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[1] The variability of the freshwater export through the Canadian Arctic Archipelago
(CAA) is analyzed using a hindcast simulation forced by surface atmospheric forcing from
the ERA40 reanalysis (1958–2001). Although the two channels representing the archipelago
in the model are both sensitive to the along‐channel sea surface height (SSH) gradient, they
appear to have very distinct behaviors. The outflow to Lancaster Sound is shown to be
largely controlled by the magnitude of the upstream SSH gradient across McClure Strait.
The gradient shows a close link to the wind stress curl in the western Arctic but also to a
large‐scale SSH anomaly pattern which has a strong signal over the shelf to the south of
McClure Strait. The latter has, however, little statistical connection to the SSH variability in
the Beaufort Gyre. By contrast, the outflow through Nares Strait responds preferentially to
SSH variations in the northern Baffin Bay which are remotely forced by air‐sea heat
exchanges in the Labrador Sea. The variability is largely coherent between the two outflows
and is controlled by a dipolar atmospheric pattern reminiscent of the North Atlantic/Arctic
Oscillation.When entering the subpolar gyre, the CAA freshwater outflow remains confined
to the Labrador shelf with little impact on the salinity of the interior Labrador Sea and
potentially on the convection. The latter is represented by a distinct mode of salinity
variability in the western subpolar gyre which is rather influenced by the variability of the sea
ice export through Fram Strait.

Citation: Houssais, M.‐N., and C. Herbaut (2011), Atmospheric forcing on the Canadian Arctic Archipelago freshwater outflow
and implications for the Labrador Sea variability, J. Geophys. Res., 116, C00D02, doi:10.1029/2010JC006323.

1. Introduction

[2] The variability of the freshwater export from the Arctic
Ocean is a major concern in view of its potential impact on the
meridional overturning circulation [Jungclaus et al., 2005].
There are two main passages for the freshwater to flow from
the Arctic to the North Atlantic: the Fram Strait between
Greenland and Svalbard and the channels of the Canadian
Arctic Archipelago (CAA) to the west of Greenland
(Figure 1). The freshwater outflows as both solid ice and
liquid water. The sea ice component is mainly exported
through Fram Strait where the longest time series of direct
observations reported so far indicates a mean export of about
0.75 Sv over the period 1990–1999 [Widell et al., 2003]. In
comparison, observations made in Lancaster Sound and
Nares Strait [Kwok, 2005, Agnew et al., 2008] reveal a 1 order
of magnitude lower sea ice volume export to Baffin Bay
through the CAA. The liquid part of the freshwater export
from the Arctic occurs through both Fram Strait and the
different passages of the CAA (see Figure 1 for the locations

of the different passages). The contribution of the CAA
has long been assumed to be small until measurements in
Lancaster Sound (since 1998) and along Nares Strait (since
2003) revealed a substantial volume export of about 0.6–
0.9 Sv in each of these two passages [Prinsenberg and
Hamilton, 2005; Münchow and Melling, 2008]. An addi-
tional volume transport of 0.3 Sv was also calculated through
the Cardigan Strait‐Hell Gate passages [Melling et al., 2008].
The freshwater outflow associated with these transports has
been estimated to approximately 75 mSv (referred to salinity
Sref = 34.80) byMelling et al. [2008] and therefore appears to
be on same order of magnitude as the freshwater imported
through Bering Strait [Dickson et al., 2007]. It should also be
of comparable magnitude with the liquid freshwater export
through Fram Strait. Based on current meter measurements
and on the flux of meteoric water calculated byMeredith et al.
[2001], Serreze et al. [2006] indeed extrapolated the annual
mean liquid freshwater flux of the upper waters in Fram Strait
to be 2400 ± 400 km3 for 1997 and 1998, i.e., 76 ± 13 mSv.
More recently, de Steur et al. [2009] calculated a liquid
freshwater flux of roughly 40 mSv in this strait which could
be extrapolated to 66mSv to account for the part flowing over
the East Greenland shelf. Values of the freshwater fluxes
through the CAA calculated by Melling et al. [2008] are
consistent with Cuny et al.’s [2005] estimate of 92 ± 34 mSv
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for the mean liquid freshwater flux through Davis Strait
based on current meter measurements at moorings deployed
between September 1987 and August 1990 across the strait.
Model simulations performed by Köberle and Gerdes [2007]
provide similar mean values for the two passages, confirming
the growing evidence that the CAA plays an important role
in the arctic freshwater outflow to the North Atlantic.
[3] With regards to the variability of the export through

the CAA, relevant observational time series are lacking and
results from model simulations do not agree on whether the
export would be less or more variable than in Fram Strait
[Köberle and Gerdes, 2007; Jahn et al., 2010a]. In most
simulations, the variability of the liquid freshwater outflow
through the CAA appears to be largely controlled by ocean
velocity anomalies [Lique et al., 2009; Jahn et al., 2010a,
2010b; Koenigk et al., 2007] with freshwater concentration
anomalies adding a smaller contribution. More generally, a
number of studies have highlighted a link between the vari-
ability of the liquid freshwater export from the Arctic and the
variability of the Arctic freshwater reservoir. Proshutinsky
et al. [2002] suggested that when a cyclonic wind forcing
prevails and less freshwater is stored in the Beaufort Gyre,
the transport of freshwater to the North Atlantic should be
enhanced. The variability of the freshwater storage would
be forced by changes in the Ekman pumping occurring
on seasonal [Yang and Comiso, 2007] and interannual
[Proshutinsky et al., 2009] time scales. The link between the
simulated freshwater storage in the Beaufort Sea and the
liquid freshwater export through the CAA appears to origi-
nate in a shift of the Beaufort Gyre freshwater reservoir which
is displaced toward the North American coast during periods
of increased export [Jahn et al., 2010a, 2010b]. Such a shift
is altogether responsible for sea surface height (SSH) changes
in the Beaufort Sea which are associated with changes in the
water volume exported through the CAA and, to a lesser
extent, for changes in the freshwater concentration of the

exported water [Jahn et al., 2010b]. The exact mechanisms
underpinning the relationship between the Beaufort Sea and
the CAA variability however was not fully investigated.
Moreover, the relative impact of the SSH variability in the
Beaufort Sea compared with that of the SSH variability
downstream of the CAA, in Baffin Bay, needs to be ascertain
as different models seem to lead to different conclusions
[Kliem and Greenberg, 2003; Jahn et al., 2010a, 2010b].
[4] Idealized modeling experiments have investigated the

role of the atmospheric forcing variability, as represented by
the North Atlantic Oscillation (NAO) or Arctic Oscillation
(AO), in driving Arctic Ocean changes. Note that the impacts
of these two modes are expected to be very similar as they
correlate at 0.95 [Deser, 2000]. These experiments suggest
that periods of persistent positive NAO indices such as the
one which occurred between 1989 and the mid‐1990s have
the potential to force important changes in the Arctic fresh-
water export. In particular, when the Arctic Ocean is forced
by constant positive NAO‐like atmospheric anomalies, the
excess of freshwater appears to be mostly exported through
the CAA [Condron et al., 2009; Houssais et al., 2007].
Consistently, Jahn et al. [2010a] find a significant correlation
(0.54) between the AO and the freshwater export through
the CAA in the following year.
[5] In the present study we try to identify the mechanisms

driving the freshwater export through the CAA and their link
with the atmospheric forcing. We will show that, in agree-
ment with earlier studies, the variability of the freshwater
outflow through the CAA is primarily controlled by the
volume export which has a strong statistical link to the SSH
distribution. The SSH anomalies associated with the volume
export variability show a dipolar pattern with two distinct
centers of action, one located in the western Arctic and the
other in the western subpolar North Atlantic. A specific goal
of the present study has been to investigate the physical
mechanisms underlying this statistical relationship. Dedi-
cated model sensitivity experiments have been used to dem-
onstrate that these mechanisms have strong link to the NAO.
In particular, it will be shown that NAO‐like wind stress
anomalies should primarily control the northern center of
action of the dipole while NAO‐like heat flux anomalies
mostly maintain the southern one.
[6] The paper is organized as follows. Section 2 describes

the model used for the analysis and the experimental setup
of the simulations. Section 3 focuses on the results of a
44 year long hindcast experiment. After a brief validation of
the simulated arctic freshwater export to the North Atlantic,
the variability of the export through the CAA is presented
and the driving mechanisms analyzed. In section 4, the dif-
ferent mechanisms are investigated in the light of the model
response to prescribed NAO‐like forcing anomalies. The
implications for the variability of the surface salinity in the
Labrador Sea are briefly addressed in section 5. In section 6,
the results are discussed in relation to earlier analyses and
section 7 presents some conclusions.

2. Model Design and Experimental Setup

[7] The ice‐ocean model is based on NEMO version 1.9
[Madec, 2008] including the LIM2 sea ice model. The
equations are discretized on 46 vertical levels with thickness
varying from 6 m for the top layer to roughly 250 m at the

Figure 1. Model bathymetry in the Canadian Arctic Archi-
pelago. Also shown as colored dots are locations of various
channels of the CAA: Amundsen Gulf (cyan), McClure Strait
(green), Byam Martin Strait (red), Penny Channel (blue),
Lancaster Sound (magenta), Jones Sound (black), and Smith
Sound (yellow). The yellow and black boxes define Nares
Strait and Cardigan Strait and Hell Gate, respectively. The
blue and green lines indicate sections referred to in text as
the Beaufort Sea and the McClure Strait sections, respec-
tively. The blue boxes define areas over which SSH have
been averaged to define relevant time series.
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deepest model level. Partial steps are used in order to better
represent the effects of bottom topography. Isopycnal tracer
mixing is parameterized by a Laplacian operator while a
biharmonic operator is used for horizontal viscous effects. A
turbulent kinetic energy closure scheme is used for vertical
mixing of momentum and tracers which explicitly calculates
the evolution of the turbulent kinetic energy.
[8] The domain encompasses the Arctic Ocean and the

Atlantic Ocean, with open boundaries at 30°S in the Atlantic
and 50°N in the Pacific along which the velocity and tracer
distributions are prescribed from the monthly climatology of
a global simulation. The model grid has horizontal resolution
varying from 22 km in the Arctic (including the CAA) to
50 km at the equator. The Arctic Ocean connects to the Baffin
Bay by two channels, the western channel connecting
Amundsen Bay and McClure Strait to Lancaster Sound and
the eastern channel connecting to Smith Sound through Nares
Strait (Figure 1). The Cardigan Strait and Hell Gate are closed
and the corresponding outflow to Baffin Bay occurs through
Lancaster Sound. There is no connection between the CAA
and the Hudson Bay.
[9] The model is initialized from rest with initial tempera-

ture and salinity distributions from the PHC 3.0 global ocean
climatology updated from Steele et al. [2001]. Except for the
precipitation, the surface forcing is based on daily atmo-
spheric fields from the ERA40 reanalysis (1958–2001)
[Uppala et al., 2005]. Turbulent heat fluxes are computed
using Large and Yeager’s [2004] bulk formulae with daily
dew point temperature, surface air temperature (SAT), wind
speed and surface pressure as main atmospheric inputs. With
regards to precipitation, while the overall ERA40 total pre-
cipitation appears to be realistic in comparison with the
CORE data set [Large and Yeager, 2004], we found that the
distribution between the solid and liquid contributions was
suspicious in the Arctic. Therefore, the two precipitation
components and their total have been replaced by the CORE
data. Regional corrections have also been made to improve
the radiation flux over the North Atlantic and the SAT over
the Arctic. All these corrections have been applied to the
annual climatological cycle obtained by averaging the daily
fields over the 44 years of the reanalysis, while the field
anomalies (obtained by subtracting this climatology from the
original daily fields) are kept unchanged. Over the Atlantic
Ocean, the ISCCP radiation climatology [Rossow and
Schiffer, 1999] is used instead of ERA40, while in the
Arctic Ocean (north of Fram Strait) the ERA40 SAT clima-
tology is replaced by the IABP climatology [Rigor et al.,
2000] in order to remove undesirable positive summer SAT
values. The river runoff is prescribed from the R‐ArcticNET
monthly climatology (http://www.R‐ArcticNET.sr.unh.edu).
The salinity in the 6 m top layer is restored to the PHC cli-
matology with a time scale of 30 days.
[10] The experimental protocol is similar to the one

described by Herbaut and Houssais [2009]. A model spin up
of 23 years using the ERA40 forcing fields from 1979 to 2001
is followed by the hindcast experiment forced by the com-
plete 44 year cycle of the reanalysis. This hindcast experiment
is used to characterize the variability of the freshwater
transport though the CAA and to analyze its link to the
atmospheric forcing. In order to do so, linear regression
analysis of various atmospheric and oceanic fields onto
indices representative of this transport is used. All regressions

are based on mean annual values. In support of the analysis
of the hindcast experiment, a set of idealized sensitivity
experiments forced by NAO‐like atmospheric fields is per-
formed. The NAO forcings are composite forcings based
on the NAO index defined (unless otherwise specified) as the
first principal component of the winter (NDJFM) sea level
pressure (SLP) over the North Atlantic (between 20°N and
80°N). The positive NAO (hereafter NAO+) years (1973,
1976, 1983, 1989, 1990, 1992, 1993, 1995, and 2000) are
those for which the NAO index exceeds 1 standard deviation.
The “low‐frequency” part of each atmospheric composite
field is obtained by first low‐pass filtering the 9 year time
series using a 15 day cutoff frequency and then day‐by‐day
averaging the nine low‐passed filtered annual time series. The
high‐frequency residual of the 9 year time series is then added
to this low‐frequency composite year to form 9 years of
composite forcing fields. All sensitivity experiments are
started from the same neutral (with regards to theNAO) ocean
state obtained by running the hindcast experiment an addi-
tional 11 years period starting in 1958 until the end of 1968.
Four sensitivity experiments are conducted to study the
global impact of the NAO as well as the separate influence of
the surface wind stress and thermodynamic flux components
of the NAO forcing. In the first one (NAO), all forcing fields
are NAO+ composites. In the second one (WIND), the NAO+

wind stress is prescribed while the other forcing fields cor-
respond to neutral conditions. In the third one (FLUX), the
NAO+ air‐sea heat and freshwater fluxes are used while
the other forcing fields are kept neutral. Note that the influ-
ence of the freshwater fluxes in this experiment was found
to be very small so the experiment is actually exploring
the sensitivity to the heat forcing. A fourth experiment
(FLUX_ATL) is similar to FLUX except that the NAO+

fluxes are only applied over the part of the model domain
located to the south of Davis Strait and the Greenland
Scotland Ridge.
[11] In order to be able to evaluate the impact of the NAO+

atmospheric conditions, a comparison is made with results of
an experiment forced by neutral NAO conditions. Neutral
composite forcing fields are formed in the same way as the
NAO+ composites except that neutral years (1959, 1968,
1972, 1981, 1982, 1984, 1987, 1988, and 1998) are defined as
those for which the NAO index is between −0.2 and 0.2 times
the standard deviation. In the following, results of the NAO+

experiments are presented as anomaly fields obtained by
subtracting the fields of the neutral NAO experiment from
those of the NAO+ experiments.

3. Arctic Freshwater Outflow in the Hindcast
Experiment

3.1. Mean Volume and Freshwater Transports
to the North Atlantic

[12] In this section, we discuss the mean characteristics
of the transports through Fram Strait and the CAA. Unless
stated otherwise, in the following the volume and freshwater
transports refer to the net (outflow minus inflow) transport
through the entire section of the passage with the liquid
freshwater transport being calculated relative to a reference
salinity of 34.8. Additionally, the term “total freshwater
transport” will be used for the sum of the solid (sea ice)
and liquid components of this transport. All transports are
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summed up over the entire section of the passages. In the
CAA, all transports are evaluated at the downstream outlet
of the passages, namely Lancaster Sound (magenta dot in
Figure 1) for the western passage and Smith Sound (yellow
dot in Figure 1) for the eastern passage.
[13] The hindcast experiment appears realistic with regards

to the volume and freshwater exchanges between the Arctic
and the North Atlantic. The net volume transport through
Fram Strait averages to 1.6 Sv over the period 1958–2001,
being made of a northward transport of 7.4 Sv and a south-
ward transport of 9 Sv. This net transport is in good agree-
ment with the estimate of 2 Sv calculated by Schauer et al.
[2008] from 9 years of mooring observations. However, the
model underestimates the individual northward and south-
ward components of the transport when compared with the
values of 12 and 14 Sv estimated from these observations,
respectively. Still, the magnitude of the southward transport
in the East Greenland Current is similar to Schlichtholz and
Houssais [1999] estimate of 7 Sv based on an inversion
of the MIZEX 84 hydrographic observations collected in
summer 1984. In terms of averaged freshwater flux over the
period 1958–2001, a value of 2500 km3 yr−1 (79 mSv) is
simulated (Figure 2). This value as well as the variability
about the mean are very robust with respect to the domain
over which the freshwater fluxes are cumulated, that is
whether one considers the surface layer or the entire water
column, the entire strait width or only the western region, all
water masses or only the Polar Water (S < 34.6, Figure 2).
When the model mean annual freshwater transport is esti-
mated based on the upper 300 m of the water column
and averaged over the 1997–1998 2 year period, a value of
2300 km3 yr−1 is obtained which is similar to the estimate of
2400 ± 400 km3 yr−1 for the upper ocean freshwater transport
obtained by Serreze et al. [2006] for the same time period.

[14] The simulated mean annual ice area flux through
Fram Strait is roughly 1300 km2 yr−1 on average over the
period 1978–2001, that is twice as large as the estimates
of 720 km2 yr−1 provided by Kwok [2009] based on satel-
lite microwave observations over the same period, most
probably due to too large drift velocities in the model. Still,
the variability is well reproduced, with a correlation of
0.92 between the Kwok [2009] time series and the model
values. Over the simulation period, the mean ice volume
transport is 2010 km3 yr−1 (64 mSv) and its standard devi-
ation is 18 mSv which both have similar magnitude as the
corresponding components of the liquid freshwater export
(standard deviation of 17 mSv, Figure 2). It is in agreement
with the observational estimates in terms of both the mean
annual value over the period 1990–1999 (2400 km3 yr−1

[Widell et al., 2003]) and the variability over the period 1990–
1996 (correlation of 0.65 between the simulated monthly
fluxes and Vinje et al. [1998] estimates). In particular, the
model reproduces the increase of the export in winter 1997
and the moderate exports in 1998 and 1999.
[15] The simulated volume transport through Lancaster

Sound is in relatively good agreement with observations.
From August 1998 to August 2004, moorings placed across
Lancaster Sound revealed an increasing transport there, from
a value of 0.40 Sv in 1998 to values of 0.90 and 0.95 Sv
in 1999 and 2000, respectively [Melling et al., 2008]. The
volume transport in the model shows a similar increase of
the transport from 1.05 Sv in 1998 to 1.30 Sv in 1999 and
1.35 Sv in 2000. These values take into account all the water
flowing through Amundsen Bay and McClure Strait but also
water which in reality flows through Cardigan Strait and Hell
Gate to Jones Sound. Adding the transports of 0.2 and 0.1 Sv
observed in Cardigan Strait and Hell Gate over the period
1998–2002 [Melling et al., 2008] to the transport measured
in Lancaster Sound leads to a total volume transport close
to the simulated values in Lancaster Sound. In Nares Strait,
the mean volume transport simulated over the period 1958–
2001 is 1.3 Sv (with a standard deviation of 0.2 Sv)
and largely exceeds the recent observational estimate of 0.6 ±
0.1 Sv calculated by Münchow and Melling [2008] for the
period 2003–2006. While the model consequently over-
estimates the transport through the CAA, the simulated and
observed mean volume transports at Davis Strait [Cuny et al.,
2005] are of similar magnitude (2.9 and 2.6 ± 1.0 Sv,
respectively) over the period September 1987 to August
1990. The large uncertainty on the observed transport, how-
ever, may be responsible for the apparent inconsistency
between the mean observed transports through the CAA and
Davis Strait, and suggests that a reliable validation of the
simulated transports would require longer observational time
series to average out the interannual variability.
[16] The volume transports simulated in the CAA are

associated with too large liquid freshwater export compared
with the observations. The mean value of 135 mSv simulated
over the period 1998–2001 is indeed larger than the value of
101 ± 10 mSv proposed by Serreze et al. [2006] based on a
time series extrapolated from Prinsenberg and Hamilton
[2005] data using numerical simulation results. The dis-
crepancy between the simulated and observed transports is
partly due to the polar water being too fresh in the model.
Consistently with this explanation, in Davis Strait, the
simulated freshwater transport (170 mSv) over the period

Figure 2. Mean annual (July–June) freshwater flux (mSv)
through Fram Strait: solid component (dashed line), liquid
component computed from the top to bottom (solid line), liq-
uid component associated with the fresh polar water, defined
as water with salinity < 34.6 (solid line with dots).
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September 1987 to August 1990 is greater than the value of
92 ± 34 mSv estimated by Cuny et al. [2005] from current
meter moorings over the same period although the simulated
and observed water volume transports are of similar ampli-
tude. The discrepancy between the simulated and observed
freshwater transports may even be larger as the current meter
array was missing part of the northward flow of relatively
freshwater on the Greenland shelf, likely leading to a bias
toward high values of the freshwater export [Tang et al.,
2004].

3.2. Variability of the Freshwater Transport Through
the CAA

[17] The variability of the simulatedmean annual ice export
through the CAA in the hindcast experiment amounts to less
than 5% of that of the liquid freshwater transport. The latter
displays strong variability at low frequency (Figure 3a) with
large exports in the mid‐1970s, the mid‐1980s, and the
early 1990s. To determine the origin of this variability, the
contributions of the anomalous advection of the mean salin-

ity,
�U ′ S�Srefð Þ

Sref
, of the mean advection of salinity anomalies

by the mean current, �US′
Sref

, and of the anomalous advection of

salinity anomalies, �U ′S′
Sref

, have been computed separately. The

latter contribution is found to be negligible. The standard

deviation of the contribution
�U ′ S�Srefð Þ

Sref
is more than 4 times

greater than that of the contribution �US′
Sref

(Figure 3b), showing
that the variability of the freshwater transport is mainly driven
by the water volume transport. The latter contribution indeed
explains 99% of the variance of the liquid freshwater trans-
port while the advection of salinity anomalies only explains
46%. It is therefore conceivable to try to explain this vari-
ability by identifying mechanisms driving the water volume
transport through the different passages.
[18] The volume transports through the two channels con-

necting the Arctic Ocean to Baffin Bay in the model have

been diagnosed separately at Lancaster Sound and Smith
Sound. They display similar variances and are well corre-
lated (0.7) at 0 lag, suggesting a similar source of variability.
All individual transports as well as their total indeed show
a strong correlation with the SSH difference between the
upstream (on the Arctic side) and the downstream (on Baffin
Bay side) ends of the channels (Figures 4a and 4b). The
impact of the along‐strait SSH gradient, estimated from this
SSH difference, is however stronger in Nares Strait as shown
by the very high correlation (0.9) found there (Figure 4b).
Comparatively, the along strait SSH difference in the western
channel shows a comparatively weak correlation of 0.53
with the outflow to Lancaster Sound. The latter indeed
correlates higher with the cross‐strait SSH gradient at the
entrance of McClure Strait (Figure 4a), suggesting that the
regional geostrophic flow there controls, at least partly,
the variability of the inflow to the channel. The contrast
between the eastern and western channels of the CAA also
applies for the relative influence of the upstream and down-
stream SSH forcing on the transports, as shown by the dif-
ferent levels of correlation (Figures 4a and 4b). In the western
channel, the correlations of the transport with the SSH at the
entrance of McClure Strait and the SSH downstream of
Lancaster Sound are not significant at any lag (Figure 4a).
Note that here and in the following, a 95% level of confidence
is used to decide on the significance of the correlations. By
contrast, a strong response of the water transport to the
downstream SSH variability in Baffin Bay is found in Nares
Strait where the correlation of the transport with the SSH in
Smith Sound reaches −0.7 (Figure 4b).

3.3. Arctic Forcing on the CAA Outflow

[19] Among the different passages contributing to the
volume outflow to Lancaster Sound, the inflow to McClure
Strait does not provide the main contribution in terms of mean
annual transport over the simulation period but its variabil-
ity dominates, contributing to approximately 65% of the

Figure 3. Mean annual (July–June) (a) total (sea ice and liquid water) freshwater flux (mSv) through the
CAA (bold solid line) and the contributions to this flux from Lancaster Sound (dashed line), Smith Sound

(solid linewith dots) and sea ice in both passages (dotted line) and (b) contributions
�U ′ S�Srefð Þ

Sref
(solid line) and

�US′
Sref

(dashed line) to the liquid freshwater flux through the CAA.
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standard deviation of the outflow (Figure 5). A section of the
along‐channel velocity at the entrance of the strait regressed
onto the volume outflow to Lancaster Sound (Figure 6a)
shows velocity anomalies mainly distributed over the upper
250 m. The anomalies have a subsurface maximum at about
90 m, well below the Ekman layer, which expresses the
intensification of the flow against the southern boundary of
the strait.
[20] In order to understand the link between the variability

of the inflow to McClure Strait and the circulation upstream
in the Arctic, an index of the variability of this inflow has
been constructed which was set equal to the annual average of
the along‐strait velocity anomaly in the core of the anomaly
shown in Figure 6a. Regression of the surface Ekman velocity
onto this index (Figure 7) suggests that the variability of the
surface circulation in the strait is not directly connected to
anomalies of the Ekman surface flow. The latter mainly tends
to export water from the Beaufort Gyre region toward the
southern and eastern Beaufort Sea but very marginally into
the strait. The calculated contribution of the local Ekman
transport to the transport anomaly in the strait is indeed
negligible. By contrast, the regression of the annual ocean
velocities at 90 m on the McClure Strait velocity index
(Figure 8b) shows large areas of significance in the Arctic
Ocean at the periphery of the Canada Basin, with a circulation
pattern suggesting a link between the strength of the sub-
surface gyre circulation in the Canada Basin and the outflow
to McClure Strait. A slope current anomaly, characterized by
a core sitting above the upper continental slope, is indeed
identified all around the basin, from the southern Beaufort
Sea (Figure 6b) to the north of the archipelago. The velocity
anomalies above the shelf are comparatively small. The sub-
surface velocity anomalies are organized as an anticlockwise
current with a part entering McClure Strait and providing
most of the variability of the transport there. Superimposed
on the mean anticyclonic gyre circulation of the Canada
Basin (Figure 8a), this anomalous transport tends altogether
to slow down the gyre circulation and to promote diversion

of a branch of this circulation into McClure Strait. It should
be noted that another branch is also diverted toward the
Amundsen Bay but in fact recirculates westward and north-
ward to finally enter McClure Strait.
[21] The large‐scale anticlockwise circulation anomaly

has a strong signature in the SSH distribution as shown
by the simultaneous regression of the mean annual SSH onto
the McClure velocity index (Figure 9a). Associated with
enhanced outflows to McClure, a SSH drop is found in the
central Canada Basin while a band of SSH anomalies of
opposite sign appears at the periphery of the basin, above the
continental shelf. The two features are concomitant which
is consistent with them having a common origin in the
anomalous surface Ekman flow shown in Figure 7. A more
divergent Ekman flow in the basin altogether flushes more
surface waters from the basin interior to its periphery, leading
to water accumulation over the shelf, and generates vertical
pumping velocities in the water column which impact the

Figure 5. Mean annual volume transport (Sv) through
McClure Strait (bold solid line), Amundsen Gulf (dashed
line), Byam Martin Strait (solid line), and Penny Channel
(solid line with dots).

Figure 4. Correlation of the mean annual volume transport in (a) Lancaster Sound and (b) Smith Sound
with the mean annual upstream (solid line with dots) and downstream (solid line) sea surface heights and
their difference (bold solid line). Also shown in Figure 4a as a dashed line is the correlation of the transport
in Lancaster Sound with the cross‐strait gradient north of McClure Strait. The dotted lines indicate the 95%
level of significance. See the blue boxes in Figure 1 for the locations where SSHs are calculated.

HOUSSAIS AND HERBAUT: ATMOSPHERIC FORCING ON THE CAA OUTFLOW C00D02C00D02

6 of 19



large‐scale gyre circulation of the Canada Basin. The maxi-
mum divergence of the Ekman flow associated with the
flow variability in McClure Strait, as identified by the center
of action of the wind stress curl anomaly (Figure 10a), is
located to the northeast of the Chukchi Plateau and therefore
coincides with the center of the Beaufort Gyre (Figure 11).
The associated SSH response (Figure 9a) however shows a
different pattern compared with the wind stress curl, sug-
gesting that the response of the gyre circulation to Ekman
pumping variations is more complex than a simple modula-
tion of the gyre intensity.
[22] What actually controls the diversion of the current into

McClure Strait is a local distortion of the large‐scale gyre
circulation which occurs north of the Archipelago and is
clearly identified in the composites of the SSH associated
with the velocity index in McClure Strait (Figure 11). During
years of enhanced inflow to the strait (Figure 11a), in addi-
tion to a weakening of the gyre circulation, the composite
SSH gradient immediately upstream of McClure Strait shows
a southwest‐northeast orientation conducive to a flow into
the strait. By contrast, during years of reduced inflow and
intensified gyre circulation (Figure 11b), the SSH distribu-
tion north of the strait shows a weaker cross‐strait gradient
favoring enhanced recirculation around the Canada Basin.
We postulate that this rearrangement of the SSH gradient west
of McClure Strait is the process responsible for modulating
the amount of water brought onto the shelf and into the strait.
[23] The SSH regression onto the McClure velocity index

shows insignificant values over the shelf to the northeast of
the strait but significant ones to the southwest (Figure 9a).
The variability of the cross‐strait SSH gradient at the entrance
of the strait therefore appears to be dominated by the SSH
variability to the south of the strait. The correlation of the

Figure 7. Simultaneous regression of the annual Ekman
transport on the velocity index (see definition of the index
in text) in McClure Strait. The regression is calculated over
the 1958–2001 period. The gray‐shaded areas indicate the
95% level of significance.

Figure 6. Normal (along‐strait) velocity on a section across (a) McClure Strait and (b) the southern
Beaufort Sea shelf‐slope region (see Figure 1 for the location of the sections). Shown on each section are
the averaged flow (line contours with increment 0.6 cm s−1) and the simultaneous regression of the annual
velocity anomalies (m s−1) onto the annual outflow to Lancaster (shaded contours), both estimated over the
1958–2001 period. Red (blue) contours indicate flow from (to) the Arctic Ocean. Regression is shown for
enhanced outflow to Lancaster Sound. Only the values significant at the 95% level are shown.
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latter with the McClure velocity index is 0.63. By contrast,
the correlation of this index with the SSH in the center of
the Beaufort Gyre is insignificant (r = −0.17).

3.4. Subpolar Forcing on the CAA Outflow

[24] In contrast with the flow to Lancaster Sound which
shows a strong link to the upstream SSH distribution in the
Arctic, that in Nares Strait is more strongly linked to the SSH
variability downstream in Smith Sound (Figure 4b). The latter
appears to be connected to the variability of the SSH in the
western North Atlantic subpolar gyre, both simultaneously
(Figure 9b) and when the latter leads the SSH in Smith Sound
by a year. These subpolar SSH anomalies are associated with
atmospheric heat flux anomalies generated in the Labrador
Sea (Figure 12). The SSH response in Baffin Bay is a lagged
response as demonstrated by the larger heat flux anomalies
found a year before the SSH anomalies (Figure 12a) com-
pared to the simultaneous response (Figure 12b). By contrast,
there is little connection between wind stress curl anomalies
in the western subpolar gyre and the SSH in Smith Sound
(Figure 10b), and the small pattern of significant wind stress

curl anomalies in southern Baffin Bay would in fact tend
to create SSH anomalies of opposite sign compared to the
local SSH in Smith Sound.
[25] Although the eastern and western passages respond to

distinct components of the atmospheric surface forcing (wind
stress in the Arctic and air‐sea heat flux in the subpolar gyre,
respectively), as mentioned earlier, a high correlation is found
between the transports in the two passages (Figure 3a). We
hypothesized that this is due to the fact that the two passages
correlate with components of the atmospheric forcing which
are both linked to the same large‐scale atmospheric vari-
ability. At lag 0, the regression of the winter (NDJFM) SLP
on the annual mean volume transport through the CAA dis-
plays a dipole pattern, with a pole centered over the Arctic and
extending southward over Greenland and into the eastern
Baffin Bay, and another pole of opposite sign centered over
the northern North Atlantic (Figure 13). Similar patterns (not
shown) are foundwhen the regressions are done separately on
the eastern or western channel, confirming that the surface
atmosphere generates a coherent response of the different
passages of the CAA. In section 4, we show that this response

Figure 8. Mean annual velocity at 90 m: (a) 1958–2001 average and (b) simultaneous regression of the
anomalies on the velocity index in McClure Strait (see definition of the index in text) over the 1958–
2001 period. Regression is shown for enhanced inflow to McClure Strait. The bold black contour indicates
the 95% level of significance.
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is primarily driven by anomalies of the atmospheric surface
forcing related to the NAO.

4. Atmospheric Forcing and the CAA Outflow:
The Particular Role of the NAO

[26] The SLP pattern in Figure 13 resembles the winter
NAO or AO patterns defined in the literature [Thompson and
Wallace, 2000; Hurrell and van Loon, 1997]. In order to

confirm the link between the NAO and the volume transports
through the CAA, the latter has been correlated with the
winter NAO index (see section 2 for the calculation of this
index). The correlation of the NAOwith the transport through
Nares Strait is maximum (with a peak value of 0.55) when the
NAO leads the transport by 1 year, whereas, for the transport
in Lancaster Sound the maximum correlation is lower (0.30)
and occurs in phase. Moreover, the correlation with Nares
Strait is robust while, for the Lancaster transport, it is very

Figure 9. Simultaneous regression (10−2 m) of the annual sea surface height on (a) the velocity index in
McClure Strait and (b) the annual SSH in Smith Sound. Also shown in Figure 9b as green crosses are the
locations where northward propagation of SSH anomalies has been diagnosed (see section 4). Regressions
are estimated over the 1958–2001 period and in Figure 9a a positive index indicates enhanced outflow to
Baffin Bay. See the blue boxes in Figure 1 for the exact location where the SSH in Smith Sound is calculated.
The bold black contour indicates the 95% level of significance.

Figure 10. Same as (a) Figure 9a and (b) Figure 9b except for simultaneous regression of the mean annual
wind stress curl (10−7 N m−3).
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Figure 11. Composites of the SSH (m) based on the velocity
index in McClure Strait: (a) when the index shows a flow
toward Baffin Bay and (b) when the index shows a flow
toward the Arctic Ocean. Composite years are those for which
the modulus of the velocity anomaly exceeds 1 standard devi-
ation of the 44 year time series.

Figure 12. The (a) 1 year lagged (heat flux leads) and (b) simultaneous regressions of the mean annual
surface heat flux (W m−2) on the annual SSH in Smith Sound. The bold black contour indicates the 95%
level of significance.

Figure 13. Simultaneous regression of the mean winter
(NDJFM) SLP (hPa) on the annual volume transport through
the CAA. The regression is shown for enhanced outflow to
Baffin Bay. The bold black contour indicates the 95% level
of significance.
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sensitive to the definition of the NAO index, especially the
domain and time period selected for the empirical orthogonal
function (EOF) analysis. When the EOF analysis of the
NDJFM SLP is extended to the entire Northern Hemisphere
(north of 20°N) including the Arctic Ocean to obtain the
AO index, the correlation of the mean annual transport at
Lancaster with the AO index increases to 0.39. When mean
winter values restricted to the DJF period are used for both the
transport and the NAO, the correlation between the transport
and the NAO index increases to 0.44, and to 0.57 if the AO
is used instead of the NAO. The transport in Lancaster
Sound therefore appears to be more sensitive to the condi-
tions in the Arctic Ocean than that through Nares Strait.
[27] Since the NAO appears as a major forcing for the

volume transport in the CAA, the model has been used to
perform sensitivity experiments forced by NAO‐like surface
atmospheric forcing fields (experiment NAO, see section 2
for the design of these experiments). In order to further
investigate how the different components of the atmospheric
forcing act on the outflow, specific experiments have been
run which allow us to separate the respective influence of the
wind stress and heat fluxes (experiments WIND and FLUX),
or to highlight the impact of remote versus local heat fluxes
(experiment FLUX_ATL). The Ekman transport and surface
heat flux anomalies (Figures 14a and 14b) associated with the
wind stress and thermodynamic forcings in the WIND and
FLUX experiments, respectively, are obtained by subtract-
ing the corresponding neutral NAO composite field from
the positive NAO composite. They compare very well with
the regression patterns on the CAA outflow shown in
Figures 7 and 12, confirming that these sensitivity experi-
ments are appropriate to analyze the mechanisms driving
this outflow.
[28] Experiment NAO shows that a positive NAO can

drive a 20–25% increase of the transport (averaging to about
0.5 Sv over the 10 years of the experiment) through the CAA

(Figure 15a). Additionally, the response of the transport is
linear with respect to the forcings in the first 4 years of the
simulation (i.e., the transport in experiment NAO is equal to
the sum of the transports in experiments WIND and FLUX)
while, later on, nonlinearities tend to reduce the cumulative
effect of the wind stress and the heat fluxes. In experiment
WIND, the volume transport anomaly displays a peak at
0.4 Sv after 3 years of integration and then decreases after-
ward (Figure 15a) so that the average transport anomaly in
the last 4 years of the experiment is only 0.28 Sv (Table 1).
The transport increase in Lancaster Sound at that time is
almost twice as much as that in Nares Strait (Figure 15b and
Table 1). Judging from Figure 15b, the wind stress is indeed
the major forcing of the transport in Lancaster Sound while,
in Nares Strait, the response to the heat flux dominates
after 4 years of integration. The SSH anomalies in WIND
(Figure 16a) also show some resemblance with the SSH
regression pattern associated with enhanced outflow to
McClure Strait in the hindcast experiment (Figure 9a). In both
cases, the SSH distribution is characterized by noticeable
negative anomalies in the central part of the Canada Basin
surrounded by positive anomalies in the southern and eastern
Beaufort Sea. In the Makarov and Amundsen basins, the
response is however muchweaker in the hindcast experiment,
showing even areas of opposite sign anomalies, which sug-
gests other mechanisms than a purely wind driven response
to the NAO there. Still, these similarities provide evidence
that wind driven variations of the Beaufort Gyre circulation
indeed control part of the variability of the water export
through the CAA. By contrast, the SSH anomalies generated
in Baffin Bay and the Labrador Sea in the WIND experiment
are very small (Figure 16a), suggesting that the wind‐driven
variability has little impact on the SSH response there.
[29] In experiment FLUX, the transport through the CAA

displays a different evolution compared with WIND. It is
marked by a regular increase till a maximum is reached after

Figure 14. (a) Ekman transport anomaly and (b) surface heat flux anomaly (Wm−2) obtained by substract-
ing fields of the experiment with neutral NAO forcing from the experiment NAO. Positive values of the heat
flux indicate a heat gain for the ocean.
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5–7 years of integration (Figure 15a). The resulting transport
anomaly averaged over the last 4 years of the experiment
(0.3 Sv) is equivalent to that simulated in WIND (Table 1).
The distribution between Lancaster Sound and Smith Sound
is however different compared with WIND with a transport
twice as large in Smith Sound (Figure 15b and Table 1) during
that period. In contrast to WIND, the SSH anomalies in
FLUX are small in the Arctic whereas a pattern of strong
negative anomalies forms in the Labrador Sea and in eastern
Baffin Bay (Figure 16b). This negative pattern resembles the
pattern of SSH variability associated with the SSH varia-
tions in Smith Sound in the hindcast experiment (Figure 9b).
In experiment FLUX_ATL where the same large ocean sur-
face heat loss is applied in the Labrador Sea as in FLUX
(Figure 14b) a similar drop of the SSH is observed there.
More importantly, even though no forcing anomaly is
applied in Baffin Bay in experiment FLUX_ATL, a similar
SSH drop is observed in the bay in the two experiments
(Figure 16c) which also simulate very similar volume trans-
ports in the CAA (Figure 15a and Table 1). All these results
provide evidence that part of the variability of the CAA
outflow can be forced by the large surface heat loss anomaly
in the Labrador Sea associated with the NAO. The resulting
ocean surface cooling is responsible for a decrease of the SSH
in the Labrador Sea which tends to propagate northward
along the western Greenland slope into Baffin Bay.

[30] The different time evolutions of the response of the
CAA outflow in experiments WIND and FLUX are consis-
tent with the different correlations between the transports
through the individual channels and the NAO in the hindcast
experiment. In particular, the maximum correlation obtained
for the transport through Nares Strait at a 1 year lag contrasts
with the maximum correlation at 0 year lag for Lancaster
Sound.Whereas in theWIND experiment the transports in the
CAA quickly (within a year) adjust to the forcing, in the
FLUX experiment the stronger response in the Nares Strait
is obtained through a gradual increase in about 5 years.
Therefore, the 1 year time lag can be interpreted as the time
for the stratification in the Labrador Sea to adjust to the sur-
face heat forcing and to build corresponding anomalies in
the SSH distribution there which are subsequently propagated
northward.
[31] The proposed scenario also explains the stronger

response to the NAO in Nares Strait as compared to Lancaster
Sound when the model is forced by air‐sea heat fluxes. Time
series based on high‐frequency (5 day averages) SSH varia-
tions in the FLUX experiment calculated at two locations
along the western slope of Greenland, one in the Labrador
Sea and the other one in Baffin Bay (see green crosses in
Figure 9b) indeed show very similar variability. Moreover,
the highest correlation of approximately 0.7 between the two
time series is obtained at lags of a few days, which suggests

Figure 15. Mean annual volume transport anomaly (Sv) through (a) the CAA and (b) Lancaster Sound
(dashed line) and Smith Sound (solid line with dots) in experiments WIND (black), FLUX (blue), NAO
(red), and, in Figure 15a, FLUX_ATL (green).

Table 1. Mean Annual Volume Transport (Sv) Anomaly, With Regard to Experiment With Neutral NAO Forcing, Through Each of the
Two Channels of the Canadian Arctic Archipelago as Simulated in the Four Sensitivity Experiments to NAO‐Like Atmospheric Forcing

Experiment WIND Experiment FLUX Experiment FLUX_ATL Experiment NAO

Average
Years 1–4

Average
Years 7–10

Average
Years 1–4

Average
Years 7–10

Average
Years 1–4

Average
Years 7–9

Average
Years 1–4

Average
Years 7–10

Nares Strait 0.14 0.10 0.11 0.19 0.10 0.19 0.23 0.22
Lancaster Sound 0.24 0.18 0.06 0.10 0.02 0.11 0.28 0.22
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Figure 16. SSH anomaly (m) averaged over years 5–6 of the
simulation in (a) experiment WIND, (b) experiment FLUX,
and (c) experiment FLUX_ATL.

Figure 17. Simultaneous regression of the salinity at 30 m
on (a) the freshwater flux through the CAA, (b) the ice
volume transport through Fram Strait, and (c) the liquid fresh-
water flux through Fram Strait. All regressions performed on
annual mean values over the period 1958–2001 and shown
for enhanced outflows to the North Atlantic. The bold black
contour indicates the 95% level of significance.
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that the northward propagation of the SSH anomalies pro-
ceeds from a wave response rather than an advective one.

5. Impact on the Western North Atlantic
Subpolar Gyre

[32] Beyond the mechanisms forcing the CAA outflow
variability, it is interesting to analyze the fate of this fresh-
water source in the North Atlantic and its possible impact on
the subpolar gyre variability. Past observations have revealed
recurrent signals of surface freshwater anomalies, known as
Great Salinity Anomalies (GSA), in the North Atlantic sub-
polar gyre [Dickson et al., 1988; Belkin, 2004]. In particular,
the drastic reduction of the convection at the end of 60s and
beginning of the 70s [Lazier, 1980] was attributed to the GSA
which traveled through the subpolar gyre in the period 1968–
1982 and passed through the Labrador Sea between 1969
and 1972. It has been suggested that some of these GSAs
are triggered by large sea ice export events [Aagaard and
Carmack, 1989; Häkkinen, 1993] or events of enhanced
liquid freshwater outflow [Karcher et al., 2005] through
the Fram Strait. To analyze the respective impacts of the
Fram Strait sea ice export and CAA freshwater outflow on the
salinity in the upper layer of the subpolar gyre, we performed
a regression of the surface salinity on the CAA freshwater
outflow based on the results of our hindcast experiment. The
salinity distribution corresponding to enhanced outflow is
characterized by a negative anomaly along the Labrador coast
with little signal in the interior Labrador Sea (Figure 17a).
When the same regression is performed on the sea ice export
through Fram Strait, a totally different picture emerges. In
response to an increase in the sea ice export, negative salinity
anomalies form along the Greenland coast, which are seen
all the way from Fram Strait to Davis Strait and, in contrast
to anomalies related to the CAA, penetrate after a year into
the interior Labrador Sea (Figure 17b). A similar response
is obtained when the regression is performed onto the liquid
freshwater export (Figure 17c) or the total (solid plus liquid)
freshwater export (not shown). The solid and liquid com-
ponents of the freshwater export are indeed well correlated

(r = 0.59), contributing 84% and 74% of the variance of
the total freshwater export, respectively. It is worth noting
that the variability in the central Labrador Sea has weaker
connection to the Fram Strait export compared with the sur-
roundings. This result suggests that the upper salinity in the
interior Labrador Sea would be also sensitive to other
mechanisms than the Arctic freshwater exports, most proba-
bly related to changes in the local stratification throughwinter
convection.
[33] The similarity between each of the two regression

patterns shown in Figures 17c and 17a, and the first and third
EOF of the upper salinity in the Labrador Sea (Figures 18a
and 18b), respectively, is striking and suggests that the
freshwater exports through Fram Strait and the CAA are
responsible for distinct modes of surface salinity variability in
the subpolar gyre. The first mode dominates the interior
Labrador Sea variability and is mainly related to the Fram
Strait sea ice export while the third mode has a signature
confined on the Labrador shelf and is mainly controlled by the
CAA freshwater outflow with little impact on the interior
Labrador Sea variability.

6. Discussion

[34] Based on a linear regression analysis performed on the
results of a hindcast experiment covering the period 1958–
2001, we have been able to identify statistical links between
the annual freshwater outflow through the CAA and the
winter atmospheric forcing. Similar links are obtained when
using an annual average of the forcing fields instead of a
winter average, confirming the dominant influence of the
winter atmospheric variability on this outflow. The regression
patterns have much in common with the response obtained
in sensitivity experiments in which the same model is forced
by NAO‐like atmospheric forcing fields. These similarities
confirm that the variability identified in the hindcast experi-
ment is consistent with an ocean response mainly driven by
the NAO, a conclusion already drawn in other modeling
studies. In our hindcast experiment, the maximum correlation
of 0.48 between the winter NAO index and the total volume

Figure 18. (a) First and (b) third EOF of the salinity at 30 m.
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transport through the CAA obtained when the NAO leads
by 1 year, is close to the 1 year lagged correlation of 0.54
reported by Jahn et al. [2010a] for the period 1948–2007, or
to the simultaneous correlation of 0.43 reported by Koenigk
et al. [2007] for the period 1950–2000. The statistical rela-
tionship to the NAO identified in the hindcast experiment
inclined us to use dedicated NAO sensitivity experiments to
highlight the mechanisms underpinning this relationship, to
identify their link to the different components of the forcing
and to provide a quantification of their relative impact on the
CAA outflow.
[35] Results of our hindcast experiment and of our NAO

sensitivity experiments all agree that part of the freshwater
transport through the CAA is linked to the wind driven var-
iability associated with the NAO in the western Arctic Ocean.
Such a link was already mentioned in earlier studies that have
emphasized the predominant role of the arctic atmospheric
circulation on the freshwater export through the Archipelago.
Proshutinsky et al. [2002] suggested that when a cyclonic
wind forcing prevails in the western Arctic Ocean, the stor-
age of freshwater in the Beaufort Gyre is reduced and the
transport of freshwater to the North Atlantic is enhanced.
Moreover, in agreement with the results of our sensitivity
experiments to the NAO, some of these earlier studies have
also highlighted the particular role of the NAO in the above
mechanism. Using a model forced by winds representative
of extreme positive NAO conditions, Condron et al. [2009]
found an increase of the freshwater export through both the
CAA and Fram Strait which was mainly linked to a depletion
of the freshwater storage in the Beaufort Gyre. In our sen-
sitivity experiment, we observe a similar increase of the
CAA freshwater outflow, though with typical variations of
this outflow 3–4 times greater than in Condron et al.’s [2009]
experiment.
[36] Using historical data as well as recent data collected

from 2003 to 2008, Proshutinsky et al. [2009] suggested that
variations of the Ekman pumping are mostly responsible for
the variations of the freshwater content of the Beaufort Gyre
on seasonal to decadal time scales. On the other hand, the
causal link between the arctic atmospheric circulation and the
outflow through the CAA is usually explained through a
redistribution of the Beaufort Gyre freshwater reservoir
driven by changes in the Ekman circulation. Considering that
the freshwater storage in the Beaufort Gyre must have a
strong signature in the SSH distribution, these results are
consistent with our findings that the western Arctic SSH
anomalies which drive the CAA outflow are largely deter-
mined by the wind stress. The regression of the SSH on
the wind stress curl at the center of the Beaufort Gyre (not
shown) indeed exhibits a distribution very similar to the SSH
regression on theMcClure velocity index shown in Figure 9a.
The wind stress curl and the Ekman circulation in the
Beaufort Sea control both the intensity of the Beaufort Gyre
and the amount of water accumulated on the Beaufort Sea
shelf. Still, our analysis provides a more detailed description
of the impact of the arctic wind stress on the CAA outflow.
Rather than being directly forced by the SSH variations which
occur in the center of the Beaufort Gyre, we show that the
wind driven variability of the CAA outflow is more complex
and proceeds from a regional reorganization of the SSH
gradient immediately to the west ofMcClure Strait. This local

reorganization is connected to the formation of velocity
anomalies which mostly affect the upper slope current
surrounding the Canada Basin and therefore modulate the
anticlockwise circulation of the basin. Still, rather than
the changes in the intensity of the gyre circulation, it is the
changes in the along‐shelf SSH gradient west of McClure
Strait which directly controls the amount of water which is
being drawn from the basin interior onto the shelf and then
into the strait. In this respect, the above mechanism resem-
bles the scenario proposed by Newton et al. [2008] to explain
the progression of the freshwater through the CAA during
the course of a 20 year long simulation. It however differs
somewhat from Jahn et al.’s [2010a] analysis which rather
concludes that it is the SSH difference between the Beaufort
Sea and the Baffin Bay, controlled to a large extent by the
upstream SSH anomalies in the Beaufort Sea, which drives
the variability of the CAA outflow. Our analysis shows that
in the western Arctic, the distribution of SSH anomalies
associated with the variability of the flow in McClure Strait
has a maximum signal in the northern Canada Basin, that is in
a region shifted to the north relative to the center of action of
the wind stress curl in the Beaufort Sea. This is consistent
with the fact that the SSH response in the center of the
Beaufort Gyre does not correlate with the velocity anomalies
in McClure Strait. The dynamical reasons for such a shift are
still to be elucidated but our results already suggest that the
SSH variability in the Canada Basin is more complex than a
simple modulation of a wind‐driven gyre, partly because of
the existence of strong bottom topography gradients and non
uniform stratification. A full understanding of the detailed
features of this response would require further analyses
using dedicated idealized experiments.
[37] We also show that the reorganization of the SSH

gradients north of the CAA mainly affects the outflow to
Lancaster Sound. Consistently, the upstream cross‐strait SSH
gradient in the western channel correlates at more than 0.7
with the water outflow to Lancaster Sound in our hindcast
experiment while the along‐strait SSH difference only cor-
relates at 0.53 with the outflow (Figure 4). By contrast, the
correlation of the along‐strait gradient is much higher with the
outflow through Nares Strait (r = 0.9). Based on a diagnostic
model of the CAA,Kliem andGreenberg [2003] draw similar
conclusions, suggesting that Nares Strait is the most sensitive
of the three passages of the CAA to the elevation difference
from the Arctic Ocean to Baffin Bay. This type of information
is hardly accessible using models with coarser resolutions.
Coupled models with resolution on the order of 1°, in which
the CAA is represented as a single channel with a geometry
similar to the western channel of the archipelago, have been
used by Jahn et al. [2010a, 2010b]. While Jahn et al. [2010a]
found the along‐strait gradient explains 46% of the variance
of the velocity in the CAA, in agreement with the variance
contributed by the western channel in our analysis, Jahn et al.
[2010b] found this gradient explains as much as 82% of the
variance. Moreover, the relative influence of the upstream
and downstream SSH variability differs between the two
studies, the SSH in the Beaufort Sea (resp. Baffin Bay)
controlling most of the outflow variability in the former
(resp. latter) study. These different behaviors can perhaps be
explained by the different model physics (UVic ESCMmodel
is used in the former study, CCSM3 model in the latter one)
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and their ability to represent those local patterns of the arctic
SSH variability which have been shown to impact distinctly
on the two main channels of the CAA. The above dis-
crepancies would be consistent with the CAA behaving more
like a “western channel equivalent” in Jahn et al.’s [2010a]
study and more like a “Nares Strait equivalent” in Jahn
et al.’s [2010b] study. Reasons for these discrepancies are
however to be understood.
[38] Previous work on the dynamics of the CAA outflow

did not conclude definitely on the relative impact of the
Beaufort Sea SSH anomalies and Baffin Bay SSH anomalies
on the along‐strait gradient variability and ultimately on the
transport through the CAA (note for instance the different
conclusions of Jahn et al. [2010a] and Jahn et al. [2010b]).
Our regression analysis helps clarifying this aspect as it shows
that the variability in the two passages of the CAA in fact
proceeds from two distinct mechanisms. While the western
passage appears to be more sensitive to the wind driven SSH
variations in the Arctic (Figure 9a), the eastern one responds
preferentially to the downstream SSH variations in Smith
Sound (Figure 4b). According to our analysis these down-
stream SSH variations are remotely forced by the air‐sea heat
fluxes over the Labrador Sea (Figure 12). Our NAO sensi-
tivity experiments further provide quantification of the rela-
tive influence of the wind stress and the air‐sea heat flux on
the two passages. Although in positive NAO conditions the
increase of the outflow has similar magnitude in Lancaster
Sound and Nares Strait, there is a strong asymmetry between
the two channels in terms of the response to the two
components of the forcing. While the western channel only
contributes 1/3 of the buoyancy driven increase of the total
CAA outflow, the Nares Strait roughly contributes 1/3 of
the wind‐driven increase of the total outflow. Analyzing the
SSH anomalies in our sensitivity experiments it was also
possible to follow some of these anomalies along the western
Greenland shelf as they were propagating northward from
their formation region in the Labrador Sea to Smith Sound
(not shown).
[39] The first EOF mode of variability of the upper salinity

in the Labrador Sea has been shown to be related to the
variability of the freshwater export through Fram Strait. With
regards to the Labrador Sea convection, it is certainly the
most important as it can modulate the interior basin stratifi-
cation during the preconditioning phase. This mode should
be compared with the GSA mode documented in the litera-
ture which, according to our model results would be almost
exclusively driven by the export through Fram Strait.
This result is in contrast to Belkin’s [2004] suggestion that
some GSAs may originate in Baffin Bay in response to the
Canadian Arctic outflow. It is however in agreement with
Haak et al.’s [2003] simulation results which suggest that
the GSAs should be driven by events of excess ice export
through Fram Strait, or with Myers’s [2005] results. Pre-
scribing freshwater fluxes to the north of Davis Strait in an
eddy‐permitting model of the Labrador Sea, Myers shows
that these fluxes have little influence on the freshwater con-
tent of the interior Labrador Sea. In particular, only 6–8%
of the volume of a passive tracer injected at the northern
boundary of his model appears to penetrate the interior of
the basin, most of the tracer flowing southwest along the
Labrador coast. A similar behavior was found by Houghton
and Visbeck [2002]. Analyzing historical observations, they

emphasize the influence of the freshwater flux from Baffin
Bay on the freshwater content along the Labrador coast which
could double during GSA events. Additionally, they suggest
that eddy fluxes have the potential to transfer part of the
freshwater accumulated on the Labrador shelf to the interior
of the Labrador Sea. Such transfers are indeed underrepre-
sented in our coarse resolution model which does not resolve
the eddy scale and thereforemay overestimate the tendency of
the freshwater flow to remain confined on the Labrador shelf.
[40] Comparison between Figures 17c and 17a and

Figures 18a and 18b suggests that the Fram Strait freshwater
export and the CAA outflow are able to drive out of phase
patterns of subpolar salinity variability. With regards to the
response to the atmospheric forcing, the first mode of the
upper salinity in the Labrador Sea does not display any sig-
nificant correlation with the NAO at any lag, whereas the
third mode is significantly (0.48) correlated with the NAO
when the latter leads by 1 year. These correlations are con-
sistent with the fact that, in the hindcast simulation, the
relation of the freshwater export through the CAA to the NAO
ismore robust than that of the freshwater export through Fram
Strait. Indeed, if one considers the entire period of the sim-
ulation, neither the ice volume transport nor the liquid
freshwater transport through Fram Strait correlate signifi-
cantly with the NAO. Only does the ice transport show sig-
nificant simultaneous correlation with the NAO (although
not larger than 0.45) over the reduced period spanning after
1978, in agreement with earlier studies [Hilmer and Jung,
2000; Kwok and Rothrock, 1999]. A detailed analysis of the
freshwater export through Fram Strait is beyond the scope
of the present study. Judging however from earlier analyses,
the relation of this export to the NAO is largely set up through
forcing of (both ice and liquid water) velocity anomalies by
the along‐strait wind but these velocity anomalies provide
only a part of the variance of the freshwater export. With
regards to the variability of the liquid component, according to
Jahn et al. [2010b], the driving SLP pattern indeed resembles
more the arctic Vorticity Index defined by Dmitrenko et al.
[2008] which controls the freshwater content anomalies
exported through the strait (that is the contribution �US′

Sref
to

the transport). With regards to the ice volume export, our
hindcast experiment shows that it is controlled to a large
extent by advection of thickness anomalies (Figure 19). The
latter component indeed contributes to more than 65% of
the variance of the total ice export while the velocity driven
component contributes slightly less than 50%. The upwind
distribution of arctic ice thickness anomalies in phase with the
former contribution to the ice volume export is indeed dif-
ferent from the dipolar pattern characteristic of a response to
the AO [e.g., Houssais et al., 2007] (Figure 20a). However,
2 years before positive ice thickness anomalies are seen in
Fram Strait, a pattern of ice thickness anomaly emerges
which bears some resemblance with this dipolar pattern in a
negative phase of the AO (Figure 20b). The resemblance is
more obvious when the regression is performed over 1978–
2001 than over the entire simulation period. Consistently, the
anticorrelation between the transport of ice thickness anoma-
lies through Fram Strait and the NAO index 2 years earlier
increases from −0.3 over the whole simulation period to −0.47
over 1978–2001. According to the thickness pattern in
Figure 20b, the significant thick ice anomalies located in the
Canada Basin would be advected to Fram Strait in 2 years
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and contribute to enhance the ice export, a scenario also
suggested by Haak et al. [2003]. Additionally, our result
suggests that, under persistent NAO forcing, advection of
arctic ice thickness anomalies through Fram Strait could after
some years provide a feedback mechanism which would tend
to stabilize the concomitant change of the ice volume
transport due to enhanced ice drift anomalies in the strait.
Our idealized positive NAO experiment indeed shows that
advection of thinner ice occurs throughout the experiment
which brings a negative (less volume exported to the Green-
land Sea) contribution to the increase of the ice volume export
under positive NAO forcing.

7. Summary

[41] An investigation of the link between the CAA fresh-
water outflow and the atmospheric forcing has been per-
formed based on the joint analysis of a hindcast ice‐ocean
model experiment forced by the ERA40 reanalysis and the
results of sensitivity experiments run with the same model
forced by idealized NAO‐like atmospheric forcing. The
model domain covers the Arctic and the Atlantic Ocean and
the horizontal grid allows the CAA to be represented by two
distinct channels. The design of the sensitivity experiments
has been motivated by the strong relationship identified
between the variability of the water volume transport through
the CAA (an excellent proxy of the variability of the fresh-
water outflow) and the NAO in the hindcast experiment.
[42] Earlier modeling studies dealing with the variability

of the CAA outflow have stressed the particular role of
the along‐strait SSH gradients in this variability. Most of
them, however, could not, or did not discriminate between

Figure 20. (a) Simultaneous and (b) 2 year lagged (ice thickness leads) regressions of the sea ice thickness
anomalies (m) on the contribution due to advection of ice thickness anomalies to the ice volume transport
through Fram Strait (Figure 19, solid line). All regressions performed on annual mean values over the period
1958–2001 and shown for enhanced outflow to the North Atlantic.

Figure 19. Mean annual sea ice volume transport anomaly
(with regard to the 1958–2001 average, mSv, solid line with
dots) and the contributions due to transport of ice thickness
anomalies by the mean velocity uih′ (solid line) and to anom-
alous transport of mean ice thickness u′ih (dashed line)
through Fram Strait.
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the behaviors of the different CAA channels or between the
responses of these channels to the different components
(dynamic and thermodynamic) of the atmospheric forcing.
Our study confirms the sensitivity of the CAA outflow to the
SSH distribution on either side (upstream and downstream) of
the channels. However, it also brings out new conclusions
regarding the contrasted behavior of the two channels in
response to the atmospheric forcing. In particular, we show
that the outflow through the western channel is less sensitive
to the along‐channel SSH gradient than the eastern outflow.
Additionally, the western channel responds to a large extent
to variations of the upstream (in McClure Strait) cross‐strait
SSH gradient, which is mostly controlled by the wind stress
variability in the western Arctic. By contrast, the eastern
channel reveals to be more sensitive to the along‐channel
SSH gradient, and more strongly to the downstream varia-
tions of the SSH in the northern Baffin Bay, the latter being
remotely forced by air‐sea heat flux anomalies in the Lab-
rador Sea. The SSH anomalies formed in the Labrador Sea are
indeed shown to propagate to the northern Baffin Bay along
the western Greenland shelf. All these mechanisms, especially
the particular role of the regional SSH distribution upstream
of the CAA or that of the air‐sea heat flux in the subpolar gyre
on the variability of the outflow, had not been emphasized
so far.
[43] The NAO has been shown to exert a strong control on

the outflow through the CAA, a conclusion already drawn
in earlier studies [e.g., Jahn et al., 2010a]. In particular the
NAO is responsible for coherent variability between the two
channels of the archipelago. Still, our analysis brings out new
insights on the various mechanisms involved in this control.
In particular, it is shown that, by increasing both the wind
stress curl in the Beaufort Gyre and the ocean surface heat loss
in the western subpolar gyre, positive NAO indices act to
enhance the export of freshwater through the CAA. Still, the
two mechanisms are not necessarily concomitant. While the
wind stress generates a fast response of the export, the heat
flux is shown to trigger a delayed (by about a year) response.
[44] In view of the above conclusions, it is conceivable

that, in periods of positive NAO, the concomitant intensifi-
cation of the Labrador Sea convection be partially offset by
events of enhanced freshwater outflow through the CAA. The
pattern of salinity anomalies linearly related to the occurrence
of such events in our non eddy resolving simulation how-
ever suggests that the exported freshwater remains confined
to the Labrador shelf with little impact on the interior con-
vection region. The latter indeed appears to be predominantly
influenced by events of ice or liquid freshwater exports
through Fram Strait which propagates around Greenland in
the form of “GSA‐type” anomalies.
[45] The large‐scale SSH distribution in the Arctic is

known to be largely related to the freshwater storage, in
particular to the Beaufort Gyre reservoir in the western Arctic.
According to our analysis, the distribution of SSH anomalies
impacting on the CAA outflow does not show such a strong
signal in the Beaufort Gyre, suggesting that there is not
a simple relationship between the variability of the CAA
outflow and that of the Arctic freshwater reservoir.
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