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Abstract We use a numerical model forced with high temporal and spatial resolution atmospheric
forcing to evaluate the volume and freshwater transport through the Canadian Arctic Archipelago (CAA). On
average, the simulated inflow through the Queen Elizabeth Islands represents 40% of the transport entering
the CAA through M’Clure Strait. The transport through Admunsden Gulf represents less than 10% of the
total inflow. The impact of sea ice and winds on the volume and freshwater transports into and through this
region is also investigated. At Nares Strait and West Lancaster Sound, the transport is overestimated due to
too-mobile sea ice but different physical processes related to surface stress. The ice is driving larger ocean
flow in the first case, while causing less flow reduction in the second case. While the transport through the
Queen Elizabeth Islands responds to the changes in surface stress over the Beaufort Gyre and northern
Baffin Bay, local surface stress opposed to the mean flow over the straits tends to reduce the throughflow
transport. In Parry Channel and the southern CAA, the surface stress tends to enhance the transport and
have a greater impact locally. Finally, the surface stress related to sea ice motion can significantly change
the transport in the CAA during the winter months.

Plain Language Summary We use a numerical computer model including high temporal and
spatial resolution atmospheric forcing to evaluate the amount of water and freshwater flowing through
the Canadian Arctic Archipelago (CAA). On average, we show that the inflow through the Queen Elizabeth
Islands represents about slightly less (40%) than M’Clure Strait, which has historically been considered to be
the main source of the inflow. We also show that the flow through the Amundsen Gulf is low (10% of the
total), in agreement with previous studies. In addition, we demonstrate how the sea ice motion drives too
much flow through West Lancaster Sound and Nares Strait and show the importance of the sea ice motion
on the water and freshwater flows through key gates in and out of the CAA. This provides hints on how the
dynamics of the flow through the CAA might change in the future with less sea ice cover in a warming world.
The flux of freshwater through the CAA is potentially important as it may impact deep water formation in
the Atlantic Ocean.

1. Introduction

The Canadian Arctic Archipelago (CAA) is a tangle of shallow basins and narrow straits that connect the Arctic
Ocean to Baffin Bay and then the North Atlantic. It is composed of two main regions. One is the Queen Eliz-
abeth Islands (QEI; or Sverdrup Basin) in the north, which is an area with relatively small islands surrounded
by the larger Ellesmere, Devon, Cornwallis, Bathurst, Melville, and Prince Patrick Islands (Figure 1). The other
region is the southern CAA, which is composed of larger islands (Bank, Victoria, and Prince of Wales Islands).
Between the two regions, Parry Channel directly connects the Beaufort Sea to Baffin Bay.

Due to the harsh weather and thick sea ice that covers the archipelago most of the year, it is difficult to access
the northern part of the CAA, even in summer. Therefore, very few long-term mooring-based observations
are available in the CAA. Based on numerical studies (Kliem & Greenberg, 2003; Lu et al., 2014; McGeehan &
Maslowski, 2012; Wang et al., 2012; Wekerle et al., 2013; Zhang et al., 2016), it is known that a weak inflow
occurs through the QEI, while the main flow is through the relatively wide passage, that is, Parry Channel,
present between the QEI and the southern CAA. The main flow enters Parry Channel from the west M’Clure
Strait (90 km wide, sill at ∼ 350 m). It continues to the east until it reaches the shallow sill at the end of the
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Key Points:
• To correctly model transport through

the CAA, ice velocity, and probably
landfast ice, needs to be properly
represented in numerical models

• Increasing surface stress reduces the
flow through the Queen Elizabeth
Islands but increases the flow through
the central and southern CAA

• Freshwater transport is more sensitive
to surface stress changes than volume
transport
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Figure 1. Map of the Canadian Arctic Archipelago. AG = Amundsen Gulf; MS = M’Clure Strait; BAS = Ballantyne Strait;
PG = Prince Gustaf Adolf Strait; BMC = Byam Martin Channel; PS = Penny Strait; WC = Wellington Channel; DU = Dolphin
Union Strait; VM = Viscount Melville Strait; CC = M’Clintock Channel; PES = Peel Sound; VS = Victoria Strait; RS = Rae
Strait; QM = Queen Maud Strait; JS = Jones Sound; NS = Nares Strait; LS = Lancaster Sound; BS: = Barrow Strait; GB = Gulf
of Boothia; CG = Coronation Gulf; B = Baden Island; MK = Mackenzie King Island; PP = Prince Patrick Island; Ba = Bathurst
Island; C = Cornwallis Island; AI = Amund Ringnes Island; POW = Prince of Wales Island. The color map indicates the
model domain bathymetry in meters. The white square corresponds to the Parry Channel.

Viscount Melville Sound (110 km wide). Then, the flow curves to the south into M’Clintock Channel, around
Prince of Wales Island and turns north back to Parry Channel at Barrow Strait (60 km wide, sill at ∼ 150 m)
through Peel Sound (Wang et al., 2012). This flow enters Baffin Bay via Lancaster Sound at the east end of Parry
Channel. The Arctic outflow enters Baffin Bay also through Jones Sound and Nares Strait.

The CAA (via Lancaster Sound, Nares Strait, and Jones Sound) is the main pathway of liquid freshwater from
the Arctic Ocean to the Northern Atlantic with an annual mean flux of about 100 mSv (1 mSv = 103m3/s;
reference salinity: 34.8; Melling et al., 2008; Münchow, 2016; Prinsenberg et al., 2009). Relatively, solid fresh-
water export through the CAA is small (6 mSv; Tang et al., 2004). This freshwater can affect local circulation
within Baffin Bay (e.g., Castro de la Guardia et al., 2015; Grivault et al., 2017). Combined with other freshwater
sources (e.g., Greenland meltwater), the freshwater leaving Baffin Bay to the south through Davis Strait is 72
to 130 mSv based on mooring observations (Cuny et al., 2005; Curry et al., 2011, 2014). Eventually, it will arrive
in the Labrador Sea, where Labrador Sea Water forms. Consequently, it may impact the large-scale oceanic
circulation by affecting the upper limb of the Atlantic Meridional Overturning Circulation (Yang et al., 2016).
In addition to the Arctic outflow, the river discharge from the main islands contribute about 6 mSv from May
to October (i.e., when not covered by ice), based on a study by Spence and Burke (2008).

The current consensus on the CAA dynamics is that the mean flow is controlled by the baroclinic gradient
between the Beaufort Gyre and northern Baffin Bay (e.g., Kliem & Greenberg, 2003; Prinsenberg & Bennett,
1987; Wang et al., 2017; Wekerle et al., 2013) while the high frequency variability is driven by wind (e.g.,
Peterson et al., 2012). Jahn et al. (2009) and Houssais and Herbaut (2011) also found a correlation between
large-scale atmospheric patterns (i.e., North Atlantic Oscillation) and the transport through the CAA. Linking
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the CAA throughflow to large-scale atmospheric circulation is consistent with a recent study done by
Manucharyan et al. (2016), which proposed that the large-scale wind forcing over the Beaufort Gyre leads to
the accumulation or release of freshwater, based on the direction of the winds.

As an important freshwater outflow from the Arctic Ocean to the Northern Atlantic, however, the exact
amount of volume and freshwater export through the CAA is still an open question. A summary of previous
studies is present in Table 1. Mooring data are available at West Lancaster Sound from 1998 to 2010 (Peterson
et al., 2012; Prinsenberg et al., 2009) and Nares Strait from 2004 to 2006 and from 2007 to 2009 (Münchow,
2016; Münchow & Melling, 2008). These observations measured a mean volume (freshwater) flow of about
0.46 Sv (32 mSv) at Lancaster Sound (Peterson et al., 2012). At Nares Strait, the transports are about 0.67 Sv
(29.6 mSv) and 1.03 Sv (49 mSv) for 2004–2006 and 2007–2009, respectively (Münchow, 2016). Numerical
models for the same sections show various amount of transport, usually larger than the observations, with
volume (freshwater) transports between 0.46 and 1.15 Sv (32 to 55 mSv) at Lancaster Sound and between
0.81 and 1.4 Sv (25 to 70 mSv) at Nares Strait (Lu et al., 2014; McGeehan & Maslowski, 2012; Shroyer et al.,
2015; Wang et al., 2017; Wekerle et al., 2013; Zhang et al., 2016). We note that the impact of tides is not
included in the previously given transports. The tidal current will impact the short time scale transport as
well as the overall mixing in the CAA, which is significant for the representation of Polynyas in the region
(e.g., Hannah et al., 2009).

Another important hydrographic process within the CAA is sea ice. The maximum sea ice extent occurs in
May, while the minimum occurs in October (Parkinson & Cavalieri, 2008). Landfast ice (i.e., no motion, fully
ice covered) is present in the QEI region between October and November and late July. In the western QEI
landfast ice is observed even during summer (Galley et al., 2012; Melling, 2002). In the central CAA, most of the
sea ice is landfast by the end of January, while M’Clure Strait, Amundsen Gulf, and eastern Parry Channel have
mobile ice in some years (Galley et al., 2012). The breakup of landfast ice starts from June in the southern CAA
and then moves toward the central CAA from the periphery until the end of the summer (Galley et al., 2012).
Sea ice extent in summer varies significantly from year to year. While sea ice extends across Parry Channel to
the southern part of the CAA, a fully open Parry Channel is already observed during the lowest sea ice extent
years, such as 2007 and 2012 (Parkinson & Cavalieri, 2008; Stroeve et al., 2007).

The thickness of the sea ice in the CAA is also an open question. Based on drill hole measurements conducted
in the 1970s winters, the average ice thickness over the northern CAA is estimated to be about 3 m (Melling,
2002). The ice is often classified by its age, with first-year ice (FYI) having a thickness up to 2.2 m while the
multiyear ice (MYI) is thicker. The Northwest CAA is one of the last bastions of thick MYI in the Arctic, with a
thickness of up to 5.5 m in winter (Melling, 2002). Most MYI present in the CAA is located in the QEI, while
the southern CAA is mainly covered with FYI. The transition between MYI and FYI occurs in Viscount Melville
Strait and M’Clintock Channel (Howell et al., 2009; Melling, 2002). Recent observation from Nares Strait showed
a median ice draft of about 0.8 m with a significant interannual variability, while MYI of more than 5 m are
present (Ryan & Münchow, 2017).

Sea ice area and thickness have decreased dramatically over the last decades (e.g., Comiso, 2012; Kwok &
Rothrock, 2009; Parkinson & Cavalieri, 2008; Parkinson & Comiso, 2013; Stroeve et al., 2007). In the CAA, the
sea ice area is decreasing at a rate of about 8.7% per decade (Howell et al., 2009) and the concentration at a
rate of about 2 per decade (Comiso et al., 2017). The sea ice melt period has increased by 7 days per decade
(Howell et al., 2009). MYI volume has decreased at the rate of 6.4% per decade (Comiso, 2012), while record
sea ice thickness decreases have been observed, at Cambridge Bay (−4.31 ± 1.4 cm per decade), Eureka
(−4.65 ± 1.7 cm per decade), and Alert (−4.44 ± 1.6 cm per decade; Howell et al., 2016). These changes did
not impact Nares Strait during the last decade (Ryan & Münchow, 2017). Changes in CAA sea ice could impact
the overall freshwater fluxes toward the Northern Atlantic.

In the present paper, we pursue two main goals: (1) to evaluate modeled volume and freshwater transports
through the CAA and (2) to understand the impact of the sea ice and wind on modeled volume and freshwater
transports through the CAA. To achieve these goals, a high-resolution eddy-permitting regional simulation
is conducted, based on a structured ocean-sea-ice-coupled model. The simulation is also driven by high
temporal and spatial resolution atmospheric forcing.
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Table 1
Summary of the Volume (Sv) and Freshwater (mSv) Transports Through the Canadian Arctic Archipelago

Panel Section name Volume transport Freshwater transport Source

(a) Ballantyne + Prince Gustaf Adolf Straits 0.12 5.96 This study

(b) Ellef Ringnes − Axel Heiberg Island Strait 0.03 1.95 This study

(c) Central QEI 0.01 1.07 This study

(d) Prince Patrick Island − Melville Island Strait −0.05 3.92 This study

(e) Byam Martin Channel 0.17 10.63 This study

1958–2007 0.27 22 Wekerle et al. (2013)

1982–1984 0.12 Fissel (1988)

(f) Penny Strait + Wellington Channel 0.03 1.16 This study

1958–2007 0.09a 7a Wekerle et al. (2013)

1982–1984 0.29 Fissel (1988)

(g) Lancaster Sound 0.58 44.13 This study

1988–2007 1.15 55 Lu et al. (2014)

1958–2007 0.86 71 Wekerle et al. (2013)

1978–2013 0.71 Zhang et al. (2016)

1998–2010 0.46 32 Peterson et al. (2012)

1982–1984 0.45 Fissel (1988)

1928 0.65 Kiilerich (1939)

1954 1.50 Bailey (1957)

1954 1.00 Collin (1962)

1966 0.45 Palfrey and Day (1968)

(h) M’Clure Strait 0.40 27.47 This study

1958–2007 0.45 40 Wekerle et al. (2013)

1982–1984 0.05 Fissel (1988)

(I) Prince of Wales Strait −0.05 −6.02 This study

1958–2007 0.01 2 Wekerle et al. (2013)

1982–1984 0.05 Fissel (1988)

(j) Mc Clintock Channel 0.21 17.17 This study

1958–2007 0.27 24 Wekerle et al. (2013)

1982–1984 0.06 Fissel (1988)

(k) Peel Sound −0.22 −23.62 This study

1958–2007 −0.29 −26 Wekerle et al. (2013)

(l) Gulf of Boothia 0.03 4.46 This study

(m) Amundsen Gulf 0.05 3.90 This study

(n) Victoria Strait 0.00 −4.56 This study

(o) Jones Sound 0.00 −0.03 This study

1978–2013 0.31 Zhang et al. (2016)

1928 0.30 Kiilerich (1939)

1954 −0.40 Bailey (1957)

1954 0.25 Collin (1962)

1966 0.30 Palfrey and Day (1968)

(p) Nares Strait 0.89 42.77 This study

1988–2007 1.14 25 Lu et al. (2014)

1958–2004 1.40 77 Wang et al. (2017)

1978–2007 0.91 48 Wekerle et al. (2013)

1978–2013 0.81 Zhang et al. (2016)

1998–2010 0.16 Peterson et al. (2012)

2003–2009 0.85 39 Münchow (2016)
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Table 1 (continued)

Panel Section name Volume transport Freshwater transport Source

1928 0.4b Kiilerich (1939)

1954 −0.4b Bailey (1957)

1966 0b Palfrey and Day (1968)

Note. Transports are averaged from November 2003 to December 2016 in this study. The averaging period for other studies
is specified. The panel letters corresponds to the straits shown in Figure 9. Bold numbers are from observations.
aIncludes only Penny Strait. bData from Smith Sound.

This paper is structured as follows. Section 2 describes the model configuration and the observations used in
this study. Section 3 presents the model evaluation over the CAA. The impact of sea ice on the transport is
investigated in section 4. Finally, conclusions are given in section 5.

2. Method
2.1. Numerical Model
In this study we use the Nucleus for European Modeling of the Ocean (NEMO) numerical framework, ver-
sion 3.4. This coupled ocean and sea ice model includes a three-dimensional, free-surface, hydrostatic,
primitive-equation ocean component and a dynamic-thermodynamic sea ice model (Madec, 2008). The
sea ice model is from the Louvain-la-Neuve sea ice model (Vancoppenolle et al., 2009) with a modified
elastic-viscous-plastic ice rheology (Hunke, 2001). The vertical diffusivity and viscosity coefficients are com-
puted by a turbulent closure scheme based on the prognostic equation for the turbulent kinetic energy
(Blanke & Delecluse, 1993) modified by Madec et al. (1998). Horizontal tracer diffusivity and viscosity use a
Laplacian operator (AtΔT , where At = 300 m2/s is the tracer mixing coefficient), while a bi-Laplacian operator
is used for the momentum (AuΔ2u, where Au = −1.5×1011 m4/s is the maximum velocity mixing coefficient).
The bottom friction is based on a nonlinear relationship dependent on the bottom velocity with a drag coef-
ficient of 1.0×10−3. The fast frequency variation of the free surface has been filtered out. The model time step
is 180 s. Note that the experiment does not include tides.

Our domain, called Arctic and Northern Hemisphere Atlantic (ANHA), is a subdomain of the global ORCA12
domain. It covers the Arctic and the Northern Atlantic Oceans with a resolution of 1/12∘ (about 3.5 km in the
CAA). In vertical, there are 50 levels with layer thickness increasing with depth from 1 m for the first level to
146 m at the 31st level (at a depth of 453 m). The bathymetry in the Arctic is derived from the 1 minute-arc
global relief model of Earth’s surface ETOPO1 (Amante & Eakins, 2009). Two open boundaries are present
in the Bering Sea and at 20∘S in the Atlantic Ocean, respectively. Open boundary conditions (temperature,
salinity, and horizontal velocities) are obtained from the GLobal Ocean ReanalYSis 2 version 3 (GLORYS2v3
Masina et al., 2015). Surface forcing, that is, 10-m winds, 2-m temperature, and specific humidity, as well as
surface downwelling shortwave and longwave radiative fluxes are taken from the high temporal and spatial
resolution atmospheric forcing from the Canadian Meteorological Centre’s Global Deterministic Prediction
System ReForcasts (CGRF; Smith et al., 2014). The initial conditions (ocean temperature, salinity, horizontal
velocities, and sea surface height) are taken from GLORYS2v3.

Runoff is based on the interannual monthly 1° × 1° river discharge data from Dai et al. (2009), as well as
Greenland meltwater (5 km × 5 km) provided by Bamber et al. (2012). The source runoff is carefully (volume
conserved) remapped onto the model grid. The river runoff data set ends in 2007, while the Greenland runoff
goes up to 2010. At the end of each data set, the data from the last year is repeated until the end of the
simulation.

Our numerical experiment starts from January 2002 and is integrated to the end of December 2016. If not
stated otherwise, the results presented in this paper start from November 2003. This is done to consider model
adjustment from the initial conditions. We define the winter months as the period from November to April
of the following year and the summer months as the period from May to October. The sign convention for
transport is defined as a positive value means toward the North Atlantic (i.e., Arctic outflow), while a negative
value means into the Arctic Ocean. The reference salinity is chose to 34.8 in freshwater flux calculation.
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Figure 2. Sea ice thickness (shading) and concentration (contour lines) for
summer (a) and winter (b) and observations for the winter period (c).
Observations south of 66∘ N are masked. The black points are airborne
electromagnetic measurements from Haas and Howell (2015) from late
winter 2011 and 2015. White dots are drill hole measurements from
Melling (2002) from late winter in the 1970s. Both are in meters.

2.2. Observations
2.2.1. Satellite Data
Sea ice concentration observations are based on the data from the Spe-
cial Sensor Microwave/Imager (SSM/I) sensors on the Defense Meteo-
rological Satellite Program’s (DMSP)-F8, DMSP-F11, and DMSP-F13 and
theScanning Multichannel Microwave Radiometer on the Nimbus-7 satel-
lite. Measurements from the Special Sensor Microwave Imager/Sounder
aboard DMSP-F17 are also included. The data set has been generated by
using the Advanced Microwave Scanning Radiometer—Earth Observing
System Bootstrap Algorithm with daily varying tie points (Comiso, 2000,
updated 2015). We used the daily data averaged over the winter period
from 2003 to 2016. The data are gridded on the SSM/I polar stereographic
grid (25 × 25 km).

Sea ice thickness data are combined from the ICESat1-G (2003–2008)
and CryoSat-AWI (2011–2017) data set extracted from the Unified Sea
Ice Thickness Climate Data Record (Lindsay & Schweiger, 2013, updated
2017). ICESat1-G data are derived from measurements made by from the
Ice, Cloud, and Land Elevation Satellite (ICESat) Geoscience Laser Altime-
ter System instrument, the SSM/I, and climatologies of snow and ice drift.
CryoSat-AWI thickness is derived from Radar Altimeter freeboard measure-
ments. Due to the irregularity in the position of each data point between
the data set and within the years in the same data set, we averaged all
data over 1∘ bins first, then over the winter period from 2003 to 2016. The
years with no data available (2009–2010) have been ignored in the aver-
aging. No sufficient observations are available in summer for a meaningful
comparison and thus have been ignored.

2.2.2. Mooring Data
Two locations with moorings are available in the study region: at Nares
Strait and West Lancaster Sound. At Nares Strait, observations are available
for two periods, from August 2004 to August 2006 and from August 2007
to August 2009 (Münchow, 2016). The daily average of detided data is used
here. More in depth description of the moorings is available in Münchow
and Melling (2008). At West Lancaster Sound, observations are available
from August 1998 to August 2010. Both monthly and 6-hourly detided
data are used in this study. More details of the mooring data are available
in Prinsenberg et al. (2009) and Peterson et al. (2012). In order to compute
the correlation between model and observation, high frequency observa-
tions (either daily or 6-hourly) are averaged every 5 days (same frequency
as model output).

3. Evaluation
3.1. Sea Ice
In summer (Figure 2a), ice concentration is 70% to 80% in the western
and central Parry Channel and decreases gradually to 50% at the mount of
Lancaster Sound. Spatial variation in ice concentration also exists in Peel
Sound, high (∼80%) on the west side and lower (∼70%) on the east side.
The Amundsen Gulf is almost ice free (less than 30%). Within Baffin Bay,
the ice concentration is low on the Greenland side because of the intru-
sion of warm water carried by West Greenland Current at depth. In winter
(Figure 2b), the CAA is fully covered by the sea ice, with the exception of the
North Water Polynya where the sea ice concentration decreases slightly
(∼80%). The sea ice edge is located at the eastern part of Davis Strait over
the Greenland continental shelf.
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Figure 3. Observed (gray line) and simulated (black line) volume and freshwater transports for Nares Strait (a and b) and
West Lancaster Sound (c and d). The average transports and correlations are computed over the common period of time
between observations and model outputs. The dashed lines correspond to the average over the whole period for each
time series plotted on the figure. ANHA = Arctic and Northern Hemisphere Antlantic.

In summer, sea ice thickness is up to 5.5 m around the Prince Patrick, Baden, and Ellef Ringnes Islands

(Figure 2a). Ice thickness within the QEI is around 5 m while it is less than 1 m in Parry Channel and Amund-

sen Gulf. In winter (Figure 2b), ice thickness within Amundsen Gulf increases up to 2 m. The maximum sea

ice thickness stays around 5.5 m. Sea ice distribution and thickness over the rest regions of the CAA does not

change significantly. We note that the model forms thicker sea ice in summer in the QEI and Nares Strait. This

is due to the summer and winter periods definition here. It is also evidenced in Hu et al. (2018) with a different

definition (figure 4a and b in their paper).

Overall, sea ice concentration in winter in the model compares well with the available observations for the

same period (Figure 2c). The main difference is the 90% sea ice concentration contour of the observation

occurs further south. But this should not impact the analysis in this study. The overall spatial pattern of the

sea ice thickness in the model matches the observations. The main difference is that the simulated sea ice

is thicker than in the satellite data, especially in the QEI where the difference is about 1.5 m. Compared to

the drill hole measurements in the late winter of 1970s (Melling, 2002), the simulated sea ice thickness is

still thicker but with a smaller difference. In the Northwest Passage, simulated sea ice thickness, however, is

very close (only ∼0.5 m thicker) to observations from the airborne electromagnetic survey performed in late

2011 and 2015 (Haas & Howell, 2015). At Nares Strait, the simulated sea ice thickness is about 2 m, which

agrees the winter observations from 2002 to 2012 that the median daily ice draft is from 1.5 to 3 m (Ryan &
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Figure 4. Seasonal cycle (bars) of the volume (dark blue) and freshwater
(light blue) transports through Nares Strait (a) and West Lancaster Sound (b).
White solid (dashed) line is the volume (freshwater) transport seasonal cycle
from observations. Volume (freshwater) transport is associated with the left
(right) axis. Each upper panel shows the ice velocity (green line, left axis) and
surface stress (red line, right axis) directly above the section. Note that
different scales are used for left-hand and right-hand y axes in each panel.

Münchow, 2017). A more complete analysis of sea ice thickness changes
and dynamic-versus-thermodynamic contributions can be found in
another study based on the same numerical experiment by Hu et al. (2018).

3.2. Transports via Nares Strait
The modeled volume transport at Nares Strait over the whole time period
of 2002–2016 is 0.92±0.44 Sv (Figures 3a and 3b). The interannual variabil-
ity is relatively small or insignificant except in 2010. In 2010, the transport
decreased significantly, even switched the direction in November (i.e.,
back to the Arctic Ocean).In the first common period (2004–2006), the
modeled volume (freshwater) transport is 0.92 ± 0.36 Sv (32 ± 14 mSv),
which compares well with the observed 0.67 ± 0.44 Sv (30 ± 21 mSv). The
correlation between the observation and the model is r = 0.62 (r = 0.59).
During the second common period (2007–2009), the simulated transport
is 0.99 ± 0.37 Sv (freshwater transport: 44 ± 21 mSv), which compares well
with the observed 1.03 ± 0.35 Sv (49 ± 22 mSv). The correlation between
the model and observation is r = 0.80 (r = 0.75), which is higher than that
in the first common period. We note that the correlation between volume
and freshwater transports is greater than 0.95, which is consistent with
observations (Münchow, 2016).

The seasonal cycle of the volume and freshwater transport is shown in
Figure 4a. The seasonal cycle for the observations are computed from all
available data, while the seasonal cycle for the model is computed from
winter 2003 to summer 2016. It shows that the model has too much vol-
ume transport between March and June (i.e., during the end of winter) and
not enough in November and December. The seasonal cycle for the fresh-
water transport is similar, except in December. In December, the model
underestimates the freshwater transport more than what it does for the
volume transport (Figure 4a; ∼10 mSv less than observations).

3.3. Transport via West Lancaster Sound
At West Lancaster Sound, the average modeled volume (freshwater) transport for the whole time period is
0.71 ± 0.55 Sv (53 ± 38 mSv). Over the common period (2002 to 2010), it is even larger, 0.95 ± 0.52 Sv (63
± 33 mSv), compared with observations, 0.46 ± 0.56 Sv (32 ± 24 mSv; Figures 3b and 3d). The correlation
between the model and observations is r = 0.65 (r = 0.73). The seasonal cycles shows that the transport in
the summer months in the model is close to observations (Figure 4b). However, the volume transport during
the winter is 75% higher than observations (about 0.7 Sv instead of 0.4 Sv). The modeled freshwater transport
is slightly better, only 55% higher than the observation (about 45 vs. 20 mSv).

Using high-resolution observations, we expand the fluxes analysis for each subsection across the West Lan-
caster Sound (Figure 5). For the details about how the observations are computed per subsection, please see
Peterson et al. (2012) and Prinsenberg et al. (2009). The model mean transport is slightly higher than obser-
vations between 2002 and 2009 in the southern part, but it is close to the observations in the other parts and
after 2009. The transport through the south section decreases progressively, being more comparable with the
observations. The variability is satisfyingly represented by the model for each subsection (Figure 5). Several
cells are used in the model to compute the transports, while only one mooring is available for each subsection;
thus, uncertainty in observation is not considered here.

Overall, the model represents the observed transport relatively well. The model overestimates both volume
and freshwater transport for each section for the early years but becomes close to observation both in mean
value and correlation in later years. The reasons behind the overestimates on the transports is discussed in
section 4.1. More evaluation on the transport through the CAA, including current velocity and surface density,
and mixing processes in this region is described by Hughes et al. (2017) for a similar experiment.

3.4. Transport via the Other Major Gates in the CAA
An overall picture of the oceanic transports through the CAA are shown in Figures 6a and 6b for volume and
freshwater transport, respectively. A summary is shown in Table 1 as well as values from other studies. We
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Figure 5. Volume transport (orange line: observation; black line: model) through each individual subsection along
Barrow Strait observation section. The total transport is shown in the top left panel. Location of each subsection is
shown in the top right panel. The other panels represent the transport through each subsection. The line colors of each
subsection in the top right panel correspond to the color in the name of each subsection in the transport panels.
ANHA = Arctic and Northern Hemisphere Atlantic.

note that the transport values from the 1980s and earlier are computed based on only a few observations.
The modeled volume (freshwater) transport going into the QEI from the Arctic Ocean is about 0.16 Sv (8 mSv),
which is about 40% (30%) of the incoming transport through M’Clure Strait (0.40 Sv; 27 mSv). Part of the inflow
through M’Clure Strait could enter the QEI via the strait between Prince Patrick Island and Melville Island. It
is 0.05 Sv (4 mSv) in our simulation. However, whether it is a realistic case or a bias due to model resolution
needs further investigation.

This suggest this region is important in terms of exchanges through the CAA. Eighty percent of the QEI inflow
enters Parry Channel via Byam Martin Channel (0.17 Sv for modeled volume and 0.03 mSv for modeled fresh-
water transport) and 15% via Penny Strait and Wellington Channel (0.03 Sv for modeled volume and 1 mSv
for modeled freshwater transport). Jones Sound has a negligible effect on the volume and freshwater outflow
out of the QEI in the simulation. These values compare well with a previous numerical experiment from Wek-
erle et al. (2013) who obtained modeled volume (freshwater) transports of 0.45 Sv (40 mSv), 0.27 Sv (22 mSv),
and 0.09 Sv (7 mSv) through M’Clure Strait, Byam Martin Channel, and Penny Strait, respectively. Only the
modeled freshwater flow via M’Clure Strait is significantly higher in our experiment, while the simulated flow
through Jones Sound is significantly lower than the one obtained by Zhang et al. (2016), which also has a
significantly higher simulated flow at Lancaster Sound compared with observations. The modeled volume
transport is stronger in the western part of the QEI (∼80% of the transport follows this route), and a weak
eastern simulated flow is present inside of the QEI between the western and eastern part (0.01 Sv; 1 mSv).

Amundsen Gulf receives about 0.05 Sv (4 mSv) from the Arctic Ocean. This inflow later enters Parry Channel
via Prince of Wales Strait due to the high sea surface height (SSH) in Coronation Gulf. Compared to a previous
numerical study by Wekerle et al. (2013), the volume flux through this pathway is 5 times larger in our sim-
ulation. The difference could be due to difference in model resolution in this region. We also note that the
direction of freshwater transport in our simulation is different than in Wekerle et al. (2013) due to a difference
in the sign of the volume transport.

The simulated flow in the central Parry Channel goes around the Prince of Wales Island via the M’Clintock
Channel and Peel Sound, which agrees with previous studies (Wang et al., 2012; Wekerle et al., 2013; Zhang
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Figure 6. Sea surface height (a) and top 50-m salinity (b) in the Canadian Arctic Archipelago. The numbers represent the
volume (a, unit: Sv) and the freshwater transport (b, unit: mSv) through the Canadian Arctic Archipelago averaged from
November 2003 to December 2016. Transport is positive when going toward the North Atlantic and negative when
going toward the Arctic Ocean.

et al., 2016). The modeled transport through M’Clintock Channel and Peel Sound is 0.21 Sv (17 mSv) and 0.22 Sv
(24 mSv), respectively. These numbers compare well with Wekerle et al. (2013), 0.27 Sv (24 mSv) and 0.29 Sv
(26 mSv), respectively.

The increase in transport through Peel Sound is from Victoria Strait (∼0.01 Sv). Due to low salinity (<20) in its
upstream region, the freshwater transport can be as large as 5 mSv, which represents about one fifth of the
freshwater flow through Peel Sound. This indicates a nonnegligible freshwater source into Parry Channel.

4. Surface Stress and Ice Velocity
4.1. West Lancaster Sound and Nares Strait
The difference in quality of the simulated volume and freshwater transports at West Lancaster Sound and
Nares Strait can be explained by the different impact of the ice velocity on the transport.

It is found the simulated volume transport is high correlated to surface stress both at West Lancaster Sound
(r = 0.75) and Nares Strait (r = 0.53). The variation of surface stress at West Lancaster Sound is mainly con-
trolled by ice velocity with a correlation of 0.96, which indicates the variation of the transport here is due to ice
motion. At Nares Strait, the correlation between surface stress and ice velocity is lower (r = 0.72), suggesting
a bigger role from the wind. Similarly, difference in surface stress sources may also play a role in the freshwa-
ter transport. The modeled freshwater transport is highly correlated to the surface stress at West Lancaster
Sound (r = 0.90), while r = 0.55 at Nares Strait.

The timing of the overestimated transport through the two straits is found to be correlated to the too-mobile
ice in the simulation. Figure 4b shows larger discrepancies between observation and simulated volume trans-
port occur in the winter months, that is, November to May in the following year. During this period, the
simulated mean ice velocity is as large as 3 cm/s, leading to too big downstream flow. Similarly at Nares Strait,
the fast ice motion (up to 14 cm/s in May) in April–June results in the largest overestimating in the volume
transport in our simulation. At Nares Strait, Ryan and Münchow (2017) showed the landfast ice exists in May
of most years between 2003 and 2012 based on observations. The sea ice jam is also an important physical
process that controls the sea ice dynamics at Nares Strait. However, the model utilized here does not resolve
landfast ice physics, for example, using the parameterization from Lemieux et al. (2016). Therefore, the mod-
eled sea ice velocity is usually higher compared to the real word. The ice bridge is not resolved either; however,
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Figure 7. Maps showing the volume (a and b) and freshwater (c and d) transports at each point of domain (shading)
whith the surface stress (arrows) and sea surface height (black contour lines) averaged over all summers from 2004 to
2016 (a and c) and all winters from 2003 to 2016 (b and d).

the accumulation of ice in the narrow channel plays a similar but limited role to reduce the ice velocity (see
Figure 4d in Hu et al., 2018). It explains why the transport overestimation at Nares Strait happens later than
that at West Lancaster Sound in our simulation.

Although too-mobile sea ice leads to overestimated transport through both West Lancaster Sound and Nares
Strait, the role of sea ice is different. At West Lancaster Sound, the surface stress (same for the ice stress, not
shown here) is in opposite direction of the surface flow (Figure 7b); thus, the ice works as a drag reducing
the ocean flow. As the ice is too mobile, the reduction of ocean flow due to surface stress is not enough,
resulting in larger volume transport to downstream. However, at Narest Strait, the ice is drifting faster than the
ocean surface flow (not shown); thus, the surface stress is in the same direction as the ocean flow (Figure 7b).
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Figure 8. The top panels show the sea ice velocity (shading) and direction (arrows) for summer (a) and winter (b). The
bottom panels show the Ekman Depth (shading) and Ekman Transport (arrows) for summer (c) and winter (d).

Therefore, sea ice there does drive a faster surface ocean current. Different ice-ocean interactions are likely
due to much stronger along channel wind at Nares Strait. More discussion about the dependence of Nares
Strait oceanic transport on the sea ice motion is available in Shroyer et al. (2015).

4.2. Other Straits Over the CAA
In summer (Figure 8a), sea ice velocity in the numerical experiment is small in most of the CAA with a velocity
less than 1 cm/s in the QEI, except in the main channels where the velocity can be up to 3 cm/s. In the southern
CAA, this velocity increases up to 7 cm/s. High sea ice velocity (up to 16 cm/s) can be found at Barrow Strait, at
the mouth of Lancaster Sound, in Nares Strait, and in the area of the North Water Polynya. In winter (Figure 8b),
despite not having real landfast ice in the model, the ice velocity is less than 1 cm/s over most of the CAA.
High velocity (up to 10 cm/s) can be found in the Amundsen Gulf and in Lancaster Sound in the numerical
experiment. Much larger (more than 25 cm/s locally) ice velocity is seen along the path from Nares Strait to
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Figure 9. Correlation between the surface stress and the volume transport in summer for the sections defined by the thick black line in each panel. All values
with a confidence level lower than 0.05 have been masked out. The black boxes in the top left figure (a) show the boxes used to define the remote correlations in
Table 2. CAA = Canadian Arctic Archipelago; QEI = Queen Elizabeth Islands.

eastern Baffin Island coast. Observations (Ryan & Münchow, 2017) also shows large velocity in this region but
with a lower winter average velocity due to the presence of ice bridge.

Another way to quantify the impact of surface stress on the ocean flow is Ekman depth and Ekman transport
(Appendix C). Figures 8c and 8d show the summer and winter Ekman depth (colors) and transport (arrows)
in the CAA region based on model simulation. It clearly shows Ekman depth is deeper in summer (Figure 8c)
in most regions of the CAA (QEI, Amundsen Gulf, and south CAA). The Ekman depth shallowing is associated
with a 50% decrease of surface stress in these regions in winter (Figure 8d), indicating weaker transport there.
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Table 2
Relative Strength of the Local and Large-Scale Correlation for Each Strait Shown in Figure 9

Summer Winter

Panel Section name Local Large Local Large

(a) Ballantyne + Price Gustaf Adolf Strait Weak+ None Weak−∕+ Weak−∕+

(b) Ellef Ringnes − Axel Heiberg Island Strait Weakτ∕− Strong−∕− Weak− Weak−∕τ

(c) Central QEI Weak+∕− Weak−∕− Weak− None

(d) Prince Patrick Island − Melville Island Strait Weak− Weak+∕+ Strong− Weak+∕−

(e) Byam Martin Channel Weak+ Weak−∕τ Strong+ None

(f) Penny Strait + Wellington Channel Weak− Strong−∕τ Strong−∕+ Weak−∕−

(g) Lancaster Sound Weak+∕− Strong−∕τ Strong+ Weak−∕τ

(h) M’Clure Strait Weak−∕τ Weak−∕τ Weak+∕− Weak−∕τ

(i) Prince of Wales Strait Weak+∕− Strong+∕τ Strong- Weak+∕τ

(j) Mc Clintock Channel Weak+ Weak−∕τ Strong+ Weak−∕τ

(k) Peel Sound Weak− Weak+∕τ Strong− Weak+∕τ

(l) Gulf of Boothia Weak+ Weakτ∕+ Weak+ Weakτ∕+

(m) Amundsen Gulf Strong− Strong−∕− Strong− Strong−∕τ

(n) Victoria Strait Weak− Strong−∕− Weak+ Weak−∕τ

(o) Jones Sound Weak− Strong−∕− None Weak−∕−

(p) Nares Strait Weak+ Weakτ∕+ Strong+ Weakτ∕+

Note. The superscript in the Local columns indicates the direction of the correlation (+: positive correlation; −: negative
correlation; both means that both correlations are present). The superscript in the Large columns indicates the correlation
over the Beaufort Gyre (first superscript) and over the northern Baffin Bay (second superscript). The superscript ø indicates
when there is no significant correlation over the considered region.

However, it is a different case in the eastern part of the CAA and Baffin Bay. At Nares Strait, the Ekman depth is
deeper in winter by up to 70% due to an increase of the surface stress over the strait. In the following section,
we will focus on how and from where the transport through the CAA is affected by the surface stress.

4.3. Correlation Between Volume Transport Through Main Gateways and Surface Stress in Space
To better understand the impact of surface stress on ocean transports, we correlated the transport (volume
and freshwater, respectively) time series via main gateways in the CAA with surface stress time series at each
model individual point. To remove the linear adjustment of the model, both time series are linearly detrended
(more information on how and why the correlation is computed this way is provided in Appendix D). The cor-
relation is performed for summer and winter periods separately. A positive correlation means that a stronger
surface stress enhances the mean transport, while a negative correlation means a stronger surface stress
weakens the mean transport. The spatial distribution of correlation can be interpreted in two aspects. A sig-
nificant correlation close to the section means that the variability in the transport can be explained by local
or immediate upstream/downstream changes in the surface stress forcing (i.e., the atmospheric forcing or
the sea ice motion, depending on the sea ice cover). A significant correlation farther away from the section
shows how much of the variability can be explained by remote changes in the surface stress. In the second
case, we define two regions of interest: over the Beaufort Gyre and in northern Baffin Bay, shown in Figure 9a.
The strength of the correlation is classified as none (r ≤ 0.1 or not significant at a significance level of 0.05),
weak (0.1 < r < 0.5), and strong (r ≥ 0.5). A summary of the relative strength of each aspect for each section
is shown in Table 2. We note that this method does not take into consideration the change in direction of the
surface stress. However, the direction of the surface stress does not show any significant changes along the
course of our experiment that could significantly impact our results (not shown).

Overall, in summer (Figures 9b and 9c), it shows a local negative correlation between the surface stress and
the transport in most of the QEI, indicating that the surface stress tends to reduce the transport across the
CAA and from the west to the east of the QEI. The exceptions are the Ballantyne and Prince Gustaf Adolf straits
(Figure 9a) where the correlation is mainly positive downstream and upstream in the northern part of the
strait only. A local negative correlation is also present west of Baden Island.
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The flow toward Parry Channel (Figures 9e, 9i, 9j, and 9l) and Nares Strait (Figure 9p) have a positive local corre-
lation, with the exception of M’Clure Strait (Figure 9h), Prince Patrick Island − Melville Island Strait (Figure 9d),
Peel Sound (Figure 9k), and Penny Strait (Figure 9f ). Flow through M’Clure Strait shows only a negative corre-
lation with upstream surface stress but no significant correlation with downstream stress. Similarly, negative
correlation with local stress is found in Penny Strait but no significant correlation in the downstream (Welling-
ton Channel). Flow through West Lancaster Sound is found to be positively correlated to upstream stress and
negatively correlated to downstream stress within Parry Channel. Negative correlation with local surface stress
is found in Amundsen Gulf (Figure 9m) and Victoria Strait (Figure 9n).

The local negative correlation in the northern QEI, in the southern CAA, and at M’Clure Strait can be explained
by the direction of the mean surface stress over the CAA (Figure 7a). The mean surface stress over the north-
ern QEI is westward because the sea ice inside of the CAA is packed and has limited mobility. Consequently,
the sea ice flows southward following the mean current. The Ekman transport associated with this motion is
directed outside of the CAA (Figure 8). This is well shown in the central QEI (Figure 9c). The baroclinic gradient
however is in the opposite direction, pushing the water into the CAA, such as shown by the volume transport
(Figure 6a). The surface stress is thus in the opposite direction of the mean flow. A reduction of the stress will
thus increase the flow through the section (less Ekman transport in the opposite direction).

For Parry Channel, the correlations can be explained by the sea ice concentration (Figure 6a) and motion
(Figure 6c). The straits toward Parry Channel have relatively lower sea ice concentration and the higher sea
ice motion (∼5 cm/s) compared with the other straits in the CAA. The ice is thus flowing southward toward
Parry Channel, leading to the mean flow and Ekman transport to be almost in the same direction. Thus, the
surface stress tends to accelerate the flow. At M’Clure Strait, the mean ice motion is along the edge of the
CAA coastline. An increase in the surface stress tends to move the ice outside of Parry Channel and the Ekman
transport pushes the flow outside of the CAA. Inside of Parry Channel, the geometry of the straits that controls
how ice motion will impact the Ekman transport. At Byam Martin Channel, the opening is relatively large,
letting the ice flow to the south. An increase of stress drives more ice and more transport. At Penny Strait
and Wellington Channel, an increase of surface stress jams the ice inside of Parry Channel and thus reduces
the transport.

West Lancaster Sound is a peculiar case because the flows through this strait are not unidirectional in sum-
mer, as shown previously. Consequently, surface stress acting upstream will accelerate the flow due to the
Ekman Transport, while downstream stress will accelerate the northward flow (i.e., positive correlation), which
reduces the mean southward transport as the stress increases (i.e., negative correlation).

On the large scale, changes over the Beaufort Gyre and northern Baffin Bay are opposed to the changes in the
transports over the QEI, with a strong negative correlation at the gates of the QEI from the Arctic Ocean and
Lancaster Sound directly toward Baffin Bay. The changes in the surface stress over northern Baffin Bay do not
significantly impact the transport. Over the Beaufort Gyre, the sign of the correlation can be explained by the
dynamic of the Beaufort Gyre.

SSH in Beaufort Gyre is associated with the accumulation of mass caused by Ekman transport. A decrease in
surface stress in this region will decrease Beaufort Gyre SSH and then flatten the baroclinic gradient between
the Gyre and Baffin Bay, driving less transport through the CAA straits (e.g., Manucharyan & Spall, 2016;
Manucharyan et al., 2016). The transports through Prince of Wales Strait (Figure 9i) and the strait between
Prince Patrick and Melville Islands (Figure 9d) are positively correlated to surface stress in Beaufort Gyre. But
the flows are not impacted by surface stress in Baffin Bay. We note that changes over Baffin Bay are related to
the transport only for the strait between Prince Patrick and Melville Islands (Figure 9d).

There are three regions where the throughflow is not correlated to surface stress over the Beaufort Gyre. Flow
through the Bellantyne and Prince Gustaf Adolf Straits is only correlated to local stress (Figure 9a). Transport
through Nares Strait (Figure 9p) and the Gulf of Boothia (Figure 9l) show positive correlation with local and
downstream (northern Baffin Bay) surface stress only.

In winter (Figure 10), the transport is impacted by the surface stress over a larger area for most of the straits.
This can be explained by a more compact ice concentration moving more uniformly. Moreover, the correlation
is usually stronger showing that the surface stress has a greater importance on the total volume transport
in winter (e.g., Nares Strait, M’Clintock Channel, around Peel Sound). This suggests that sea ice concentration
plays a stronger role in the control of transport variability than the wind in summer, which is consistent with
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Figure 10. Same as figure 9 but averaged over winters from 2003 to 2016. CAA = Canadian Arctic Archipelago;
QEI = Queen Elizabeth Islands.

a larger transport. We note that, for Nares Strait, these results are consistent with Münchow (2016) who also
noticed a larger yearly volume transport when the sea ice is mobile throughout the year and lower when a
sea ice bridge is formed in winter.

The dynamics are modified by the sea ice motion in several straits. At Prince of Wales Strait (Figure 10i) the
correlation becomes strongly negative, showing that sea ice decreases the volume transport. This can be
explained by the fact that the sea ice motion decreases along the strait, nearing 0 in Parry Channel.

At Byam Martin Channel (Figure 10e) the correlation is now strongly positive showing that, in winter, sea ice
motion increases the volume transport. At Penny Strait (Figure 10f ), the correlation is still negative, while it
becomes positive at Wellington Channel (Figure 10f ). The increase in sea ice velocity east of Barrow Strait
permits the sea ice to flow more freely out of the QEI, thus leading to an increase in the transport.
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At Jones Sound (Figure 10o), sea ice cover tends to reduce the correlation just at the strait, but the correlation
increases in Norwegian Bay. This shows that the dynamics of Jones Sound in winter is not only related to the
flow in northern Baffin Bay but is also related to the inflow from the QEI. At M’Clure Strait (Figure 10h) the
correlation is still negative upstream but becomes positive over the western part of the strait, showing that
sea ice motion over this region increases the incoming transport in Parry Channel but only in winter. At the
entrance of the Gulf of Boothia (Figure 10l), the correlation becomes very localized showing that sea ice does
not significantly impact the volume transport in winter. At West Lancaster Sound (Figure 10g), the absence of
a bidirectional flow modifies the correlation to be only strongly positive: The flow is only impacted by sea ice
motion upstream. Finally, at Victoria Strait (Figure 10n) the correlation is the opposite compared to summer
showing that sea ice is increasing the volume transport.

4.4. Impacts on the Seasonal Freshwater Transport
Correlation between freshwater transports and surface stress is similar to the case of volume transport both
for summer (Figure 11) and winter (Figure 12) through most straits in the CAA region. Different from the case
of volume transport, freshwater transport is usually correlated to surface stress with a larger coefficient and
over a larger area. This is due to the fact that freshwater transport is mainly occurring in the upper layer, which
is more influenced by the Ekman transport.

However, the dynamics at some straits have changed. In summer, the correlations at Penny Strait and Welling-
ton Channel become positive (Figure 11f ), while at M’Clure Strait the correlation becomes positive only in
the western part of the strait (Figure 11h). At Nares Strait, the positive correlation becomes more significant
along the strait (Figure 11p). This shows that a weak variation in the surface stress might not impact the total
transport but the freshwater transport will respond. This is true for the straits where the volume transport is
relatively low, compared to the freshwater transport.

In winter, we notice fewer differences in the correlation between the volume and freshwater. The main differ-
ence is present at Jones Sound where the correlation is now locally positive (Figure 12o). This suggests that
sea ice motion impacts the freshwater transport at Jones Sound in a similar way to what happens at West
Lancaster Sound and Nares Strait (section 4.1).

The positive correlation in western M’Clure Strait is also significantly stronger for the freshwater transport
(Figure 10h) than for the volume transport (Figure 12h). This shows that the sea ice motion at the entrance of
Parry Channel could directly impact the freshwater inflow to the CAA even if the volume transport does not
significantly change.

5. Conclusion

We analyzed the relative importance of each gate in the CAA for the volume and freshwater transport based
upon a high-resolution numerical simulation. The transport across the QEI is about 40% of the transport enter-
ing Parry Channel at M’Clure Strait, mainly going through the western part of the QEI. The transports going
through Amundsen Gulf represents less than 10% of the total inflow. We also showed the importance of
Victoria Strait in the freshwater inflow into Peel Sound.

Detailed comparison with observations have been carried out. At West Lancaster Sound we compared obser-
vations from Peterson et al. (2012) with the model. The model overestimates the transport in winter, while
the transports in summer are close to observations. At Nares Strait, we compared the model with observa-
tions from Münchow (2016). The model represents the transport during the winter and summer well but is
too large during the melting and freezing seasons. In both cases this is due to too-mobile sea ice in the model
but with different physical processes, sea ice drives more flow at Nares Strait while sea ice causes less reduc-
tion in transport at West Lancaster Sound. Similar relation is found between sea ice transport (surface stress)
and freshwater transport with even higher correlation because freshwater transport is more dominated by
surface waters.

We then explored the importance of the surface stress on the volume and freshwater transports at the main
straits of the CAA in summer and winter. We show the different impacts on the transport: In the QEI the surface
stress tends to act in the opposite direction of the transport, while in Parry Channel and in the southern part of
the CAA the surface stress tends to enhance the oceanic transport. It is found that large-scale changes in the
surface stress impacts each strait differently, with the QEI being more sensitive to changes over the Beaufort
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Figure 11. Same as figure 9 but for freshwater transport. CAA = Canadian Arctic Archipelago; QEI = Queen Elizabeth Islands.

Gyre and northern Baffin Bay than the straits toward Parry Channel and the southern CAA. We also found the
importance of sea ice motion in the transport with a high correlation between the transport and the surface
stress in most of the CAA straits. When covered by sea ice, the local stress becomes more dominant in the
transport, mainly over the regions with moving sea ice. For a few straits (e.g., Barrow Strait, Prince of Wales
Strait, and M’Clure Strait) the presence of sea ice changes the correlation to enhance the transport instead of
being opposed to it.

As a consequence of these findings, it raise the question, what will the future throughflow be? If the cur-
rent downward trend in the sea ice over the CAA continues (e.g., Howell et al., 2009, 2013; Melling, 2002;
Sou & Flato, 2009; Stroeve et al., 2007) the CAA will be almost sea ice free by 2050 (Hu & Myers, 2014). The
transition will be slow, with more mobile sea ice in winter, especially in the QEI. The dynamic shown during
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Figure 12. Same as figure 10 but for freshwater transport. CAA = Canadian Arctic Archipelago; QEI = Queen Elizabeth Islands.

the summer months in current paper will last over a longer time period and the surface stress will increase
in winter, due to an increase in sea ice mobility, leading to more transport, even in winter. Consequently, the
variability of the transport will be larger and depend more on the year-round atmospheric circulation.

Appendix A: Transports

The volume and freshwater transports are computed from 5-day averaged output from the numerical model
as follows:

TVol = ∫
0

H
v dAdz (A1)
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TFW = ∫
0

H
v

(
Sref − S

Sref

)
dAdz (A2)

where H, v, dA, Sref, and S are integration depth, the velocity normal to the section, the area of the section, the
reference salinity (Sref = 34.8), and the salinity, respectively.

Appendix B: Surface Stress

The total surface stress is defined as

𝜏 = (1 − ic)𝜏wo + ic𝜏io, (B1)

where ic, 𝜏io, and 𝜏wo are the ice concentration, surface stress due to the ice, and surface stress due to the
wind, respectively. Surface stresses are computed with the bulk formulae:

𝜏wo = 𝜌aCDo‖uw‖(uw), (B2)

𝜏io = 𝜌oCDi‖ui − uo‖(ui − uo), (B3)

where 𝜌a, CDo, CDi , uw , uo, 𝜌o, and ui are the reference density of the air, a roughness coefficient for the ocean,
a roughness coefficient for the ice, the 10-m wind velocity, the first layer ocean velocity, the reference density
of the ocean, and the sea ice velocity, respectively. The surface stress (𝜏x and 𝜏y) is computed individually for
the u and v components of the velocity . We note that CDo is computed by the model for the wind-ocean stress
and set to CDi = 5 × 10−3 for the ice-ocean interaction.

Appendix C: Ekman Depth and Ekman Transport

The Ekman Depth, that is, the depth where the Ekman Transport will be effective, is defined as

Ekd = 0.70 ∗
⎛⎜⎜⎝1

f

√
𝜏m

𝜌

⎞⎟⎟⎠ , (C1)

where 0.70 is a transfer function given by Large et al. (1994), f is the Coriolis parameter, 𝜏m is the magnitude
of the surface stress (see Appendix D) and 𝜌 = 1, 035 kg/m3 is the reference density used in the numerical
model for this experiment.

The Ekman Transport is defined as

T x
Ek =

1
𝜌f

𝜏ydy, (C2)

T y
Ek = − 1

𝜌f
𝜏xdx, (C3)

where 𝜏x and 𝜏y are the surface stresses in the x and y directions, respectively; dy is the grid size in the y direc-
tion; and dx is the grid size in the x direction. The superscripts, x and y, denote the direction of the transport
and the stress.

Appendix D: Correlation Between the Surface Stress and the Transport

The correlation is computed from the magnitude of the surface stress and the integrated volume (freshwater)
transport at each point of the domain. The magnitude of the surface stress is defined as

𝜏m =
√

𝜏2
x + 𝜏2

y , (D1)

where 𝜏x and 𝜏y are the total surface stresses in x and y directions, respectively, as described in Appendix B.
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The correlation coefficient is thus computed as

r(𝜏m, T) = 1
N − 1

N∑
N=1

(
𝜏m i − 𝜇

𝜏m

𝜎
𝜏m

)(
Ti − 𝜇T

𝜎T

)
, (D2)

where 𝜏m is the linearly detrended surface stress magnitude; T the linearly detrendred transport; 𝜇 and 𝜎 are
the mean and standard deviation of 𝜏m and T , respectively. This is performed at each grid point individually.

Both the magnitude of the surface stress and the integrated transport are detrended to remove all influence
of the slow drift that is common in most regional numerical models. The purpose of this study is to analyze
how the sea ice dynamics impacts the transport. Consequently, using the magnitude of the stress instead of
the individual direction gives a more direct indication by showing if the surface stress increases or decreases
the integrated transport through each considered gate.
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