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Abstract Freshwater (FW) leaves the Arctic Ocean
through sea-ice export and the outflow of low-salinity
upper ocean water. Whereas the variability of the sea-ice
export is known to be mainly caused by changes in the
local wind and the thickness of the exported sea ice, the
mechanisms that regulate the variability of the liquid FW
export are still under investigation. To better understand
these mechanisms, we present an analysis of the variability
of the liquid FW export from the Arctic Ocean for the
period 1950-2007, using a simulation from an energy and
mass conserving global ocean—sea ice model, coupled to an
Energy Moisture Balance Model of the atmosphere, and
forced with daily winds from the NCEP reanalysis. Our
results show that the simulated liquid FW exports through
the Canadian Arctic Archipelago (CAA) and the Fram
Strait lag changes in the large-scale atmospheric circulation
over the Arctic by 1 and 6 years, respectively. The vari-
ability of the liquid FW exports is caused by changes in the
cyclonicity of the atmospheric forcing, which cause a FW
redistribution in the Arctic through changes in Ekman
transport in the Beaufort Gyre. This in turn causes changes
in the sea surface height (SSH) and salinity upstream of the
CAA and Fram Strait, which affect the velocity and salinity
of the outflow. The SSH changes induced by the large-scale
atmospheric circulation are found to explain a large part of
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the variance of the liquid FW export, while the local wind
plays a much smaller role. We also show that during
periods of increased liquid FW export from the Arctic, the
strength of the simulated Atlantic meridional overturning
circulation is reduced and the ocean heat transport into the
Arctic is increased. These results are particularly relevant
in the context of global warming, as climate simulations
predict an increase in the liquid FW export from the Arctic
during the twenty-first century.
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1 Introduction

The upper Arctic Ocean contains a large amount of fresh-
water (FW) relative to the mean Arctic salinity of 34.8 (e.g.,
Aagaard and Carmack 1989; Serreze et al. 2006). A part of
this FW is drained from the Arctic Ocean through the export
of sea ice and low-salinity upper ocean water through Fram
Strait and the Canadian Arctic Archipelago (CAA). This
FW transport is important because it influences the strati-
fication of the water column in the sensitive deep water
formation regions of the Greenland, Icelandic, Norwegian
(GIN), and Labrador seas. Hence, changes in the FW export
from the Arctic can affect the strength of the Atlantic
meridional overturning circulation (MOC) (e.g., Aagaard
et al. 1985; Aagaard and Carmack 1989; Weaver et al.
1993; Hikkinen 1995; Lohmann and Gerdes 1998; Holland
et al. 2001). Moreover, changes in the sea-ice cover of the
Arctic Ocean can affect the local thermohaline circulation
due to a positive feedback between sea-ice melt, increased
sea-ice growth in areas of thin ice the following winter, and
ocean heat fluxes in the Arctic. In fact, model simulations
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have shown that the density-driven oceanic heat transport
from the GIN seas to the Arctic Ocean increases when the
sea-ice cover decreases (Bitz et al. 2006).

In the classical climatological Arctic FW budget of
Aagaard and Carmack (1989), the dominant source of FW
for the GIN seas is sea-ice export, whereas liquid FW
export was estimated to contribute only one-third of the
FW export due to sea ice (see Table 1). Most subsequent
numerical studies have therefore focused on the interannual
variability of the Fram Strait sea-ice export and its link to
atmospheric variability (e.g., Hakkinen 1995; Proshutinsky
and Johnson 1997; Harder et al. 1998; Mysak and Venegas
1998; Vinje et al. 1998; Kwok and Rothrock 1999;
Arfeuille et al. 2000; Dickson et al. 2000; Hilmer and
Jung. 2000; Tremblay 2001; Vinje 2001; Kauker et al.
2003). However, measurements of the meteoric water flow
(which only accounts for the diluting effect of the runoff
and precipitation, and not for the salinification of the water
due to sea-ice formation) through Fram Strait in August
and September of 1997 and 1998 by Meredith et al. (2001)
found this flow to be about twice as large as the long-term
mean FW export due to sea ice. Based on these new
measurements, and taking into account the seasonal cycle
of the velocity field in Fram Strait (Fahrbach et al. 2001),
Serreze et al. (2006) estimated that the liquid FW export
through Fram Strait is about as large as the long-term mean
of the Fram Strait sea-ice export (see Table 1). In addition,
recent measurements by Prinsenberg and Hamilton (2005)
showed that the liquid FW export through the CAA is also
at least twice as large as earlier measurements suggested,
which makes it the largest liquid FW sink for the Arctic
Ocean.

Compared to studies on the variability of the sea-ice
export, there have been relatively few studies on the vari-
ability of the liquid FW export from the Arctic, and the
mechanisms that control this variability remain under
debate. Using rotating tank experiments, Hunkins and
Whitehead (1992) showed that the general anticyclonic
wind stress curl over the Arctic Ocean causes FW from the
shelfs to accumulate in the Beaufort Gyre region, which
explains the high concentration of FW from Eurasian
sources over the Canadian Basin. Furthermore, they dem-
onstrated that changes in the gradient of the wind stress
curl between the Arctic Ocean and the northern North
Atlantic could modulate the oceanic exchange through
Fram Strait. Based on model experiments, Proshutinsky
et al. (2002) suggested that the liquid FW content of the
Beaufort Gyre changes between anticyclonic and cyclonic
circulation regimes on a decadal timescale, due to Ekman
convergence and divergence, respectively. Recent results
from observations in the Beaufort Gyre support this model-
based hypothesis (Proshutinsky et al. 2009). Results of
Proshutinsky et al. (2002) also suggest that the release of
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FW from the Beaufort Gyre during the cyclonic circulation
regime is the most important factor for large changes in the
liquid FW export. This agrees with results of Zhang et al.
(2003), who showed that under idealized positive Arctic
Oscillation (AO) forcing, the Beaufort Gyre is weakened
and the liquid FW export from the Arctic is increased by
12% compared to a simulation with idealized negative AO
forcing. Using a simple analytical model of the Arctic
Ocean to investigate the response of the Arctic Ocean
circulation to the annular mode, Newton et al. (2006) also
found that Ekman transport is important for the redistri-
bution of FW in the Arctic. In their model, Ekman transport
influenced the variability of the FW export from the Arctic
through its effect on the pycnocline depth. Using numerical
simulations from a regional ocean-sea ice model, Karcher
et al. (2005) showed that the negative salinity anomaly in
the GIN seas in the 1990s was caused mainly by a large
liquid FW export from the Arctic, in contrast to the sea-ice
export dominated Great Salinity Anomaly of the late 1960s
and early 1970s (e.g., Dickson et al. 1988; Mysak et al.
1990). They found that the large simulated liquid FW
export in the mid-1990s was due to the export of much
fresher water than usual, which was supplied by a large-
scale redistribution of FW in the Arctic Ocean in response
to the high positive phase of the North Atlantic Oscillation
(NAO) during the period 1989-1995. In contrast, Hiakkinen
and Proshutinsky (2004) found that in their simulation the
redistribution of FW in the Arctic Ocean due to Ekman
transport had no significant impact on changes of the Arctic
Ocean FW content. Instead changes in the Arctic FW
content occur as result of barotropic transport anomalies in
the exchange between the Arctic Ocean and the GIN seas
in their model. Results by Koberle and Gerdes (2007) agree
with this hypothesis. In their simulation changes in the
Arctic FW distribution did not have an influence on the
salinity of the outflow through Fram Strait after 1975.

There is no long-term observational record of the liquid
FW export through Fram Strait or the CAA that could be
used to constrain model simulations. As a result, no broad
consensus on the mechanisms behind the variability of the
liquid FW export has been reached. Given that model
simulations for the twenty-first century show an increase
in the liquid FW export from the Arctic Ocean and a
decrease in the sea-ice export (e.g., Haak et al. 2005;
Holland et al. 2006, 2007; Koenigk et al. 2007), a better
understanding of the mechanisms that govern the vari-
ability of the liquid FW export and the associated ocean
heat transport is clearly important. This is the focus of the
present article.

In the following, we investigate the interannual variability
of the Arctic FW budget, focussing on the mechanisms that
control changes in the liquid FW export from the Arctic
Ocean, as well as on the effect that changes in the liquid FW
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export have on the poleward oceanic heat flux and the
Atlantic MOC. In contrast to previous model studies, which
used regional coupled ocean-sea ice models (e.g., Proshu-
tinsky et al. 2002; Hdkkinen and Proshutinsky 2004; Karcher
et al. 2005; Newton et al. 2006; Koberle and Gerdes 2007),
we use a global ocean-sea ice model coupled to an Energy
Moisture Balance Model (EMBM) of the atmosphere,
namely the University of Victoria Earth System Climate
Model (UVic ESCM). We show that in this model it is the
variability of the large-scale atmospheric circulation that
controls the variability of the liquid FW export from the
Arctic through its effect on the strength and location of the
Beaufort Gyre. The CAA liquid FW export is found to
respond to changes in the atmospheric forcing with a lag of
1 year, whereas the mean lag of the Fram Strait liquid FW
export is 6 years.

The article is structured as follows: In Sect. 2 we
describe the model and the model simulations. A brief
overview of the performance of the model in the Arctic is
given in Sect. 3. In Sect. 4 the simulated Arctic Ocean FW
budget is presented, and in Sect. 5 we discuss the mecha-
nisms that control the variability of the liquid FW export
through the CAA and Fram Strait, and compare our results
to previous work. In Sect. 6 we examine the effects of the
liquid FW export on the oceanic heat flux into the Arctic
Ocean and on the Atlantic MOC. Finally, the main con-
clusions from this study are summarized in Sect. 7.

2 Model
2.1 Model description

The UVic ESCM is a global ocean-sea ice model coupled
to an EMBM for the atmosphere that was developed at the
University of Victoria (Weaver et al. 2001). It does not use
salinity or temperature restoring, and conserves energy and
salt to machine precision. Since its release, the UVic
ESCM has been successfully used to study many different
processes in the Arctic Ocean and the North Atlantic region
(e.g., Holland et al. 2001; Saenko et al. 2003; Gregory
et al. 2003; Saenko et al. 2004; Mysak et al. 2005; Ren-
nermalm et al. 2006, 2007; Sedlacek et al. 2007; Sedlacek
and Mysak 2009). Here we use the most recent version of
the UVic ESCM (version 2.8).

The ocean component of the UVic ESCM is the Geo-
physical Fluid Dynamics Laboratory Modular Ocean Model
(MOM) (Pacanowski 1995), version 2.2. It is a rigid-lid
model and uses a second-order centered difference advection
scheme for momentum advection. Constant horizontal and
vertical mixing coefficients are used for the mixing of
momentum. The flux-corrected transport (FCT) algorithm is
used for tracer advection. For the mixing of tracers, isopycnal

mixing and the parametrization of mesoscale eddy-induced
mixing by Gent and McWilliams (1990) are used. The
combination of the FCT advection scheme with the Gent-
McWilliams parametrization has been shown to improve the
simulation of tracer distributions over the use of Laplacian or
biharmonic horizontal/vertical diffusion (Weaver and Eby
1997). Surface FW fluxes are added to the ocean as a negative
salt flux by multiplying the volume flux with a fixed global
surface reference salinity of 34.84. The sea-ice model
thermodynamics are based on the energy-conserving algo-
rithm of Bitz et al. (2001), and the model uses a zero-layer
thermodynamic scheme with two categories (sea ice and
open water). The dynamics are based on the elastic-viscous-
plastic sea-ice model of Hunke and Dukowicz (1997).

The atmospheric component of the UVic ESCM is an
EMBM that is loosely based on the model of Fanning and
Weaver (1996). It is forced by prescribed NCEP wind
forcing (Kalnay et al. 1996), and heat and moisture are
transported by advection. The EMBM is coupled to the
ocean model every 2.5 days using a leapfrog scheme. Due
to different east-west and north—south diffusion coeffi-
cients in this most recent version of the EMBM, the current
version of the UVic ESCM can not be used with a rotated
coordinate system, and therefore has an artificial island at
the North Pole. However, simulations with different sizes
of the island, as well as with an earlier version of the model
that could be used with a rotated grid, showed that the
North Pole island does not change the conclusions pre-
sented in this paper.

2.2 Model simulations

The standard resolution of the UVic ESCM is 3.6° zonally
and 1.8° meridionally, with 15 vertical levels. In this study
we use a higher resolution version with a grid spacing of
1.8° zonally and 0.9° meridionally, with 32 unequally
spaced levels in the ocean (ranging from a thickness of
50 m at the surface to 298 m at the bottom). As an
improvement over the lower resolution model, this higher
resolution version allows for the water exchange between
the Pacific and the Arctic oceans through Bering Strait and
between the Arctic Ocean and the Labrador Sea through
one channel representing the CAA. The higher resolution
also allows for a better resolution of ocean currents
between the Arctic Ocean and the GIN seas.

Since any channel in the model must be at least two
grid boxes deep and wide, the Bering Strait opening in
the model is 108 m deep and 225 km wide, compared
with an observed depth and width of 50 m and 85 km,
respectively. To reduce the mass exchange through the
channel, the bottom drag in Bering Strait was increased,
following the approach of Andreas Schmittner (personal
communication, 2006). This modification reduced the
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volume flux through Bering Strait from 2.7 to 1.2 Sy,
which is in much better agreement with the observed
volume flow of about 1 Sv (Woodgate and Aagaard
2005). It also reduced the inflow of water in the second
layer of the ocean model (between 50 and 108 m) from
1.2 to 0.2 Sv, which is important as it affects the total
FW flux through Bering Strait, as well as the depth at
which the FW is delivered to the Arctic Ocean. The CAA
is represented in the model as one channel, which is
200 km wide and 330 m deep. The simulated annual
mean volume flux through this channel is 1.5 Sv, which
is within the range of the observational estimates of 1.5—
2 Sv for the total volume flux through the CAA (Prin-
senberg and Hamilton 2005).

Precipitation in the high latitudes is underestimated in
the UVic ESCM, which leads to a simulated river runoff
into the Arctic Ocean that is approximately half of the
observed runoff. Following Rennermalm et al. (2006), we
specify the monthly climatological river discharge data
for all rivers draining into the Arctic Ocean, using data
from R-Arctic Net version 2 (Lammers et al. 2001). The
model still conserves energy and mass by using a very
small (<—8 mm/year) and nearly time invariant (std
<0.3 mm/year) surface salinity flux to make up for the
difference between modeled and prescribed river runoff.
By using the discharge climatology, the interannual vari-
ability in the runoff is eliminated. However, observations
show that the river runoff variability is small compared
with the variability of the Bering Strait FW inflow and the
FW export by sea-ice (Serreze et al. 2006). To study the
variability of the FW budget, this approach is preferred
over the use of salinity restoring, as it does not introduce an
unrealistic salinity feedback.

The UVic ESCM was initialized with temperature and
salinity data from the World Ocean Atlas 2001. It was
then integrated for 200 years, forced with pre-industrial
(i.e., 1850) atmospheric CO, conditions and solar inso-
lation values at the top of the atmosphere, prescribed
climatological river discharge, and random years of daily
varying NCEP winds (Kalnay et al. 1996). In a second
spin-up, the model was run for the period 1850-1947,
forced with temporally varying solar insolation and
atmospheric CO, concentration, as well as with random
years of daily varying NCEP winds and prescribed cli-
matological river discharge. Finally, the simulation used
in this study was forced with 1948-2007 daily varying
NCEP winds, which were read in every 2.5 days (the
coupling time between the atmosphere and ocean model).
Atmospheric CO, concentrations and solar insolation
values were set in accordance with Keeling and Whorf
(2005) and Berger (1978), respectively. For the river
runoff, climatological discharge was prescribed through-
out. The diagnostic model output was written every
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Fig. 1 Definition of the Arctic Ocean domain used in the FW budget
calculations (shaded in grey); it is the same as in Serreze et al. (2006).
The ocean boundaries where inflows and outflows are calculated are
shown in red (Bering Strait, Fram Strait, Canadian Arctic Archipelago
(CAA), and Barents Sea). The coastline of the UVic ESCM is shown
as a black line. The dashed blue lines show the regions used to
calculate sea surface height differences for the Fram Strait and CAA
(see Sect. 5)

2.5 days. In the following, we analyze the model output
from 1950 to 2007, neglecting the first 2 years of the
simulation during which the effect of the random initial
conditions is strongest (see Sect. 4).

The Arctic Ocean domain used for the FW budget cal-
culation is shown in Fig. 1. Oceanic FW fluxes are calcu-
lated offline from the model output for Bering Strait, the
CAA, Fram Strait, and the passage between Svalbard and
Norway along 23.4°E (referred to as Barents Sea fluxes
hereafter). Influxes into the Arctic Ocean were defined
positive, outflows negative. The reference salinity used to
calculate the FW budget of the Arctic Ocean in this study is
34.8, which is the average salinity of the Arctic Ocean
(Aagaard and Carmack 1989).

3 Simulated Arctic Ocean conditions

The mean simulated total (solid plus liquid) FW content in
the upper 518 m of the Arctic Ocean is 103,789 km® relative
to the reference salinity of 34.8, with 96,474 km? stored as
liquid FW (negative FW allowed) and 7,315 km® stored as
solid FW in the Arctic sea-ice cover. Compared to the
estimates of Serreze et al. (2006) based on the PHC data of
Steele et al (2001), the simulated liquid FW storage in the
Arctic Ocean is larger (96,474 km? in the model vs. 74,000
+ 7,400 km3), while the solid FW storage in the Arctic
sea-ice cover is smaller (7,315 km® in the model vs.
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10,000 km3). As shown in Fig. 2, the simulated mixed
layer in the central Arctic Ocean is characterized by saltier
and colder than observed water, with fresher than observed
water beneath the mixed layer down to about 500 m. As a
consequence of this density structure, the core of the warm
and salty Atlantic water in the central Arctic Ocean is
located lower than in the PHC data (700 vs. 400 m), and
the simulated 34.8 salinity surface is found at around
500 m instead of between 200 and 300 m. Atlantic water
also does not penetrate the Arctic Ocean as much as
observed and is colder (see Fig. 2).

The simulated spatial distribution of the FW storage in
the Arctic Ocean shows similar features to the observed
distribution (see Fig. 3), but also some differences. The
simulated FW storage in the Beaufort Gyre is smaller than

Fig. 3 Liquid FW content,
expressed as the thickness of the
FW column in the upper 500 m
of the water column (m), from
a the updated PHC data of
Steele et al. (2001) and b the
model simulation, averaged
over 1950-2007. Negative FW
in the figures shows regions
where the water column is
fresher than the reference
salinity of 34.8

o

M09

(a)

observed, and shows a slightly different shape than the
PHC data. Larger than observed FW storage is seen in the
Barents and Kara seas, due to the too small transport of
Atlantic water into the Barents Sea. The different shape of
the FW storage in the Beaufort Sea could be due to a bias
in the NCEP wind forcing, as a model simulation of
Koberle and Gerdes (2007), forced by the same winds,
shows a very similar pattern as seen here.

The simulated Arctic sea-ice cover is too thin (see
Fig. 4), which leads to the smaller than observed simulated
solid FW storage (7,315 km3). Due to sparse sea-ice
thickness data, the observational estimates of the solid FW
storage range between 10,000 km® (Serreze et al. 2006)
and about 16,000 km® (Aagaard and Carmack 1989),
depending mainly on whether an average annual sea-ice
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Fig. 4 Mean (1950-2007)
simulated sea ice thickness (m)
in a April and b September
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thickness of 2 or 3 m is used in the estimates. Even though
the sea-ice thickness is generally too small, the relative
spatial distribution of the ice thickness and relative chan-
ges between winter and summer ice thickness and cover
compare well with the AOMIP and IPCC models shown in
Gerdes and Koberle (2007). As shown in Fig. 4b, the
Barents, Kara, Laptev, and Siberian seas are ice-free in
September, and the thickest sea ice is found north of
Greenland (Fig. 4). However, the relative thickness of the
sea ice in the Beaufort Sea is too small compared to many
of the AOMIP models, and the winter sea-ice edge is
located too far south compared to other models and
observations.

The too extensive sea-ice cover in the Barents Sea leads
to a simulated sea-ice export out of the Barents Sea that is
not observed. This is a common problem of relatively
coarse resolution global ocean models, and is related to the
underestimated ocean heat transport from the North

Atlantic Drift into the Arctic Ocean (Weaver et al. 2001).
Reducing the model resolution from the standard
3.6° x 1.8° resolution of the UVic ESCM to 1.8° x 0.9°
improved the simulated sea-ice edge and decreased the
sea-ice export through Barents Sea by 30%, but the sea ice
still extends too far south compared to observations. This
leads to a stratified upper ocean in the GIN seas in the model,
with the North Atlantic Drift entering the Arctic Ocean at
depth (below 330 m) instead of at the surface (see Fig. 5), a
feature also seen in many other models (e.g. Prange and
Gerdes 2006; Komuro and Hasumi 2005; Zhang et al. 1998;
Hakkinen and Mellor 1992). The export of Arctic surface
water occurs in the upper 330 m of Fram Strait in the model
(Fig. 5), with higher velocities in the East Greenland Cur-
rent during winter than during summer (Fig. 6). The model
also captures the observed interannual changes in the
strength of the Beaufort Gyre, with a more anticyclonic
circulation during winter than during summer (Fig. 6), as

(a) (b) (©
34.9 | T— 0.4 € 0.75
-500 34.7 -—500 02 -500 05
0 0.25
345 -0.2 0
c -1000 34.3 —1000 ~0.4 1000 _0.25
g o5 ors
-1500 33,9 ~1500 7 -1500 _1
33.7 -1.2 -1.25
-2000 33,5 ~2000 —1.4 -2000 -15
-1.6 -1.75
2500 %2 500 18 o500 -2
3429 3519 0.9 9.9 3429 3519 09 9.9 3429 3519 0.9 9.9
Longitude Longitude Longitude

Fig. 5 Simulated a salinity, b temperature (°C), and ¢ velocity (cm/s)
in an west—east cross section through Fram Strait (along 79.2 °N),
which shows the currents of Atlantic and Arctic water in Fram Strait.
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The velocity field shown is perpendicular to the cross section area,
and negative velocities mean a southward transport



A. Jahn et al.: Variability of the Arctic Ocean freshwater export 207
3 & P
[) o o
E Al Al

Fig. 6 Average simulated a winter (DJF) and b summer (JJA) ocean velocity field in the top 108 m

well as more anticyclonic circulation during certain years
(not shown; see Figs. 8, 10 in Mysak et al. 2005).

The simulated sea-ice area export is in good agreement
with data; we find correlation coefficients of r = (0.73
(P <0.01) between the simulation and the observed
monthly Fram Strait sea-ice area flux of Vinje et al. (1998)
and Kwok and Rothrock (1999). The model also captures
the reported change in the correlation between the winter
sea-ice area export and the winter NAO index in the late
1970s (see Hilmer and Jung 2000), with a significant
positive correlation after 1977/1978 (r = 0.57 for winter
1977/1978-1996/1997, P < 0.01), and no significant
correlation before 1977. However, the simulated sea-ice
volume export is smaller than observed by a factor of three,
due to the smaller than observed sea-ice thickness in the
model.

The simulated volume fluxes through Bering Strait
(1.2 Sv) and the CAA (1.5 Sv) are close to observations,
but the volume inflow from the GIN seas into the Arctic
Ocean is smaller than observed. We find a simulated vol-
ume inflow of 1.6 Sv through Fram Strait and 0.8 Sv
through the Barents Sea, compared to observational esti-
mates of 9-10 Sv (Schauer et al. 2004; Fahrbach et al.
2001) and 2.2 Sv (Blindheim 1989; Ingvaldsen et al. 2004;
Dickson et al. 2007), respectively. This also leads to
smaller than observed outflow from the Arctic Ocean, so
that overall the Arctic Ocean is more isolated from the
North Atlantic in the model than in reality.

Many of the model biases that we find in our simulation
are not unique to the UVic ESCM, but occur in many
current generation regional and global models. The range

of the simulated FW content, for example, differs widely
between the regional models participating in AOMIP
(Steiner et al. 2004), as well as between ten global climate
models included in the IPCC report (Holland et al. 2007).
A too deep and too thick Atlantic Layer, as well as a
missing cold halocline, are also a common feature among
AOMIP models (Holloway et al. 2007) and global climate
models (Holland et al. 2007). In addition, different model
types also have specific problems. For example, Proshu-
tinsky et al. (2007) found that the Beaufort Gyre weakened
over the course of the simulation in 3D regional coupled
sea ice-ocean models that were not restored to salinity,
while models that use a strong restoring show limited
variability (Gerdes et al. 2008). Due to their generally
lower resolution, global models tend to underestimate the
northward heat transport into the Arctic Ocean, which often
leads to an unrealistic sea-ice edge and larger than
observed FW exports through the Barents Sea (Holland
et al. 2007). Similar to regional ocean-ice models, global
ocean-ice models also need to use salinity restoring to close
their hydrological balance (Griffies et al. 2009). Fully
coupled global climate models on the other hand do not
need to use restoring, but they cannot be used for hindcast
experiments because their variability is model generated.
Intermediate complexity models like the UVic ESCM can
be used for hindcasts because they are forced with
reanalysis winds, and have the advantage that they do not
use salinity or temperature restoring. This makes the UVic
ESCM a worthwhile tool to investigate the variability of
the Arctic Ocean FW budget during the last decades,
despite the biases in the simulation of the Arctic climate.
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4 Simulated Arctic Ocean FW budget
4.1 Climatological mean FW budget

The simulated climatological Arctic Ocean FW budget,
averaged over the 58 years of the experiment (1950-2007),
is shown in Table 1, together with the FW budgets derived
from observation (Aagaard and Carmack 1989; Serreze
et al. 2006). In agreement with Aagaard and Carmack
(1989) and Serreze et al. (2006), the largest FW source in
the model is the (prescribed) river discharge into the Arctic
Ocean, followed by the Bering Strait inflow, and the net
precipitation over the Arctic Ocean. The largest FW sink in
the model is the liquid FW export through the CAA, fol-
lowed by solid and liquid FW exports through Fram Strait,
liquid and solid FW exports through the Barents Sea, and
solid FW export through the CAA.

The simulated FW exports through Fram Strait and the
CAA are biased low compared to Serreze et al. (2006), due
to smaller than observed FW source terms, too thin sea-ice,
and much larger than observed Barents Sea FW exports in
the simulation. The smaller FW input is due to too low
simulated precipitation in high latitudes, which leads to a
too high salinity of the Pacific water inflow through Bering
Strait (mean salinity of 33.4 instead of 32.5) and a low bias
in the net precipitation over the Arctic Ocean. The solid
and liquid FW exports through the Barents Sea are larger
than observed due to the sea-ice edge position (which is too

Table 1 Climatological present-day Arctic Ocean freshwater (FW)
budget based on the UVic ESCM simulation (averaged over 1950—
2007) and on observations (Aagaard and Carmack 1989; Serreze et al.
2006)

FW fluxes UVic Aagaard Serreze
ESCM and Carmack et al.
River runoff 2,762 3,300 3,200
P-E 981 900 2,000
Bering Strait liquid FW 1,545 1,670 2,500
CAA liquid FW —2,040 -920 —3,200
Fram Strait liquid FW —880 —980 —2,660
Barents Sea liquid FW —874 —290 -90
Bering Strait solid FW —1 - -
CAA solid FW —107 - —160
Fram Strait solid FW —-921 —2,790 —2,300
Barents Sea solid FW —457 - -
Net 8 890 —710

All FW fluxes are calculated relative to a reference salinity of 34.8,
and are given in km*/year. They are net annual mean fluxes through a
channel, combining negative and positive fluxes through a strait,
where applicable. All oceanic fluxes are calculated over the full depth
of the ocean boundaries. Positive values indicate FW sources, and
negative values indicate FW sinks for the Arctic Ocean. Note that the
river runoff was prescribed in the simulation
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far south) and its effect on local ocean currents. However,
the total liquid FW export into the GIN seas, through both
Fram Strait and the Barents Sea, is in better agreement with
observations (see Table 1). Compared to other model FW
budgets (Steele et al. 1996; Zhang and Zhang 2001; Miller
and Russell 2000; Haak et al. 2005; Holland et al. 2006,
2007; Koberle and Gerdes 2007; Arzel et al. 2008), the FW
fluxes in our simulation tend to be lower. A direct com-
parison of simulated FW flux terms with other model
studies is, however, difficult, as some have a closed CAA
and/or Bering Strait, some use salinity restoring, and some
use much higher prescribed river runoff.

4.2 Variability of FW fluxes

The simulated climatological (58-year mean) Arctic Ocean
FW budget nearly closes, with the total FW import and
export essentially balancing each other (see the bottom line
in Table 1). This is not the case on shorter timescales, due
to the interannual variability of the individual FW fluxes.
In some years, the total FW import is larger than the export,
which leads to an accumulation of FW in the Arctic, while
in other years the opposite is true (see Fig. 7). We find that
the variability of the simulated FW export is much larger
than the variability of the FW import (see Fig. 7b), in
general agreement with observations (Serreze et al. 2006)
and modeling results (e.g., Holland et al. 2006; Koberle
and Gerdes 2007). The largest simulated variability of the
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Fig. 7 a Simulated total (liquid plus solid FW, shown as solid line)
and liquid (shown as dashed line) Arctic Ocean FW storage in the top
518 m. b Simulated annual mean Arctic Ocean FW import (blue line)
and export (red line). The reference salinity used to calculate FW
storage and fluxes is 34.8
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Fig. 8 a Simulated annual mean net FW export through the CAA
(orange), the Fram Strait (red), and the Barents Sea (brown). All
exports are shown as positive values. Liquid FW exports are shown as
solid lines, and solid FW exports as dashed lines. b Simulated annual
mean net FW imports through the Bering Strait (light blue), river
runoff (purple), and net precipitation (turquoise)

FW export terms is seen in the liquid FW export through
the CAA, followed by the liquid Fram Strait FW export,
the solid Fram Strait export, and the liquid and solid
Barents Sea FW exports (see Fig. 8a and Table 2). The
simulated liquid FW export shows the largest variability on
multi-year to decadal timescales, whereas the solid FW
export exhibits more variability on annual timescales (see
Fig. 8a). This is in agreement with model results from
Koberle and Gerdes (2003, 2007).

The liquid FW exports through the CAA, Fram Strait,
and Barents Sea are not correlated with each other,
although all of them show large FW exports in the 1990s,
leading to the largest simulated export of liquid (and total)
FW from the Arctic Ocean during the study period (see
Fig. 8a). The simulated liquid FW export through the CAA
shows a shift from generally lower values before 1982, to
generally higher values after 1982, with a local maximum

in 1985 and the overall largest export in 1990 (see Fig. 8a).
The liquid FW export through Fram Strait shows three
periods of increased export, between 1952-1959, 1967—
1977, and 1993-2002. Periods with increased Barents Sea
liquid FW export are 1951-1952, 1961-1963, 1965-1970,
1992-1996, and 2002-2003.

Due to the lack of long-term observations of either the
volume or the FW flux through the CAA or Fram Strait
(see Dickson et al. 2007, for a summary of currently
available data), we cannot directly validate the variability
of the simulated liquid FW fluxes through the CAA and
Fram Strait. A comparison with other available model
results shows that certain features occur in different mod-
els, but the details of the export variability are model
dependent. Among the robust features is the period of
increased liquid FW export through the CAA between 1982
and 1999, which is also seen in the simulation of Koberle
and Gerdes (2007). The liquid Fram Strait FW export
maxima in the 1990s, with a peak in 1993, is also seen in
model simulations of Karcher et al. (2005) and Ko&berle
and Gerdes (2007). It is also supported by observational
data, which show lower than average salinities in the East
Greenland Current in the early to mid 1990s (Blindheim
et al. 2000). Finally, the increased liquid FW export
through Fram Strait in the late 1960s and early to mid-
1970s is also simulated by all three models, but its duration
and magnitude vary. In agreement with the results pre-
sented here, Karcher et al. (2005) show a smaller liquid
FW export maximum in the 1970s than in the 1990s,
whereas Koberle and Gerdes (2007) find the largest liquid
FW export in the 1970s, corresponding to the very large
FW storage decrease in their simulation during this time
(see discussion in Sect. 4.3).

Regarding the variability of the FW source terms, we
find that the simulated Bering Strait inflow shows much
larger variability than the net precipitation over the Arctic
Ocean (see Fig. 8b, Table 2), in agreement with observa-
tions (Serreze et al. 2006). The largest signal in the simu-
lated Bering Strait FW inflow is associated with a shift
towards higher FW input between 1977 and 1989 (see
Fig. 8b), mainly due to increased transports through the
strait. The timing of this increase in the flow corresponds to
the observed regime shift in the atmospheric circulation
over the Pacific Ocean between 19761988 (e.g., Trenberth
1990; Trenberth and Hurrell 1994). The regime shift is

Table 2 Mean and standard deviation (std) of all simulated FW fluxes (km3/year)

CAA Fram Strait Barents Sea Bering Strait P-E River runoff
Mean —2,040/—107 —880/-921 —874/—457 1,545/1 981 2,762
Std 461/47 259/229 229/182 14372 61 0

For the ocean fluxes, the liquid FW fluxes are given first, followed by the solid FW fluxes
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accompanied in the model by a rise in the rigid-lid pressure
in the northern North Pacific south of Bering Strait. This in
turn leads to an increase in the rigid-lid pressure gradient
[equivalent to a sea surface height (SSH) gradient in the
real ocean] between the North Pacific and the Arctic
Ocean, driving the increase in the transport through Bering
Strait. Because SSH gradients are equivalent to rigid-lid
pressure gradients in their dynamical effect on the ocean
(see Pacanowski 1995, for details), we will from now on
refer only to SSH gradients in our analysis. Between 1977
and 1989, the mean northward Bering Strait FW transport
is 255 km?/year higher than before 1977, which adds up to
an additional import of 3,315 km?> of FW. This increase in
the Bering Strait FW influx contributes about as much to
the FW accumulation in the Arctic Ocean during the 1980s
as the reduced FW export through Fram Strait or Barents
Sea. Hence, a fixed Bering Strait inflow, as used in many
regional models, would lead to a smaller simulated FW
accumulation during the 1980s than found here.

4.3 Variability of the Arctic Ocean FW content

The simulated FW content in the upper 518 m of the Arctic
Ocean shows two maxima, a small one in the late 1960s,
and a large one in the 1980s (see Fig. 7a). Overall, the
Arctic Ocean is more saline at the end of the simulation
than at the beginning, after a fresher episode in the 1980s
(see Fig. 7a). This salinification of the Arctic Ocean over
the period 1950-2007 agrees with the trend towards saltier
water in the central Arctic Ocean found by Polyakov et al.
(2008) for the twentieth century in observational data. The
periods of increased FW content in the 1960s, early 1980s,
and early 1990s found in their study are also in general
agreement with the maxima found here, but the relative
magnitude and the exact timing differs. Note that the
number of observations are limited before 1970, and the
data have large error bars.

Compared to other model simulations by Hékkinen and
Proshutinsky (2004) and Koberle and Gerdes (2007), the
times of liquid FW storage maxima and minima occur
within 1 or 2 years of the times found here (see Fig. 7a and
their Fig. 2a and Fig. 4b, respectively). This points to a
robust feature in the ice-ocean system, despite differences
in the model domain and the simulated sea-ice conditions.
However, the amplitude of these changes varies from
model to model. The largest liquid FW content maximum
occurs in the late 1980s in this study and in the one of
Hikkinen and Proshutinsky (2004), but in 1968-1970 in
the study of Koberle and Gerdes (2007). In the latter
simulation, the maximum of 1989 is only the third largest
maximum (after that of 1968-1970 and 1982). In addition
to these differences, the liquid FW storage in the simula-
tion of Koberle and Gerdes (2007) also shows a much
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larger amplitude than found here or in Hiakkinen and Pro-
shutinsky (2004), especially during the 1960s and 1970s.
This shows that the relative magnitude of the 1960s versus
the 1980s FW maximum is model dependent, whereas the
times of the major FW storage maxima and minima are a
robust feature across different models. Recent observa-
tional results of Proshutinsky et al. (2009) suggest that the
conditions in the Beaufort Gyre during the 1990s differed
significantly from previous decades, with larger FW stor-
age in the Beaufort Gyre and a contracted and south-east-
ward shifted center of the FW content maximum. Given
that the majority of the Arctic FW is stored in the Beaufort
Gyre, this suggests that the FW content maximum in the
1990s was larger than the one in the late 1960s, but more
data is needed to confirm this.

4.4 Sensitivity to initial conditions and CAA channel
configuration

To test the sensitivity of the simulation to its initial con-
ditions, five additional simulations for the 1948-2005
period were performed. The initial conditions were derived
from spin-up simulations which were forced by the same
orbital and CO, forcing, but with different wind forcing.
These experiments show noticeable differences until the
early 1960s, with the largest differences in the first 2 years
(1948-1949; see Fig. 9a). Results up until the early 1960s
should therefore be treated with caution, and results for the
first 2 years are excluded from the analysis. We conclude
that the smaller FW accumulation during the 1960s com-
pared to the 1980s is a robust feature of our simulation, and
not the result of initial conditions.

To investigate the sensitivity of our results to the
choice of the CAA channel configuration, we performed
additional simulations for two different channel locations
(see Fig. 10b, c), as well as for different channel cross-
sections (and hence different magnitudes of the FW
export), and for a closed CAA. The winds used to derive
the initial conditions for these additional experiments
were the same as for the control run. We find that in the
simulation with the CAA closed, the amplitude of the FW
storage maximum in 1967 is smaller and the amplitude of
the maximum in 1989 is larger than in simulations with
an opened CAA (see Fig. 9b, c). Consistent with this
behavior, the amplitude of the simulated FW storage
maximum in 1967 increases when the mean CAA liquid
FW export increases, while the amplitude of the FW
storage maximum in 1989 decreases with increasing
mean CAA FW exports (see Fig. 9c). This means that
differences in the simulated CAA FW export have some
influence on the amplitude of the FW storage maxima in
1967 and 1989. However, for all liquid CAA FW fluxes in
the sensitivity experiments we performed (which reach
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Fig. 9 a FW storage anomalies for simulations with different initial
conditions. The simulation analyzed in this paper is shown as a thick
red line. b FW storage anomalies for simulations with a closed CAA
(black) and with the CAA opened in three different configurations
(red, blue, and green, which correspond to the CAA locations shown
in Fig 10a—c, respectively). The three simulations with the CAA
opened all have the same mean CAA liquid FW export of about

from 684 to 2,564 km®/year), the FW maximum in 1989
is always the dominant one.

As shown in Fig. 9b—c, the effect of different CAA
locations (with the same mean liquid CAA FW export) on
the variability of the Arctic FW storage is smaller than the
effect of changes in the liquid CAA FW export through
changes in the cross-section area. In general, changes in the
liquid FW export through the CAA due to changes in the
location or the cross-sectional area mainly affect the
magnitude of the liquid FW export through Fram Strait, but
do not lead to large changes in the temporal variability of
the liquid FW export through Barents Sea or Fram Strait
(not shown).

5 Mechanisms for the liquid FW export variability

5.1 Influence of salinity and volume flux anomalies
on the liquid FW export

To test whether the simulated variability of the liquid FW
export is driven mainly by upper ocean salinity or volume
flux anomalies, we split the liquid FW export into a time-
mean component and three time-varying terms. We only
consider the upper 330 m of the water column, which is
the maximum depth of the CAA and the layer where 92%
of the Fram Strait liquid FW export takes place in the
model. The liquid FW flux through a strait (Fpy) is cal-
culated as

S —
Frw = / vL%dA - / v, SdA, (1)

ref
A A

1950 1960 1970 1980 1990 2000

1950 1960 1970 1980 1990 2000

1,600 km>. ¢ FW storage anomalies for simulations with a closed
CAA (black) and with an open CAA (green). The simulations with an
open CAA have the same geographic location of the CAA, but
different mean liquid CAA FW exports due to differences in the
cross-sectional area [larger mean export (—1595 km3/year) shown as
solid line, smaller mean export (—685 km3/year) as dashed line].
Similar results are found for the other two CAA locations (not shown)
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Q
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Fig. 10 Land-ocean masks for the three different CAA channel
locations used in the CAA sensitivity experiments shown in Fig. 9b,
c. Configuration (a) is the mask used for results presented in other
sections

@ Springer



212

A. Jahn et al.: Variability of the Arctic Ocean freshwater export

where v, is the velocity component perpendicular to the
strait, S..r is the reference salinity, s is the salinity at the
strait, S = (Srer—5)/Sier 1 the normalized salinity anomaly,
and A is the area of the cross-section of the strait
perpendicular to the flow. Splitting up S and v, into
time-mean ((S) and (v, )) and time-varying parts (S’ and
V), and using an overbar to denote the spatial integral over
the cross-sectional area of the strait, we can write the liquid
FW transport through a strait from Eq. 1 as

Few = (S){v2) + V{8 + Svi) + SV, )

In this equation, (S)(v ) is the mean FW flux through a
strait, v/, (S) is the FW flux due to the advection of the
mean salinity by the volume flux anomaly, §'(v,) is the
FW transport associated with the advection of salinity
anomalies by the mean flow, and §'v/, is the FW flux due to
the advection of salinity anomalies by the anomalous vol-
ume flow.

As shown in Fig. 11, the variability of the liquid FW
export is mainly controlled by changes in the volume flux
(V' (S)), but changes in the salinity of the outflow (S'(v,))
are also important at certain times. The volume flux driven
liquid FW export anomalies show a correlation of r = 0.97
and r = 0.95 with the total liquid FW export in the CAA
and Fram Strait, respectively. The correlation of the
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Fig. 11 Annual liquid FW export anomalies (black dashed line) for
the a CAA and b Fram Strait (top 330 m only). In blue, the advection

of the mean salinity by the volume flux anomaly (V' (S)); in red, the

advection of salinity anomalies by the mean flow (S'(v,)); in green,
the advection of the salinity anomaly by the volume flux anomaly

(8"V',). Positive values show an increased FW export compared to the
mean
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salinity driven liquid FW export anomaly with the total
liquid FW export is lower but still significant, with
r=0.71 for the CAA and r = 0.53 for Fram Strait
(P < 0.01). The correlation of v/ (S) with §'(v_) is larger
in the CAA than in Fram Strait (r = 0.52 and r = 0.34
with P < 0.01, respectively). This shows that in the CAA,
the volume and salinity driven liquid FW export anomalies
are more strongly coupled than in Fram Strait.

The volume flux driven liquid FW export anomaly in the
CAA increases in the early 1980s, with a maximum in 1990
(Fig. 11a). The salinity driven CAA liquid FW export
anomaly (§'(v,)) peaks in the mid-1990s, and generally
increases between the mid-1960s and the mid-1990s, fol-
lowed by a decrease after the mid-1990s (Fig. 11a). In
Fram Strait, the volume flux driven liquid FW export
shows three periods of increased export, with the largest
anomalies during the last decade (Fig. 11b). The salinity
anomalies in Fram Strait are generally in phase with the
low-frequency variability of the volume export, and con-
tribute most to the liquid Fram Strait FW export during the
large export event of the 1990s (Fig. 11b). This export of
fresher water through Fram Strait in the early to mid-1990s
is supported by data of Blindheim et al. (2000), as well as
by model results of Karcher et al. (2005). However, model
results of Koberle and Gerdes (2007) show no significant
changes in the salinity of the Fram Strait outflow during
this time.

5.2 Local forcing of the liquid FW export

In order to assess what is driving the liquid FW export
variability, we constructed indices for the SSH difference
and the local wind field for the CAA and Fram Strait. For
the CAA, the SSH difference was calculated as difference
between the mean values in the Beaufort Sea and Baffin
Bay (see blue boxes in Fig. 1). The local wind used in this
analysis is the east—west component in a 300 km wide
region along the CAA channel. For Fram Strait, the SSH
difference was calculated as the difference between the
mean values in regions north and south of Fram Strait (see
the blue boxes in Fig. 1). The local wind field used for
Fram Strait is the north—south component in a 300 km
fetch centered around the latitude of Fram Strait (which is
shown as red line in Fig. 1).

The liquid FW export through the CAA, as well as the
volume flux driven liquid FW export anomaly (v/, (S)), are
well correlated with the SSH difference between the
Beaufort Sea and Baffin Bay (r = 0.68 for both, P < 0.01)
(see Fig. 12a). The control of the volume flux variability in
the CAA by the SSH difference between the Beaufort Sea
and Baffin Bay is in agreement with model results of Kliem
and Greenberg (2003) and Newton et al. (2008), as well as
with the data study of Prinsenberg and Bennett (1987). We
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Fig. 12 The liquid a CAA and b Fram Strait FW export (black
dashed lines), together with the local wind forcing multiplied by —1
(green lines) for the a CAA and b Fram Strait, and the SSH difference
(blue lines) between a Beaufort Sea and Baffin Bay and b between a
region up to 700 km north and south of Fram Strait (see Fig. 1 for the
regions used). The red lines in (a) and (b) show the SSH difference
diagnosed from changes in the salinity in the regions used to calculate
the SSH difference (halosteric SSH change). All time series show
annual mean values, normalized by the standard deviation

find that the simulated SSH difference is mainly controlled
by SSH changes in the Beaufort Sea, rather than by SSH
changes in Baffin Bay (+* = 0.50 and r* = 0.14, respec-
tively, not shown). As shown in Fig. 12a, a large part
(52%) of the SSH changes in the Beaufort Sea, and hence
also of the SSH difference, is caused by salinity changes
(the so-called halosteric SSH change, see Steele and
Ermold 2007). The salinity driven liquid CAA FW export
anomaly (S'(v_)) is therefore also correlated with the SSH
in the Beaufort Sea (r = 0.85 at a lag of 1 year, P < 0.01)
and the SSH difference across the CAA (r = 0.62 at a lag
of 2 years, P < 0.01). Due to this high correlation with the
SSH in the Beaufort Sea, volume and salinity driven CAA
liquid FW export anomalies also show a high cross-
correlation (r = 0.52, P < 0.01). In contrast, the local
along-strait wind forcing is found to have no significant
correlation with the simulated CAA FW export or the
volume and salinity driven liquid FW export anomalies
(see Fig. 12a). This might be due to the largely landfast ice
in the CAA channel, which insulates the ocean from the
wind forcing.

The annual north—-south SSH difference across Fram
Strait is highly correlated with the liquid FW export
through Fram Strait (r = 0.86, P < 0.01, see Fig. 12b), as
well as with the volume flux driven liquid FW export
anomaly (r = 0.77, P < 0.01) and, to a smaller extent, the
salinity driven liquid FW export anomaly (r = 0.54,
P < 0.01). A calculation of the halosteric SSH change
shows that the halosteric SSH change on average explains
the majority (#* = 0.72) of the changes in the SSH dif-
ference (see the red line in Fig. 12b). Only in the late 1960s
does the halosteric SSH difference change not explain most
of the SSH difference variability, which is due to a fresh-
ening in the region south of Fram Strait between 1962 and
1972 (not shown). Except for the late 1960s, changes in the
region north of Fram Strait dominate the SSH difference
variability (not shown). The local wind field is also sig-
nificantly correlated with the liquid FW export (r = 0.50,
P < 0.01) (see Fig. 12b). The local wind only affects the
volume flux driven liquid FW export anomaly (r = 0.51,
P <0.01), not the salinity driven liquid FW export
anomaly (no significant correlation).

5.3 Large-scale forcing of the liquid FW export

As can be seen in Fig. 13a—b, the FW storage in the
Beaufort Sea is shifted towards the North American coast
during times of increased liquid FW export through the
CAA compared to times of lower liquid CAA FW export.
This is due to a cyclonic circulation anomaly in the
Beaufort Gyre during times of increased liquid CAA FW
export (not shown), which in turn is caused by a change in
the large-scale atmospheric forcing over the Arctic Ocean.
Figure 14 shows that the AO index and the CAA liquid FW
export have a similar variability. Over the period 1950 to
2007, the peak in the cross-correlation between the AO
index and the liquid CAA FW export occurs at a lag of
1 year (r = 0.54, P <0.01). The maximum correlation
coefficient increases to r = 0.71 and r = 0.75 (P < 0.01)
at a l-year lag for the 3- and 5-year running means,
respectively, which suggests that the variability of the
liquid FW export is influenced mainly by the lower-fre-
quency variability of the atmospheric forcing. Composites
of winter SLP 1 year before large and small liquid CAA
FW exports show that the Icelandic Low is much deeper
and the Arctic High is weaker before large liquid FW
exports (see Fig. 13a, b). These SLP patterns are consistent
with the typical SLP patterns seen during positive and
negative AO/NAO phases. In the Beaufort Sea, the weaker
Arctic High leads to a cyclonic circulation anomaly (see
also Proshutinsky et al. 2002), which releases FW from the
central Beaufort Gyre and leads to the shift of the FW
storage in the Beaufort Sea towards the North American
coast seen in Fig. 13a, b.
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Fig. 13 Composites of the FW
storage in the Arctic Ocean,
expressed as column of FW (m),
during times of increased (a, c)
and decreased (b, d) liquid FW
export though the CAA (a, b)
and Fram Strait (¢, d). The
composites are formed from
years that show a FW export
larger/smaller than one standard
deviation. Composites of the
winter NCEP sea level pressure
(SLP) field (hPa, 5 hPa spacing)
1 (a, b) and 6 (c, d) years prior
to the years of large/small FW
export are also shown (black
lines), to illustrate the typical
pressure pattern over the Arctic
that leads to these export events
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Mainly through changes in the density, these changes in
the FW distribution are responsible for the SSH changes in
the Beaufort Sea, which were found to drive the variability
of the volume export through the CAA (see Sect. 2). In
addition, these changes provide more low salinity water for
the export through the CAA. The SSH in the Beaufort Sea
shows a significant cross-correlation with the AO index at a
lag of 1 year (r = 0.58 for the annual mean and » = 0.78
for the 3-year running mean; P < 0.01). Both volume flux
anomalies and salinity anomalies contribute to the high
correlation of the CAA liquid FW export with the AO index,
with r = 0.69 at a 1-year lag and r = 0.68 (P < 0.01) at a
4-year lag for the 3-year running means, respectively.

During years of large liquid Fram Strait FW export, the
FW storage along the northern Greenland and North
American coast is increased (Fig. 13c—d) compared to
years of low liquid FW export. While this pattern of FW
storage changes is similar as for the CAA liquid FW
export, the peak in the cross-correlation between the annual
and 3-year running mean AO index and the liquid FW
export through Fram Strait occurs at a lag of 6 years
(r =0.35 and r = 0.45, P < 0.01). An examination of the
composite of the winter SLP over the Arctic 6 years before
increased liquid Fram Strait FW exports shows the typical
pattern for NAO positive winters, with a very strong Ice-
landic Low and decreased pressure over the central Arctic.
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Fig. 14 The Arctic Oscillation (AO) index from NOAA/NCEP (blue)
compared to the simulated liquid FW export through the CAA
(orange) and Fram Strait (red). The time series are 3-year running
means of the annual mean values, normalized by the standard
deviation

As explained earlier, this leads to a release of FW from the
Beaufort Gyre due to a cyclonic circulation anomaly,
which increases the FW storage along the northern coast of
Greenland, increasing the SSH north of Fram Strait and
supplying fresher water for the export. The mean lag
between the AO index and the liquid FW export is larger
than for the CAA, due to the longer travel time from the
Beaufort Gyre region to the Fram Strait than to the CAA.

Both the volume driven liquid Fram Strait FW export
anomaly and the salinity driven Fram Strait liquid FW
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export anomaly also show high correlations with the 3-year
running mean AQO index (r = 0.45 at a lag of 6 years and
r = 0.62 at a lag of 5 years, respectively; P < 0.01), which
shows the importance of the large-scale atmospheric cir-
culation for both anomalies. However, other effects like the
local wind forcing also play a role for the volume driven
liquid Fram Strait FW export anomaly, decreasing the
correlation with the indices for the large-scale atmospheric
circulation compared to the CAA (i.e., r =045 vs.
r=0.69; P <0.01).

5.4 Differences between large liquid FW export events

The lag between the Fram Strait liquid FW export and the AO
index is smaller during the liquid FW export maximum in the
late 1960s to mid 1970s, and larger for the maximum during
the 1990s, whereas the lag between the CAA liquid FW
export and the AO is constant in time (see Fig. 14). We find
that this change in the lag of the Fram Strait liquid FW export
is due to different FW source regions for these export events.
During the late 1960s to mid-1970s, most of the liquid FW
exported through Fram Strait came from the Eurasian basin,
whereas during the 1990s a large part came from the Cana-
dian Basin (see Fig. 15). The differences in the location of the
FW source regions for the Fram Strait liquid FW export are
associated with changes in the strength and position of the
Beaufort Gyre and the associated FW distribution in the

Arctic Ocean (see Fig. 16), as well as the existence of a local
Eurasian ocean circulation cell between 1960 and 1967 that
disappears afterwards (not shown).

The simulated circulation changes in the Arctic Ocean that
lead to the increased export of liquid FW from the Canadian
Basin through Fram Strait during the early to mid-1990s are
in agreement with results of Tucker et al. (2001) and Pfirman
et al. (2004), which are based on data from the International
Arctic Buoy Program. They found that the main source
regions of the Fram Strait sea-ice export changed from the
Kara and Laptev seas to the East-Siberian and Chukchi seas
in the late 1980s in response to changes in the atmospheric
forcing, which led to the export of large amounts of thick
multiyear ice that was previously recirculating in the Beau-
fort Gyre. While the response of sea-ice export and liquid FW
to changes in the atmospheric forcing is different, they are
both strongly influenced by large-scale atmospheric circula-
tion changes. Unfortunately, the simulated changes in the
source regions of liquid FW during the late 1960s and early
1970 can not be compared to data from the International
Arctic Buoy Program, as it only began in 1979.

5.5 Summary: proposed mechanism of liquid FW
export variability

We conclude that the variability of the large-scale atmo-
spheric circulation controls the variability of the liquid FW

Fig. 15. a Liqu%id.FW storage (a)
anomalies (km”) in the upper ® -
518 m, for the full Arctic Ocean 2 4000}

. . <
(black), the Canadian basin IS
(blue), and the Eurasian basin 2 2000t
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the Canadian and the Eurasian 2 Of
basin is the Lomonosov ridge. S 2000
b, ¢ Changes in the liquid FW g B
storage, gxpressed as column of i _4000-
FW (m) in the top 518 m i
relative to a salinity of 34.8, 1950
between b 1968 and 1975 and ¢ (b)
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Fig. 16 Average liquid FW (a)

storage, expressed as column of o
FW (m), for a 1968-1975 and b
1990-1997, the two periods of
large liquid Fram Strait FW
exports

M09

export from the Arctic through its effect on the strength of the
Beaufort Gyre, which controls the FW distribution and the
SSH field in the Arctic Ocean. This agrees with the hypoth-
esis of Proshutinsky et al. (2002), as well as with recent
observational evidence presented by Proshutinsky et al.
(2009). We find that changes in the Arctic SSH field in turn
affect the CAA and Fram Strait volume exports through
changes in the SSH difference across these straits. Changes in
the FW distribution also affect the salinity of the CAA and
Fram Strait outflows, but this effect is found to be less
important than the volume flux changes. The CAA liquid FW
export responds to changes in the AO index with a lag of
1 year, whereas the Fram Strait liquid FW export responds
with a mean lag of 6 years. The lag between the CAA liquid
FW export and the AO index is constant, whereas the lag
between the Fram Strait liquid FW export and the AO index
is not. The lag of the Fram Strait liquid FW export depends on
the location of the FW source for the increased FW export,
which in turn depends on differences in the SLP field over the
Arctic Ocean. Due to this difference in the lag, as well as the
different travel times of salinity anomalies from the Beaufort
Sea to the CAA and Fram Strait, the Fram Strait and CAA
liquid FW exports are not in phase. The influence of the local
wind forcing in the Fram Strait area further modulates the
variability of the Fram Strait liquid FW export, in contrast to
the CAA, where the local wind has no effect on the variability
of the liquid FW export.

6 Influence of the liquid FW export on the oceanic
heat flux and the Atlantic MOC

6.1 Oceanic heat flux

We find that the mean simulated net ocean heat flux from
the GIN seas to the Arctic Ocean between 1950 and 2007 is
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13.9 TW, calculated relative to the simulated mean sea
surface temperature in Fram Strait (Tger = —1.7°C). Most
of this heat is entering the Arctic Ocean through Fram
Strait (10.9 TW), with only a smaller amount entering
through the Barents Sea (3.0 TW). Observational studies,
using the observed mean surface water temperature in
Fram Strait (—0.01°C) as reference temperature (Aagaard
and Greisman 1975), also show a larger heat flux through
Fram Strait than through Barents Sea (e.g., Aagaard and
Greisman 1975; Rudels 1987; Simonsen and Haugan
1996). However, the simulated ocean heat transport into
the Arctic Ocean is smaller when compared to recent
observational estimates of 16-40 TW for the net Fram
Strait ocean heat flux (Schauer et al. 2004). Given that the
temperature difference between the reference temperatures
(—=1.7°C in the model and —0.01°C in observations) and
the temperature of the incoming Atlantic water (0.5°C in
the model and 2-3°C in observations by Schauer et al.
2004) is similar in the model and in observations, we
conclude that the discrepancy in the simulated Fram Strait
heat flux is mainly due to the low bias in the simulated
volume flow from the North Atlantic into the Arctic Ocean.

In the simulation, 78% of the ocean heat flux into
the Arctic Ocean passes through Fram Strait (see Fig. 17).
The Fram Strait heat flux is also the source of 71% of the
variance of the total net ocean heat transport into the Arctic.
We find that 85% of the simulated variance of the Fram Strait
ocean heat flux into the Arctic Ocean is due to changes in the
volume inflow of Atlantic water (see Fig. 17), with temper-
ature changes of the inflowing water being much less
important (not shown). The total liquid FW export from the
Arctic Ocean (through the CAA, Fram Strait, and the Barents
Sea combined) is highly correlated with the Fram Strait
Atlantic water inflow, the Fram Strait heat transport, and the
total heat transport into the Arctic Ocean (r = 0.85,
r=0.86, and r = 0.89, respectively, P < 0.05) (see
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Fig. 17 Annual mean normalized index (normalized by the standard
deviation) of the total simulated net ocean heat flux from the North
Atlantic to the Arctic Ocean (solid red line), the net ocean heat flux
through Fram Strait alone (red dashed line), the total liquid FW
export from the Arctic (black), and the Atlantic water inflow through
Fram Strait (green; taken as the northward volume flow through Fram
Strait below 330 m)

Fig. 17). Note however that the total Atlantic heat flux into
the Arctic Ocean only shows a correlation of r = 0.45
(P < 0.05) with the total volume export (rather than the total
FW export) from the Arctic. This shows that the link between
Arctic liquid FW export and oceanic heat import is not only
due to the mass conservation in the model. The mechanisms
that leads to this link between the FW export and the heat
import are the topic of future work.

Given that climate simulations for the twenty-first century
show an increase in the liquid FW export from the Arctic
(e.g., Haak et al. 2005; Holland et al. 2006, 2007; Koenigk
et al. 2007), our results suggest that this could be associated
with an increased oceanic heat flux into the Arctic Ocean in
the future. Whether this increased oceanic heat import can
affect the Arctic sea-ice cover is unclear, as it depends on
how much of this Atlantic heat can reach the mixed layer,
which is a topic still under debate. Yang et al. (2001, 2004)
argue that mixing associated with strong storms can reach
below the halocline, leading to the entrainment of Atlantic
heat into the mixed layer. Regions where an increase in the
vertical heat flux to the surface due to storm induced mixing
has been observed are the Fram Strait area (Yang et al.
2004), the Beaufort Sea (Yang et al. 2001), and the region
north of Svalbard (Steele and Morison 1993). Timmermans
et al. (2008) on the other hand argue that away from
boundary regions, the vertical heat flux from the Atlantic
water to the mixed layer is small, and occurs mainly through
double-diffusion. More research on the vertical heat flux
from the Atlantic water to the Arctic mixed later is necessary
to determine the possible effect of an increased Atlantic heat
transport into the Arctic on the sea-ice cover.

6.2 Atlantic MOC

The mean simulated maximum overturning streamfunction
in the North Atlantic is 15.9 Sv, with a standard deviation

36 OW
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Fig. 18 a Mean simulated depth of convective adjustment (shaded,
in m) and the standard deviation of the depth of convective
adjustment (red contours; line spacing is 50 m). b Change in the
convection depth between 1967 and 1972 (shaded; in m) and the
associated salinity change in the top 50 m (lines; blue shows a
freshening; red a salinification; line spacing is 0.1). The black boxes
show the regions over which the average deep convection and salinity
for the Irminger and Norwegian seas is calculated. The exact choice
of the size of the boxes does not influence the results, as long as the
main centers of deep convection are included. We show the changes
between 1967 and 1972, which is the period when the largest changes
in the simulated convection depth occur (see Fig. 19b). Very similar
patterns are found for changes between 1951 and 1953 and between
1993 and 1996, but with smaller amplitudes

of 1.0 Sv. This compares well with the observed estimate of
15 + 2 Sv given by Ganachaud and Wunsch (2000). In the
model, deep water is formed mainly in the [rminger Sea, with a
secondary maximum in the Norwegian Sea (see the black
boxes in Fig. 18a). In contrast to observations, no deep water
is formed in the Labrador Sea. In the following, we use the
mean depth of the convective adjustment, referred to as con-
vection depth from now on, as well as the mean surface
salinity in the Irminger and Norwegian seas to investigate the
effect of the FW export from the Arctic on the surface salinity,
the convection depth, and the MOC strength.

@ Springer



218

A. Jahn et al.: Variability of the Arctic Ocean freshwater export

Max. Overturning

2 1 1 1 1
1950 1960 1970 1980 1990 2000

Normalized index

34 1 1 L 1 1
1950 1960 1970 1980 1990 2000

Fig. 19 a The maximum strength of the annual mean Atlantic MOC
(in Sv) for simulations with the CAA opened (solid) and the CAA
closed (dashed). b 3-year running mean normalized index of the depth
of convective adjustment (solid line) and surface salinity (dashed
line) in the deep water formation region in the Irminger Sea (blue) and
in the Norwegian Sea (red) (shown as boxes in Fig. 18), compared to
the 3-year running mean normalized index of the MOC strength

(black)

In the 1950-2007 period, the largest drop in the simu-
lated MOC strength occurs a few years after the large FW
export event in the late 1960s to mid-1970s (see Fig. 19a).
Smaller reductions in the MOC strength occur in the mid-
1950s and mid-1990s, again following increased FW
export from the Arctic. In all cases, these reductions in the
MOC strength are proceeded by a decrease in the surface
salinity and the convection depth in the deep water for-
mation regions of the North Atlantic about 5-6 years ear-
lier, with much larger changes observed in the Irminger
Sea than in the Norwegian Sea (see Figs. 18b, 19b). The
correlation between the 3-year running means of the sur-
face salinity (top 50 m) and the convection depth in the
Irminger and Norwegian seas are r = 0.79 and » = 0.94
(P < 0.05), respectively, while the correlation between the
MOC strength and the 3-year running mean convection
depth is significant for lags between 4 and 8 years, and
reaches a maximum for a 5-year lag (r = 0.49 for both
regions, P < 0.05). The changes in the surface salinity in
the deep convection regions are in turn caused by changes
in the FW export through Fram Strait and Barents Sea
(called FW export into the GIN seas in the following).
In the Irminger Sea, the correlation is highest between the
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3-year running mean surface salinity and the total (solid
and liquid) FW export into the GIN seas (r = —0.51 at a
lag of 2 years, P < 0.05). In the Norwegian Sea the cor-
relation of the 3-year running mean surface salinity is
highest with the liquid FW export into the GIN seas (r =
—0.40 at zero-year lag, P < 0.05). This difference between
the two deep water formation regions is due to the fact that
sea-ice export from the Arctic predominantly melts in the
Irminger Sea, rather than in the deep convection region of
the Norwegian Sea. The liquid FW export through the
CAA shows no correlation with the salinity anomalies or
the convection depth in both deep water formation regions
of the model.

The correlation of the 3-year running mean FW export
with the MOC strength has a maximum correlation of
r = —0.45 at a 1-year lag for the liquid FW export into the
GIN seas, and r = —0.37 for the total FW export into the
GIN seas (P < 0.05). This means that 20% of the variance
of the MOC strength is explained by the variability of the
FW export from the Arctic into the GIN seas, whereas the
FW export into the Labrador Sea has no effect on
the simulated MOC strength. However, in models where
deep water formation is also present in the Labrador Sea,
the CAA FW export might have a larger effect. The MOC
strength also shows a significant correlation with the total
heat flux into the Arctic Ocean at a lag of 12 years (the
time scale for the surface ocean circulation in the North
Atlantic—results not shown). This explains approximately
15% of the variance of the ocean heat flux into the Arctic
Ocean.

When the CAA is closed, the simulated MOC strength is
reduced (from 15.9 to 14.5 Sv), but shows a very similar
variability than when the CAA is opened (see Fig. 19a).
This agrees with results of Komuro and Hasumi (2005),
who found a reduction in the MOC strength when the CAA
was closed because of a freshening of the Fram Strait
outflow. This change in the salinity of the Fram Strait
outflow had a larger effect on the MOC strength than the
missing FW export into the Labrador Sea when the CAA
was closed. In our simulation, the mean salinity of the FW
outflow through Fram Strait is also lower when the CAA is
closed compared to when it is opened (33.49 vs. 33.80).

The impact of the liquid FW export on the MOC is
especially important for the future because climate models
predict an increase in the liquid FW export during the
twenty-first century (e.g., Holland et al. 2006, 2007;
Koenigk et al. 2007). However, whether the Fram Strait or
CAA liquid FW export will increase more strongly during
the twenty-first century appears to be model dependent.
While the CCSM3 shows a much stronger increase of the
liquid FW export through Fram Strait than through the
CAA during the twenty-first century (Holland et al. 2006),
the increase is about equally large for both straits in the
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ECHAMS/MPI-OM (Koenigk et al. 2007). The potential
effects of these future changes in the Arctic liquid FW
export on the MOC strength remain to be assessed.

7 Conclusions

In this study we investigated the mechanisms driving the
variability of the liquid FW export from the Arctic Ocean.
We used a 1.8° by 0.9° resolution version of the global
energy and mass conserving UVic ESCM, forced with
daily NCEP winds, to perform a simulation for the period
1950-2007. Besides the river runoff, for which a climato-
logical cycle was prescribed, all Arctic FW fluxes were
simulated by the model.

We showed that the simulated variability of the liquid
FW export is mainly controlled by the variability of the
large-scale atmospheric circulation over the Arctic. Chan-
ges in the cyclonicity of the large-scale atmospheric forc-
ing cause changes between cyclonic and anticyclonic
circulation regimes in the Arctic Ocean, which lead to
changes in the Arctic Ocean FW distribution due to Ekman
transport. These changes in the FW distribution lead to
changes in the SSH difference across the CAA and Fram
Strait, which drive the variability of the volume export, as
well as to changes in the salinity of the surface outflow
through CAA and Fram Strait. The liquid FW export
variability is found to be dominated by variations in the
volume export. Salinity anomalies are generally less
important, but have a larger contribution in the CAA than
in Fram Strait. Both volume export changes and salinity
anomalies in the outflow are associated with changes in the
large-scale atmospheric circulation through its effect on the
strength of the circulation in the Beaufort Gyre, which in
turn controls the large-scale FW and SSH distribution. The
resulting changes in the SSH difference across the CAA
and Fram Strait are found to explain a large part of the
variance of the liquid FW export (46% in the CAA, and
74% in Fram Strait). In Fram Strait, the local wind forcing
also explains a significant part of the variance (25%) of the
liquid FW export through its effect on the volume flux. In
the CAA, the local wind forcing plays no significant role,
possibly due to the presence of landfast ice.

The liquid FW export through the CAA is found to
respond to changes in the AO index with a mean lag of
1 year, whereas the Fram Strait liquid FW export shows a
mean lag of 6 years. In contrast to the liquid FW export
through the CAA, the magnitude of the lag of the Fram
Strait liquid FW export behind the AO index depends on
differences in the source region for the Fram Strait FW
export. These source regions in turn strongly depend on the
position and strength of the Beaufort Gyre, as well as on
the existence of a local ocean circulation cell in the

Eurasian basin. Hence, while the AO index captures
changes in the CAA liquid FW export very well, the
relationship with the Fram Strait liquid FW export is less
robust and more complicated, due to the influence of the
local wind forcing and the effect of local circulation
changes in the Eurasian basin.

All these results are robust to changes in the initial
conditions, as well as to changes in the location and size of
the CAA channel in the model. Certain features of the
simulation (e.g., timing of FW storage maxima, increased
liquid FW export through the CAA during the 1980s to the
mid-1990s, increased liquid FW export through Fram Strait
in the late 1960s to mid-1970s and in the mid-1990s) agree
with results from regional sea ice-ocean models (Hékkinen
and Proshutinsky 2004; Karcher et al. 2005; Koberle and
Gerdes 2007). Other features, most importantly the
amplitude of the FW storage anomalies as well as the
relative importance of the two main FW storage maxima
(late 1960s vs. the late 1980s), differ between models. Our
results indicate that differences in the magnitude of the
simulated CAA FW export, as well as the use of a constant
prescribed versus a variable simulated Bering Strait FW
import, can explain some of these differences. A more
detailed investigation of the physical reasons for these
differences in the model simulations it is an important next
step in order to better understand the dynamics of the liquid
FW export from the Arctic, but is beyond the scope of the
present paper.

Results from this study also show that during times of
increased liquid FW export from the Arctic, the oceanic
heat transport into the Arctic Ocean is increased, due to an
increase in the Atlantic water inflow. Increased liquid FW
export from the Arctic Ocean is also found to reduce the
simulated MOC strength in the North Atlantic, through its
effect on the surface salinity in the deep water formation
regions, which in turn affects the convection depth in these
regions. In agreement with the study of Komuro and
Hasumi (2005), we find that the liquid FW export into the
GIN seas shows a larger impact on the MOC strength than
the liquid FW export through the CAA.

Based on our results, a trend towards a more positive
phase of the NAO/AO in the future, as suggested for
example by Osborn (2004), Kuzmina et al. (2005), and
Serreze and Francis (2006), might lead to increased FW
export from the Arctic Ocean to the northern North
Atlantic. Model simulations for the twenty-first century
show that the liquid FW export is indeed increasing, while
the Arctic sea-ice export is decreasing (Holland et al.
2006). Our results suggest that this could be associated
with an increase in the ocean heat flux into the Arctic
Ocean. Whether such an increase in the heat flux could
have an effect on the sea-ice cover of the Arctic Ocean is
not clear, as the magnitude of the vertical heat flux from the
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Atlantic water to the Arctic mixed layer, as well as the
processes that lead to it, are still under debate (e.g. Steele
and Morison 1993; Yang et al. 2001, 2004; Timmermans
et al. 2008).
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