blue), and total Arctic runoff (river
runoff plus P-E, black) in m/s. (b) Annual mean freshwater
export through Fram Strait (red), Canadian Archipelago
(blue), Barents Shelf (magenta), Bering Strait (orange), and
total export out of the Arctic (black) in m’/s. (¢) Annual
mean freshwater content of the Arctic Ocean in m’. The
dashed lines are the ensemble means of the control runs.

the Siberian and Canadian rivers. The total river discharge
grows to 170,000 m®/s by the year 2100. Other model
simulations show similar results. Simulations by Wu et al.
[2005] until year 2050 following the B2 and A2 scenarios
predict a further rise of river runoff. Arnell [2005] used a
hydrological model forced with climate change scenarios and
found an increase of 24 to 31% until 2080. Simulations with a
coupled ocean-atmosphere-land model by Manabe et al.
[2004] showed an increase of about 20% until year 2100.
In our simulations, the total runoff (river runoff plus P-E,
Figure 4a), increases by about 50,000 m/s until the year
2100.

3.2. Changes in the Arctic Freshwater Exports

[16] The model results indicate that increased P-E and
river runoff will lead to an enhanced freshwater flux into the
Arctic Ocean during the 21st century. In the following, we
investigate how this influences freshwater exports from the
Arctic.

[17] Equation (1) is used to calculate the liquid freshwater
export Q. Calculations of the ice export are done with a sea
ice salinity of 5 psu. The common reference salinity of 34.8
is used for all calculations in this study. The results are
tested against changes in the reference salinity. It turns out
that the conclusions are independent from the reference
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(a) Ensemble mean freshwater content differences between the periods 2080—-2100 and

1950-2000 in m. (b) S differences averaged over the Arctic Ocean between 2080—2100 and 1950-2000.

salinity, while the amounts of the freshwater exports

change:
T x1 S f s
ref —
/ / u( Sref )a’xdz (1)

z=B x=x0

0=

where B = bottom, T = surface or sea ice bottom line; x0,
x1 = end points of section; u = velocity perpendicular to
section; S, Sref = salinity and reference salinity.

[18] Figure 4b shows the total (liquid plus solid) fresh-
water export out of the Arctic for all passages averaged over
the three ensemble runs. The dashed lines show the ensem-
ble means of the control runs. The largest export takes place
through Fram Strait. In the 20th century it is 136,000 m3/s
on average. This agrees well with observational estimates of
Aargaard and Carmack [1989] and Dickson et al. [2007],
who found values of 115,000 and 150,000 m3/s, respectively.
In our simulation, a small positive trend can be seen until
2030, with a decrease afterward. Hence the export at the
end of the 21st century shows only a very weak increase
compared to the average of the 20th century. In contrast,
the export through the Canadian Archipelago is strongly
enhanced in the second half of the 21st century. It increases
from about 80,000 m>/s to approximately 110,000 m*/s. Only
few observations of the export through the Canadian Archi-
pelago exist. Prinsenberg and Hamilton [2005] measured the
freshwater export through Lancaster Sound for 3 a and found
amean export of 45,000 m*/s. They suggested that the export
through Lancaster Sound makes up 35—-50% of the fresh-
water fluxes through the entire Canadian Archipelago.

[19] Our simulations show a reduced net export over the
Barents Shelf (borderline from southeast Svalbard (78°N,
24°E) to North Cape (71°N, 28°E)) and a positive trend of
freshwater import through Bering Strait in the 21st century.
The import through Bering Strait in the 20th century
(36,000 m>/s on average) seems to be somewhat too small
compared to observational estimates by Woodgate and
Aagaard [2005].

[20] The total freshwater export out of the Arctic basin
consists of the sum of these four exports. Over the entire
model period, changes in the Arctic export are quite small.
The enhanced export through the Canadian Archipelago is
almost totally compensated for by the decreasing export
over the Barents Shelf and the growing import through
Bering Strait. Since the freshwater export from the Arctic
changes only slightly, the additional input by P-E and river
runoff must be stored in the Arctic Ocean itself. Figure 4c
shows that the freshwater content is indeed strongly in-
creased in the 21st century. The mean of the three realiza-
tions gives an increase of about 45% of the total freshwater
content until the year 2100. The three members vary from
each other by up to 5% for decadal means. For example, the
freshwater content in one of the members is about 5000 km®
higher than the other two during 2040 and 2060 and again
higher between 2075 and 2100.

[21] Figure 5 shows the vertical and horizontal distribu-
tion of the additional freshwater storage in the Arctic Ocean.
The salinity change until the end of the 21st century,
averaged over the Arctic Ocean for each vertical layer, is
presented on the right side (Figure 4b). Most of the
freshwater is stored between the surface and 250 m depths.
The largest basin mean salinity anomaly of almost 2 psu
occurs around 50 m depth. The spatial distribution of the
freshwater content anomaly (Figure 5a) indicates a strong
freshwater increase in the Central Arctic and the Beaufort
Sea of up to 15 m. Along the Siberian coast and in the
Barents Sea, anomalies remain small.

[22] As shown above, by far the largest freshwater
exports take place through Fram Strait and the Canadian
Archipelago. In the following, they are analyzed in detail.
The exports are divided into their solid and liquid part
(Figures 6a and 6b). In the 20th century, on average 83,000
m?/s of the freshwater export through Fram Strait is solid.
This is slightly more than in the control runs because of a
colder Arctic climate. Vinje [2001] and Aargaard and
Carmack [1989] found similar results for the 20th century.
During the 21st century, the ice export is strongly reduced
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Figure 6. (a) Ensemble means of annual mean total (black),

solid (blue), and liquid (red) freshwater exports through Fram
Strait in m’/s. (b) Same as Figure 6a but for the Canadian
Archipelago. (c) Ensemble means of anomalous freshwater
export through Fram Strait in m*/s. The export anomalies are
divided into anomalies related to salinity change and volume
flux change and to change in the ice export. The anomaly of
the total export is shown in black. The reference period for
the anomalies is 1950—2000. (d) Same as Figure 6¢ but for
the Canadian Archipelago.

and almost zero at the end of the century because of the
melting of sea ice in the Arctic Ocean (compare Figure 2).
The liquid part in the 20th century simulations is slightly
smaller than that in the control run. It amounts to about two
third of the ice export. This agrees well with results of
Holfort and Meincke [2005] who measured the freshwater
transport on the East Greenland Shelf at 74°N. The inter-
annual variability of the liquid transport is small compared
to the ice export. In the 21st century both the mean liquid
export and variability are strongly enhanced.

[23] The interannual variability of the total export through
Fram Strait is dominated by ice export in the 20th century.
Their correlation exceeds 0.9. This changes during the 21st
century, where the liquid part increasingly governs the
variability of the total freshwater export.

[24] In the Canadian Archipelago, the solid export
decreases and almost disappears to the end of the 21st
century as well (Figure 6b). The liquid export is much larger
than the solid and it increases from about 60,000 m*/s to
more than 100,000 m*/s by 2100. In contrast to the export
through Fram Strait, the variability of the total export
through the Canadian Archipelago is governed by the liquid
part in the 20th century. This dominance of the liquid part
increases further during the 21st century.

ARCTIC FRESHWATER EXPORT FROM 1900 TO 2100
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[25] Although the three realizations of the exports
through Fram Strait and Canadian Archipelago show a
similar statistical behavior, they differ from each other quite
substantially during certain time periods. The same ensem-
ble member that shows the largest freshwater content during
2040—2060 has the smallest Fram Strait export in this
period. It then reaches on average 120,000 m*/s. The means
of the other two reahzations for this period are 147,000 m*/s
and 170,000 m/s, respectively. The run with the largest
Fram Strait export during 2040—-2060 shows by far the
smallest export through the Canadlan Archipelago. The
mean of 2040—2060 is only 73,000 m*/s, while the other
realizations reach about 90,000 m’/s. Hence the single
ensemble members can vary from each other by 30% for
periods of one to three decades.

[26] Figures 6¢ and 6d underline the importance of
anomalies in salinity, volume flux and ice export for the
total export through Fram Strait and the Canadian Archi-
pelago. The liquid freshwater anomaly is divided into
anomalies related to salinity anomalies (S'V), volume flux
anomalies (V'S), and the product of salinity and volume flux
anomalies (S'V"). Here, S is the difference between reference
salinity (34.8 psu) and simulated salinity divided by the
reference salinity (S = (Sref — Ssim)/Sref). The anomalies
(S, V') are calculated in reference to the mean of the time
period 1950-2000 (S, V). In Fram Strait (Figure 6c), the
anomalies of the total export are dominated by ice export
anomalies in the 20th century. Until 2030, both S’ Vand V' S
are positive and lead to an enhanced total export. The ice
export is reduced by about 20,000 m*/s until 2030 but is still
highly correlated with the total export. After 2030 the ice
export is strongly reduced and reaches negative anomalies
of more than —70,000 m*/s. S’ V continues its pos1t1ve trend
and its anomaly amounts to more than 50,000 m*/s by the
year 2100. After the strong decrease of sea ice, the salinity
of the water, exported through Fram Strait, governs the
variability of the total export. V' S stays positive but it is
slightly decreased toward the end of the century. S V/
accounts for an anomaly of about 15,000 m*/s and because
of a reduced salinity and thus larger S', the interannual
variability of ' V' is enhanced. Altogether the total export
anomaly does not reach more than 5000 m*/s at the end of
the century.

[27] In the 20th century, anomalies of the total freshwater
export through the Canadian Archipelago are mainly dom-
inated by the variability of the volume flux (V' S). The ice
export is positively correlated to ¥ S and increases the
anomalies, while S" V and particularly S" V" are quite small.
Hence the salinity of the exported water does not vary
strongly and has only a small impact on the variations of the
total export. Until 2025, V' S decreases by 20,000 m’/s.
Also sea ice export anomalies and ' V' are negative while
the salinity related anomalies show a positive trend. This
positive trend continues unt11 the end of the century and S’ V
reaches almost 50,000 m?/s. This fits well to the accumula-
tion of freshwater northeast of Greenland (Figure 5). V' S
and S’ V' stay constant until 2060. Thereafter, they have a
positive trend and reach 0 to the end of the century. They are
highly positively correlated in the second half of the 21st
century as the variability of §’ V' is also dominated by V.
The variability of the salinity does not change much.
However, salinity is strongly reduced which is why the
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Figure 7. Correlation between annual mean total freshwater export through Fram Strait and SLP for
(a) 1950-2000 and (b) 2080—2100. (c and d) Same as Figures 7a and 7b for the Canadian Archipelago.

amount of ' becomes larger. Consequently, the variations
of §' V' are enhanced. The total export is strongly increased
from 2060 onward. However, although the positive trend in
the export through the Canadian Archipelago is caused by
the reduction of salinity (S' V), the interannual variability is
mainly dominated by variations of the volume flux (V' S) for
the entire period.

[28] Several investigations [Vinje, 2001; Hilmer et al.,
1998] have shown that the local wind forcing in the Fram
Strait governs the interannual variability of the ice export. In
the second part of the 20th century this local forcing was
dominated by the NAO [Hilmer and Jung, 2000]. However,
this relationship seems to be unstable [Jung and Hilmer,
2001]. Cavalieri [2002] and Cavalieri and Hdékkinen [2001]
suggested a stable connection between local wind in Fram
Strait and the phase of wave number 1 of Arctic sea level
pressure (SLP). Figure 7 shows the correlation between the
total freshwater export through Fram Strait and SLP (top)
and between the Canadian Archipelago and SLP (bottom)
for the periods 1950-2000 and 2080—2100. Fram Strait
freshwater export is highly negatively correlated with SLP
over Kara and Laptev seas. Positive correlations occur over

Alaska and northern Canada and also over southwestern
Europe. A strong SLP gradient across the Arctic and Fram
Strait leads to enhanced sea ice transports to Fram Strait and
through it [Koenigk et al., 2006]. The correlation between
SLP gradient across Fram Strait and ice export reaches 0.7
in the 20th century; the total export and SLP gradient are
correlated with 0.58. By the end of the 21st century, the
correlation pattern between freshwater export and SLP has
changed. Over the Kara Sea, correlations still reach —0.4
but the strong SLP gradient across the Arctic has weakened.
Now, freshwater is mainly transported from the Beaufort
Sea toward Fram Strait. This fits well to the accumulation of
freshwater in Beaufort Sea (Figure 5a), which leads to a low
salinity there. Therefore freshwater coming from the Beau-
fort Sea to Fram Strait strongly enhances the Fram Strait
freshwater export. The correlation between SLP gradient
over Fram Strait and freshwater export has weakened as
well and amounts to 0.48. The reduction is mainly due to
the loss of sea ice, which reacts especially sensitive to the
wind. The high correlation between freshwater export and
SLP gradient in the 20th century was due to the high
correlation between sea ice export and wind forcing. The

7 of 11



G04S41

40000 —r— 77—
30000 e
_‘_'{:
Py
E 20000 —
10000 - B — —— = —
~Ne— |
S 1 e PR
1950 2000 2050 2100
time [years]

Figure 8. Standard deviation of running 25-a periods of the
annual mean freshwater exports through Fram Strait (red),
Canadian Archipelago (blue), Barents Shelf (magenta), and
Bering Strait (orange) and the total export out of the Arctic
(black) in m*/s. Shown are ensemble means.

liquid freshwater export through Fram Strait showed only a
very weak correlation to the SLP gradient. However, as the
upper ocean layers at the end of the 21st century are more
directly influenced by the wind because of the lack of sea
ice, a significant correlation remains.

[29] The correlation analysis between the freshwater
export through the Canadian Archipelago and SLP shows
for the 20th and the 21st century a pronounced NAO
pattern. During a positive NAO, the wind transports water
into the Canadian Archipelago and out of the Labrador Sea,
which increases the sea surface height gradient and leads to
a stronger transport through the Archipelago. The correla-
tion between NAO index and freshwater export through the
Canadian Archipelago is 0.43 in the 20th century and
increases slightly to 0.46 in the 21st century.

[30] Besides the amount of freshwater export, also the
variability is of relevance for the climate system. To analyze
the development of the interannual variability throughout
the entire period, the standard deviation of annual exports of
running 25-a periods was calculated. This was done indi-
vidually for each of the three ensemble runs before calcu-
lating the mean of the three runs (Figure 8). The standard
deviation of the Fram Strait freshwater export is by far
largest (about 25,000 m?/s) in the 20th century. It exhibits a
positive trend between 2000 and 2030 and decreases there-
after to about 21,000 m’/s at the end of the century.
Although, the differences between the ensemble members
are quite large (not shown), the reduction in the interannual
variability in the second half of the 21st century seems to be
robust. The variability of the export through the Canadian
Archipelago shows a positive trend throughout the entire
period. The ensemble mean standard deviation increases
from slightly below 15,000 m*/s to more than 20,000 m>/s
at the end of the 21st century and is then of the same size as
the standard deviation of the Fram Strait export. The
enhanced variability is mainly caused by an increased
variability of S’ V' (Figure 6). The exports through Fram
Strait and Canadian Archipelago are slightly negatively—
but not significantly—correlated in the 20th century. During
the 21st century, there is no correlation at all. The standard
deviations of the exports through Bering Strait and over the
Barents Shelf do not vary very strongly and do not show
any significant trend.
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[31] The variability of the entire Arctic freshwater export is
dominated by the variability in Fram Strait export in the 20th
century. The correlation between the exports through Fram
Strait and out of the total Arctic is 0.83 for the period 1950—
2000. During the 21st century the correlation is slightly
reduced to 0.71 for the period 2050—2100. In contrast, the
correlations between Canadian Archipelago and total Arctic
exports are 0.36 and 0.56, respectively. As a consequence,
the variability of the total Arctic export does not follow the
negative trend of the variability in Fram Strait but remains
constant in the second half of the 21st century.

3.3. Impact on the Atlantic Meridional Overturning
Circulation

[32] In the following, we focus on possible impacts of the
changing freshwater exports on climate. Several investiga-
tions showed that convection in the North Atlantic is very
sensitive to changes in the freshwater balance. For example,
Hiikkinen [1999] simulated idealized freshwater pulses in
the East Greenland Current, which led to reduced convec-
tion in the Labrador Sea. Mauritzen and Hdkkinen [1997]
used a fully coupled ocean-sea ice model to perform two
runs with different ice exports through Fram Strait. The
meridional overturning circulation responded with a reduc-
tion to an increased ice export.

[33] Here, we separately analyze the convection in the
Labrador and the Greenland Sea. A convection index is
formed by spatially integrating the mixed layer depth over
the convection areas of the Greenland and Labrador Sea.
For better comparison, the index is normalized. Figure 9a)
shows the time series of the convection index for both areas.
It is reduced by 50% in the Labrador Sea and by 35% in the
Greenland Sea during the 21st century. The main reduction
takes place between the years 2000 and 2060. Thereafter,
the index is not changing much anymore. Wood et al. [1999]
analyzed the spatial structure of the thermohaline circulation
in response to atmospheric forcing in the HadCM3 climate
model. In their model, CO, forcing leads to a collapse of

N 1 M 1 1 N M ;
2000 2050 2100
time [years]
Figure 9. (a) Normalized integral of the mixed layer depth
over the Labrador (red) and Greenland Sea (blue) convec-
tion areas. (b) Maximal Atlantic MOC in sverdrups. The
dashed lines show ensemble means of the control runs.
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2070-2100

Figure 10. (a and b) Annual mean salinity anomalies in psu and (c and d) 2 m air temperature in Kelvin
for the periods (left) 1900—2000 and (right) 2070—2100 1 a after large freshwater exports through Fram
Strait (exceeding mean plus 1 standard deviation). The white line in Figures 10c and 10d indicates the

95% significance level.

convection in the Labrador Sea while convection in the
Greenland Sea remains stable. Although in our simulations
a complete collapse in the Labrador Sea does not occur and
changes in the Greenland Sea do happen, the results show
the same tendency: the Labrador Sea convection is more
sensitive to anthropogenic forcing than convection in the
Greenland Sea.

[34] The reason for the decrease in convection in our
simulations differs in the two areas. In the Labrador Sea,
increasing P-E and increasing freshwater exports through
Fram Strait until 2030 and through the Canadian Archipel-
ago thereafter reduce the density of the ocean surface and
consequently the convection. In the upper layers of the
Greenland Sea, there is no enhanced freshwater input. Here
it is mainly the very strong temperature increase of the
ocean surface that reduces convection. The temperature
plays a role in the Labrador Sea as well, but the warming
is much stronger in the Greenland Sea (not shown).

[35] The deep water formation in the northern North
Atlantic is crucial for the entire thermohaline circulation.
The maximal Atlantic meridional overturning circulation
(MOC) has a negative trend throughout the entire 21st
century. The mean of the three realizations shows a reduc-
tion by 6 Sv, leading to a total MOC of 16 Sv by 2100
(Figure 9b). However, in none of the three ensemble runs
does the MOC break down. Schmittner et al. [2005] used 28

projections from 9 coupled climate models to analyze the
MOC in the A1B scenario for the 21st century. To reduce
the model uncertainties, a weighting procedure was applied
considering the skill of each model in simulating hydro-
graphic properties and observation-based circulation esti-
mates. Their analysis predicted a gradual weakening of the
MOC by 25% until 2100.

[36] Besides the large-scale oceanic response to changes
in the freshwater fluxes, there are also effects at regional
scales. In a recent paper, Koenigk et al. [2006] showed that
the variability of the freshwater export through Fram Strait
has a significant impact on the climate in the Labrador Sea.
A large freshwater anomaly, exported through Fram Strait,
is propagating in the East Greenland Current to the south
and into the Labrador Sea in about 1 a. This produces—
similar to the formation of Great Salinity Anomalies
[Dickson et al., 1988; Belkin et al., 1998]—a large negative
salinity anomaly in the Labrador Sea, which strongly
reduces convection there. The ocean surface is colder than
usual and the ice cover increases. Consequently, the ocean
heat release to the atmosphere is strongly reduced and the air
temperature is significantly colder. To determine if this
process is changing during the 21st century, surface salinity
and air temperature are analyzed after large freshwater
exports through Fram Strait in the 20th and at the end of
the 21st century (2070—2100, Figure 10). Export events of
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all three ensemble runs are considered. In the 20th century,
the process described above is well reproduced. At the end of
the 21st century, still a quite large salinity anomaly occurs
but there is no significant response of the temperature
anymore. The explanation is simple. As shown above,
convection in the Labrador Sea is strongly reduced in the
21st century (Figure 9a). An additional freshwater input
cannot reduce the convection anymore because it is already
weak. Thus the process leading to the atmospheric response
does not exist anymore.

4. Summary and Conclusions

[37] An ensemble of 20th century and A1B scenario runs
for the 21st century has been used to investigate the
changing freshwater export out of the Arctic Ocean. The
Arctic is the area with the largest simulated climate changes
of the entire earth in the 21st century. The warming is twice
the warming of the global mean. Consequently, Arctic sea
ice is strongly reduced and the Arctic is ice free during
summertime at the end of the 21st century.

[38] The freshwater input into the Arctic Ocean is strong-
ly enhanced. Both P-E and the river runoff contribute to this
increase. This leads to an increased freshwater content of
the Arctic Ocean. The freshwater is stored between surface
and 250 m depth and is mainly concentrated in the Beaufort
Sea and the Central Arctic. The total freshwater export is
only slightly growing. However, there are strong changes in
the distribution of the freshwater export. Generally, the ice
export is dramatically reduced and almost zero at the end of
the 21st century, while the liquid freshwater export
increases. The total freshwater export trough Fram Strait
does not show large changes during the 21st century while
the export through the Canadian Archipelago is strongly
enhanced. The different behavior can be explained by the
loss of sea ice in the Arctic. As sea ice cannot be mixed with
deeper layers of the ocean and has a larger velocity than
water, the loss of sea ice leads to a reduced freshwater
export. This affects particularly the freshwater export
through Fram Strait because the largest sea ice export out
of the Arctic takes place there. Furthermore, it is one of the
reasons why most of the additional freshwater input into the
Arctic Ocean is stored and not directly exported. Although
sea level rise in the Arctic Ocean is larger than in the North
Atlantic in the 21st century, the increased pressure gradient
is not leading to a dramatically enhanced outflow. Equilib-
rium runs with constant forcing from year 2100 onward (not
shown) suggest that the freshwater content in the Arctic
Ocean has reached its maximum by 2120. Thereafter, the
freshwater export through Fram Strait increases significant-
ly, as well. A correlation analysis between both Fram Strait
freshwater export and SLP as well as Canadian Archipelago
freshwater export and SLP showed a strong dependence of
the freshwater exports on the atmospheric circulation in the
20th century. The loss of sea ice leads to a reduction of this
connection for the export through Fram Strait at the end of
the 21st century.

[39] The interannual variability of the freshwater export
through Fram Strait is dominated by the ice export until year
2030 and by the salinity variability of the exported water
thereafter. It slightly decreases in the second half of the 21st
century because of the reduced ice export, which is very
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sensitive to variations in the wind field. In contrast, the
variability of the Canadian Archipelago export is strongly
enhanced. It is mainly governed by variations of the volume
flux through the Archipelago. The enhanced variability of
the Canadian Archipelago export leads to a slight increase in
the variability of the total Arctic export. Obviously, the
relative importance of the Fram Strait freshwater export for
the total Arctic export becomes smaller while the importance
ofthe Canadian Archipelago grows. However, it is still under
discussion how large the effect of a growing export through
the Canadian Archipelago is for convection and overturning.
Myers [2005] used a regional model and found that only a
small part of the freshwater flow through the Canadian
Archipelago is uptaken into the Labrador Seawater.

[40] Similar to this result, only a part of the freshwater
exported through the Canadian Archipelago flows directly
into the Labrador Sea convection area in our model.
Nevertheless, this amount, which grows with increased
Canadian Archipelago export, and a growing P-E lead to
a freshened Labrador Sea. This effect, the warming in the
21st century and an enhanced freshwater flux through Fram
Strait between 2020 and 2050 strongly reduce the convec-
tion. The convection in the Greenland Sea is also reduced
but mainly because of strong surface warming. There is no
additional freshwater flux into the Greenland Sea in the
upper ocean. The MOC has a negative trend throughout the
21st century. It is reduced by 6 Sv until year 2100.

[41] In the 20th century, large freshwater exports through
Fram Strait reduce convection in the Labrador Sea 1 and 2 a
later. Consequently, sea ice cover is increased and the air
above is significantly colder. This process does not exist
anymore at the end of the 21st century because convection
in Labrador Sea is substantially reduced.

[42] This study also indicates that the three A1B scenario
runs for the 21st century differ for certain parameters and
periods quite strongly. Therefore the use of ensemble
simulations is highly recommended. The comparison of
two different runs or periods (e.g., future versus present
climate) may otherwise lead to wrong conclusions.
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Forschungsgemeinschaft through the Sonderforschungsbereich 512. The
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