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ABSTRACT
A high-resolution sea ice–ocean numerical model of the North Water polynya has been developed to study
the wind-driven circulation during polynya events. An idealized three-layer stratified ocean is used to initialize the model to characterize the baroclinic response to realistic wind and ice conditions. The model
general circulation pattern is mainly forced by an along-channel sea level gradient between the Arctic Ocean
and Baffin Bay, which determines the magnitude of the southward Baffin Current, and by an across-channel
sea level gradient in Baffin Bay, which drives the northward West Greenland Current (WGC). These two
currents are found to be anticorrelated to each other in the Smith Sound area. During strong northerly wind
events, occurring quite frequently in the winter–spring period in the polynya, nutrient-rich Baffin Bay waters
transported by the WGC are forced toward the Greenland shelf, coinciding with upwelling events along the
Greenland coast. Whenever an ice bridge is present (i.e., the polynya exists and is substantially open), upwelling also occurs at the landfast ice edge. In such cases, the total upwelling area is increased by an amount
that depends on the form of the ice bridge but could easily double during certain years. The baroclinic circulation associated with the upwelling response includes the formation of a cyclonic eddy attached to the ice
edge that is generated during strong northerly wind events. Primary production estimations reveal that upwelling during polynya events plays a significant role in the early spring phytoplankton bloom, suggesting that
the disappearance of the polynya as a result of climate change may have profound implications for the entire
ecosystem.

1. Introduction
A polynya is an area of the polar seas with no ice cover
or reduced ice concentration surrounded by consolidated ice. In the Arctic, polynyas are distributed at the
periphery of the central basin, near the coasts, where the
formation and maintenance mechanisms can effectively
take place. They are usually separated into two categories: latent and sensible heat polynyas. In the former
case, sea ice is continuously advected by winds and/or
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currents away from a fixed boundary, either the coast or
a landfast ice edge, leaving behind an area of open water. The heat loss by the ocean to the atmosphere is
compensated by latent heat released to the ocean by frazil
formation. Although typically associated with land, the
presence of landfast ice and the occurrence of ice flow
obstructions in narrow straits can provide the fixed
boundary from which latent heat polynyas form. In the
latter case, sensible heat is brought to the ocean surface
either by horizontal or vertical advection and melts the
ice or impedes its formation. Because they are regions of
potentially very active upwelling and convective or tidal
mixing, shallow coastal areas are favorable sites for the
formation of polynyas.
The North Water (NOW) polynya is a very large polynya that forms typically during the winter–spring period
in northern Baffin Bay (Fig. 1). Formation and maintenance mechanisms have been considerably explored
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FIG. 1. (left) Geographical and mooring locations and (right) bathymetry of the study area: Insets show the location
of (left) NOW and (right) the typical location of the ice bridge [Moderate Resolution Imaging Spectroradiometer
(MODIS) image of the polynya on 25 May 2001; available online at http://visibleearth.nasa.gov/].

through both observational (Melling et al. 2001; Barber
et al. 2001; Ingram et al. 2002) and modeling studies
(Mysak and Huang 1992; Darby et al. 1994; Willmott
et al. 1997; Bjornsson et al. 2001; Yao and Tang 2003;
Biggs and Willmott 2004; Dumont et al. 2009). The
general understanding is that strong northerly winds
blow the ice downstream of an ice bridge that forms at
the constriction point between Greenland and Ellesmere Island, leaving behind an area of open water. Both
latent heat and sensible heat processes are thought to
play a role in formation and maintenance. First, ice
blockage occurs, creating a divergence in the ice flow that
triggers the polynya opening. Then, the wind begins to
interact with the ocean surface. On one hand, it tends to
extract heat from the ocean to the atmosphere through
turbulent fluxes, which favor ice formation; on the other
hand, however, it pushes the ice away, keeping the polynya free of ice. Wind can also contribute to upwell
warmer water from below the cold surface layer, impeding ice formation. Direct mixing and brine convection can also modulate the sensible heat budget of the
ocean’s surface. Melling et al. (2001) concluded that
latent heat is the dominant type of mechanism and
sensible heat is responsible for at most one-third of the
total heat loss at the surface in the area close to the
Greenland coast. However, their analysis was based on
station data considerably far from the coast considering
the scale of the upwelling zones. Even though a correct
quantitative estimation of the surface heat budget requires a detailed representation of water properties,
thermodynamics, mesoscale dynamical processes, ice conditions, and forcing, a step forward in our current understanding can be made by studying the spatial distribution

and variability of upwelling zones with respect to wind
forcing and ice conditions, especially if an ice bridge has
formed or not.
The question of the upwelling response of the NOW is
also relevant for the marine ecosystem. The polynya has
often been described as a polar oasis where high numbers of animals converge to feed and breed (Deming
et al. 2002). Archaeological records show that its shores
have been favorable for Inuit settlements for over at
least two millennia (Schledermann 1980). This led Stirling
(1980) and Dunbar (1981) to hypothesize that the NOW
polynya could sustain high marine primary productivity.
This hypothesis was later confirmed by the results of
the International North Water Polynya Study, a large
multidisciplinary oceanographic observational campaign
held from 1997 to 1999. The phytoplankton spring
bloom of 1998 started in late April on the Greenland
side and ended in mid-June (Odate et al. 2002; Tremblay
et al. 2002). The magnitude of the bloom averaged an
order of magnitude higher than other productive Arctic
regions. The timing also contrasted with other pelagic
algal blooms in the Canadian Archipelago, which
typically start as late as mid-July. Tremblay et al.
(2002) argued that certain physical processes injecting
nutrients in the euphotic zone may be responsible for
the high productivity. They suggested that the main
process is the direct effect of storm winds on open waters, which entrain nutrients from below the pycnocline
into the surface layer. Using an equation for the depth of
the wind entrainment as a function of the wind stress,
formulated by Deardorff (1983), they estimated that
the amount of nutrients entrained from below the pycnocline (30–50 m) by storm events in ice-free conditions
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represented more than half of the new nitrates imported
in the euphotic zone. Even though upwelling is a contributing mechanism for nutrient renewal in the euphotic zone, it was not directly observed simply because
the sampling was too sparse to capture such events.
There were, however, many indications that upwelling
have occurred in the polynya, including the persistence
of northerly winds during the spring bloom, favorable
for upwelling along the coast of Greenland. The goal of
this study is to fill this knowledge gap about upwelling in
the polynya. We will thus characterize the wind-driven
ocean response, including upwelling, and assess its potential impact on local circulation, water mass distribution, and ecosystem productivity.
Topography of the studied area is abrupt (Fig. 1). It is
characterized by a 500-m-deep center channel from
Baffin Bay up to a 200-m sill between Greenland and
Ellesmere Island at the latitude of Cape Isabella. Kane
Basin (defined here as the area between 78.68 and 80.28N)
has an average depth of 215 m, with a ;300-m-deep
channel on the eastern portion and a shallow 70-m shelf in
its northeastern part. There is a relatively wide and
shallow (70–100 m) continental shelf on the Greenland
side north of Northumberland and Herbert Islands.
The general circulation pattern in northern Baffin Bay
has been described in detail first by Muench (1971) and
30 years later by Melling et al. (2001) based on geostrophic calculations and current measurements. The
main feature pertaining to the northern part of the region is a southward current transporting shallow Arctic
waters (0–200 m). This current occupies the western
part of Nares Strait (WNS), spanning a width of approximately 10–20 km and extending all the way down
to Lancaster Sound, where it joins the Baffin Current.
Although it most accurately refers to the current flowing
along Baffin Island, we will use the name Baffin Current
to refer to the southward current in Nares Strait, which
usually refers to the entire waterway joining the Arctic
Ocean and Smith Sound. Using data from current meters deployed during the spring–summer period in Nares
Strait, Sadler (1976) estimated the volume transport of
the Baffin Current to 0.7 6 0.1 Sv (1 Sv [ 106 m3 s21).
His conclusions about the local circulation were that 1)
water in Nares Strait is advected almost unchanged from
the Lincoln Sea (Arctic Ocean), 2) seasonal changes in
the water column are confined within the upper 50 m, 3)
there are occasional northward incursions of Baffin Bay
water (BBW) in Kane Basin, and 4) the general circulation is dominated by a southerly drift of Arctic water.
More recently, Münchow et al. (2006) and Münchow
and Melling (2008) conducted high-resolution current
measurements along with several CTD transects to assess the transport through Nares Strait. Their estimates
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of the annual mean transport were 0.8 6 0.3 and 0.57 6
0.09 Sv, respectively. In addition, Münchow and Melling
(2008) analyzed the relative importance of the driving
forces through spectral analysis of wind and sea level
data. They concluded that a substantial fraction of the
subtidal flow is in geostrophic balance with the average
across-channel sea level difference. This means that Nares
Strait is many internal Rossby radii wide and therefore
can allow simultaneously geostrophic flows in both
directions between Smith Sound and Kane Basin. However, they found that the main driving force is the alongchannel sea level gradient, which explains as much as
70% of the variance.
The West Greenland Current (WGC) is the second
major circulation feature of northern Baffin Bay. It enters
the domain in Melville Bay following the topography.
Estimations of the WGC transport based on geostrophic
calculations are found in Muench (1971) for many different years and range from 0 to 0.37 Sv, with an average
of 0.22 Sv. This current transports BBW, which derive
from Atlantic water masses.
In brief, water masses present in the North Water
polynya derive from two sources: Arctic waters advected through Nares Strait and Atlantic waters advected
with the WGC. Interactions between these two water
types are described in detail by many authors (Muench
1971; Bâcle et al. 2002; Lobb et al. 2003).
Numerical models are very useful tools to study highlatitude processes where data are scarce because of
stringent logistical constraints. Heinrichs (1996) used
a 3D numerical model with a 25-km-resolution grid and
identified potential upwelling zones mainly off the
Greenland coast. Yao and Tang (2003), using a 10-kmresolution grid, found evidence of convective mixing
and entrainment driven by ice growth in areas where
thin ice and open water dominate. However, the grids of
these models were too coarse to fully resolve upwelling
and coastal currents, on the order of one or two internal
Rossby radii of deformation. Estimations found in the
literature range from 7 to 12 km (Mysak and Huang
1992; Melling et al. 2001) based on an idealized twolayer water column structure. In this paper, we use a
higher horizontal resolution numerical regional model
to study the impact of the wind on the ocean circulation
and the structure of the water column in the NOW area.
We focus our attention on the spring period when typically the polynya is fully open and the ecosystem blooms.
First, open boundary conditions (OBC) are adjusted to
reproduce the main circulation features. The wind-driven
component of the circulation is then analyzed during the
polynya season (i.e., from April to July and when an ice
bridge has formed). Particularly, we consider upwellingand downwelling-favorable wind events and look at their

JUNE 2010

1359

DUMONT ET AL.

effects on baroclinic processes near the coast and the
landfast ice edge.

2. Method
We use the Geophysical Fluid Dynamics Laboratory
(GFDL) Modular Ocean Model (MOM) version 4.1,
a finite-difference numerical representation of the hydrostatic Boussinesq ocean primitive equations on an
Arakawa B grid. Horizontal friction is parameterized
using the biharmonic Smagorinski scheme allowing
both small-scale flow features and numerical stability to
be preserved, especially in eddy-resolving simulations
(Griffies and Hallberg 2000). Vertical mixing is parameterized using the nonlocal KPP scheme of Large et al.
(1994), which includes parameterizations of doublediffusive, convective, and shear instability mixing. Radiation conditions are used together with relaxation
schemes for sea level and tracers at open boundaries.
Sea level is relaxed toward a prescribed stationary profile that drives the mean volume flux through geostrophic and dynamic adjustment. An Orlanski (1976)
radiation condition is used to let outgoing waves leave
the domain without affecting the interior solution. The
ocean model is coupled to a dynamic–thermodynamic
sea ice model that uses a thickness distribution with 12
thickness categories. The dynamic part is the elastic–
viscous–plastic formulation from Hunke and Dukowicz
(1997) that includes some modifications suggested by
Hunke (2001). It uses an elliptical yield curve where the
major to minor axis ratio has been tuned to adequately
simulate the ice bridge at the northern extent of the
North Water polynya (Dumont et al. 2009). Thermodynamics are represented by two layers of ice and one
layer of snow, following Semtner (1976) and subsequent
improvements by Winton (2000). Parameter values used
in simulations are shown in Table 1.

a. Numerical grid
The model domain extends from 758 to 818N and from
848 to 548W (Fig. 1). The study area communicates with
the deep basin of Baffin Bay via its southern boundary, with the Arctic Basin via Kennedy Channel at its
northern boundary, and with the Canadian Archipelago
via Jones Sound. The numerical treatment of these open
boundaries is described in detail later. The vertical axis
is discretized in 22 geopotential levels with a free surface. Cell thickness increases from 10 m near the surface
to 250 m at the deepest layer (1150 m), and bottom partial
cells are used to better resolve the bathymetry. The horizontal resolution of the spherical grid is 0.158 3 0.048
(3.4 km 3 4.4 km in the center of the domain) and has

TABLE 1. Values of the parameters used in the model runs.
Parameter

Symbol

Value

900 s
Baroclinic time step
Dtv
10 s
Barotropic time step
Dth
Horizontal resolution Dl 3 Df
0.158 3 0.048
Average grid spacing
Dxavg
3.36 km
Relaxation coefficients
ah
5 3 1025
for sea level at OBC
Smagorinski coefficient Csmag
2.0
for biharmonic
friction
Air drag coefficient
CD
[0.60 1 0.07U(cm s21)] 3 1023
Air density
ra
1.3 kg m23

been chosen to best resolve the scale at which baroclinic
gravity adjustment processes occurs, namely the internal
Rossby radius of deformation. Using 521 CTD profiles
collected during the International North Water Polynya
Study, we estimate an average Rossby radius of 6 km
using the following expression for the internal Rossby
radius:
L5

NH
,
f

(1)

where N 5 Nmax is chosen to be the maximum Brunt–
Väisälä frequency; H is the depth where Nmax is found,
representing the vertical length scale associated with the
baroclinic motion; and f is the Coriolis parameter. This
value is slightly smaller than what is found in the literature, mainly because our estimation relies on real density
profiles and real depths. We believe that a value around
6–7 km is more realistic than 12 km, and we will use that
value to analyze model results.

b. Circulation and boundary conditions
In the model, the exchanges between the domain interior and the adjacent oceans are determined by the
open boundary conditions. As argued by many authors
(Garrett and Toulany 1982; Kliem and Greenberg 2003),
the flow through straits is mainly determined by the
along-channel sea level gradient. The southward current
is thus adjusted by imposing a difference between average sea levels at the northern and southern boundaries
of the domain:
DhNS 5 hN

hS .

(2)

A difference of DhNS 5 6 cm between the northern and
southern boundary mean sea levels produces a net
southward transport of 0.54 Sv. For comparison, Kliem
and Greenberg (2003) found that a sea level difference
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FIG. 2. GEM atmospheric forcing fields in northern Smith Sound: (a) downward longwave radiative flux; (b) surface air temperature;
(c) downward shortwave radiative flux; and (d) wind stress. Both daily and monthly averaged fields are shown for scalar fields (a)–(c), but
only the monthly averages are used in model runs.

of 10 cm between the Lincoln Sea and central Baffin
Bay produces a net southward transport of 0.4 Sv
through Nares Strait using a finite-element model of the
Canadian Arctic Archipelago. The prescribed sea level
profile we chose for the northern boundary is flat, because its cross-channel slope has no significant impact on
the flow structure and magnitude in the interior. In fact,
the sea level profile rapidly adjusts according to the
model dynamics and the along-channel sea level gradient.
At the southern boundary, a parabolic profile is prescribed to force a cyclonic geostrophic circulation with
water flowing inward at the east and outward at the west.
The center of the parabola is located at 73.58W near the
middle of the deep Baffin Bay basin, the slope on the
Greenland side is adjusted to have an inward flow of
about 0.4 Sv, and the average value hS is fixed according
to Eq. (2). Jones Sound is closed, because the net
transport entering the domain from the archipelago is at
least 2–3 times smaller than other inflows and outflows
(Muench 1971) and what enters in the domain is flushed
out with the Baffin Current. Opening this boundary
would require extending the domain farther west up to
Hell’s Gate, the narrowest connection between Jones
Sound and the interior of the archipelago.

c. Atmospheric forcing
Atmospheric forcing fields are taken from a reanalysis
of the Canadian operational weather forecast Global
Environmental Multiscale (GEM; Côté et al. 1998a,b)
model provided by the Canadian Meteorological Center. The resolution of GEM is 1.08 3 0.258, which corresponds to approximately 25 km in Smith Sound. A
comparison of GEM air temperature and winds with
station and ship data has shown very good agreement for
both variables for points over the ocean (April 2006).

However, some discrepancies, especially in wind direction, were noticed at land stations. April (2006) attributed these differences to the incapacity of the global
model to resolve local wind interactions with rather
steep coastal topography characterized by capes and
fjords. Monthly averaged air temperature and radiative
fluxes are used to simulate the seasonal trend, whereas
daily averaged wind stress is used to force the ice–ocean
system dynamics. Precipitation is set to zero, and the
atmospheric pressure is set to a constant value. Figure 2
shows the time series of atmospheric variables used for
the simulations as well as the daily averaged air temperature and radiative fluxes for comparison. The spring
period (April–July) is characterized by strong northerly
wind events, channeled by the steep topography of the
coasts of Ellesmere Island and Greenland (Ito 1982).
Storm events in the Kane Basin area are identified using a
criterion of a wind stress equal or greater than 0.1 N m22
oriented in a relatively constant direction for at least three
consecutive days. There are five events with northerly
winds (9–13 April, 17–19 April, 29 April–2 May, 8–11 May,
and 20–23 May) and a single event with southerly
winds (10–12 June). In our analysis of the ocean wind
response, we mainly focus our attention on the strongest event of each type and the following dates: 21 May
and 10 June.

d. Initialization of the density field
To diagnose the externally forced circulation and the
oceanic wind forced response, we simplified the water
mass system with a uniform two-layer structure. The upper layer represents the cold upper mixed layer and the
lower layer represents Baffin Bay waters from Atlantic
origin. The idealized temperature and salinity profiles
are based on CTD profiles north of 78.58N (northern
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FIG. 3. Idealized (left) temperature and (right) salinity profiles used for model initialization
(black line) and CTD profiles north of 78.58N in April 1998 (gray lines). Temperature and
salinity values at 500 m extend down to the ocean bottom.

Smith Sound and Kane Basin) sampled in April 1998
(Fig. 3).

3. Results
To analyze the influence of the ice bridge, the externally forced circulation, and the wind stress separately,
we performed five simulations where each of these elements is alternately switched on and off. In the case
where the ice bridge is off, the model has initially no ice
cover, but sea ice is allowed to grow, melt, and drift.
With such initial conditions, prescribed atmospheric
conditions never generate sea ice that is thick enough to
cause ice jamming. This ice bridge off case may be seen
as representing a potential state of warmer climate. In
the case where the ice bridge is on, ice initial conditions
are taken from a model run where a 2.5-m-thick ice pack
is submitted to a daily varying wind field (daily averaged
1998 GEM wind from January to April). In this run, an
ice arch has formed at the constriction point between
Ellesmere Island and Greenland, at the entrance of
Nares Strait. The form of the simulated ice arch, its
position, and the associated polynya are very similar to
the actual ice bridge observed in 1998. In addition, zones
of landfast ice were generated along both coasts and the
location of landfast ice edges compared very well with

observations. This detail is important, because upwelling is susceptible to occur near the ice edge. A detailed
description of this preconditioning run is found in Dumont
et al. (2009), and satellite observations of the ice bridge
in 1998 are found in Vincent et al. (2008a,b). For cases
with forced transport, we considered the two following
values: 0.1 Sv (DhNS 5 2 cm) and 0.54 Sv (DhNS 5 6 cm).
Table 2 summarizes the model runs.

a. Wind-driven circulation
The circulation shown in Fig. 4 was obtained from
a simulation with an externally forced southward transport of 0.54 Sv (DhNS 5 6 cm) and where the ice bridge
and winds were present (run 5). The modeled pattern
corresponds well with the standard picture, except for
the cyclonic eddy in the bottom-left corner. We believe
this detail is due to a misfit of the prescribed sea level
profile at the western boundary with the equilibrium sea
level of the interior. However, because the local transport in this area is directed outward and the structure is
stationary, it does not significantly affect the results in
the rest of the domain. Correctly simulated circulation
features include the WGC path below 76.58N, which
follows the 400-m isobath in Melville Bay and then
makes a southward excursion toward Baffin Bay before
heading north along Greenland. From there, the largest
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TABLE 2. Model runs main settings.

Run

Wind stress

Ice initial
condition

Average southward
transport (Sv)

1
2
3
4
5

Daily GEM
No wind
No wind
Daily GEM
Daily GEM

Ice bridge
No ice
Ice bridge
No ice
Ice bridge

0.10
0.54
0.54
0.54
0.54

part recirculates westward in the Baffin Current along
the 600-m isobath while the remaining part continues
northward along the coast of Greenland, mainly in the
upper 100 m. This northern branch of the WGC is
reaching as far as the constriction point between Ellesmere Island and Greenland (Cape Isabella) and carries
approximately 0.2 Sv. The observed circulation in the
North Water region presented by Melling et al. (2001)
gives no information on the extent and intensity of the
WGC branch past Carey Islands (CI), mainly because of
a lack of current and CTD data in this area or an insufficient sampling resolution. Simulated circulation also
includes the southward Baffin Current, which is strongest
along the coast of Ellesmere Island with a 30–40-km-wide
mainstream.
Comparisons between modeled and observed current
speeds and orientations are shown in Fig. 5. Because of
strong topographic steering, modeled and observed
current directions agree well. Discrepancies in current
speeds could be explained either by a density-driven
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component of the circulation that is not taken into account in simulations, differences in the sea ice drag, or
unresolved eddy–topography interactions (Holloway
and Wang 2009). Despite these discrepancies, the model
succeeds well in reproducing the mean circulation pattern in the interior, given adequate boundary conditions,
as well as the lateral scale of the main streams.
In summary, the simulated circulation is characterized
by a southward flow crossing the domain from north to
south and a northward flow entering through Melville
Bay, which splits and recirculates into the southward
flow at different locations along its path. A first branch,
mainly at depth greater than 100 m, recirculates south
of Carey Islands, a feature that is also deduced from
1997–98 current meter data (Melling et al. 2001). A second
branch, mainly in the first 100 m, veers farther north past
Carey Islands and follows the continental shelf break.
Again, 1997–98 current meter data suggest more or less
the same interpretation for the upper layer: that is, water
passing at S1 flows northward at the east of Carey Islands (Melling et al. 2001). Then, it is thought to continue into the fjord south of Northumberland Island and
go west over the saddle. The situation is less clear after
that, because there are no data available along the shelf
break. The fate of this northern branch seems to depend
in large part on the wind forcing, and it is of great interest for its heat and nutrient contributions to the area,
as we will argue later.
Figure 6 shows the time evolution of the net transport
flowing through the domain for runs 4, 5, and 6. The

FIG. 4. Volume transport (Sv) in (a) the first 100 m and (b) below 100 m. One vector every 2 is skipped in both directions for clarity. NS and
CI sections used for transport analysis are shown with their eastern (ENS and ECI) and western (WNS and WCI) portions.
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FIG. 5. Average current speed and direction of run 5 (from 11 Apr to 30 Jun) at stations (a),(b) N1, (c),(d) N2, (e),(f) S2, and (g),(h) S1.
Mooring locations are shown in Fig. 1. Lines represent three model points near the station, and filled points represent mooring data. Data
points near the surface come from upward-looking ADCPs, whereas deeper points were obtained from current meters.

general circulation roughly takes 10 model days to reach
equilibrium, so only the period after this spinup period
will be analyzed and taken into account when averaging
model quantities. The effects of wind and ice cover also
appear on that plot. First, wind can be responsible for
variations up to 0.3 Sv (55%; solid gray line) of the total
transport. Second, friction under the landfast ice cover
in Kane Basin can slow down the southward transport
by as much as 0.1 Sv (19%; solid black line) if compared
to a run where sea ice is freely drifting. Because the circulation is strongly channeled by topography and mainly
oriented north–south, the net meridional transport across
each zonal section of the domain must be approximately the same to conserve volume within the relaxation time prescribed at OBCs. Figure 6b shows the
transport across two zonal sections shown in Fig. 4. Each
section has been split in a way to separate their northward and southward flow components. The first section
is at the latitude of CI, where the transport is mainly
northward on the east side (ECI) and southward on the
west side (WCI). The second section is approximately

170 km farther north, in Nares Strait. The NS section
has been split at a distance of 17 km (5 grid points) from
the Greenland coast, which corresponds to the maximum width of northward current episodes. The southward transport at section WCI is larger than that at
section WNS, indicating that water moving northward
across section ECI veers and rejoins the southward
current, rarely reaching NS. The southward amplification of the transport at CI appears closely related to
northerly wind events. The most intense of these events
is the one occurring between 20 and 23 May when the
wind stress reaches 0.43 N m21 (;15 m s21). It significantly intensifies the Baffin Current (10.3 Sv) and the
northward WGC. Figures 7d–f show that water crossing ECI is invading Greenland’s shallow shelf before
returning south with the Baffin Current. During a rare
southerly wind event (10–12 June), water from the Baffin
Current recirculates northward along the coast of Ellesmere Island (Figs. 7h,i). Simultaneously, a small portion of the WGC flows into Kane Basin along the coast
of Greenland. Last, a strong southeasterly wind event
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FIG. 6. (a) Total southward transport across the domain for model runs 3 (dashed line), 4 (solid gray line), and 5
(solid black line). See Table 1 for a description of the runs. (b) Total southward transport across NS and CI sections,
separated into their eastern (ENS and ECI) and western (WNS and WCI) parts as depicted in Fig. 4.

occurring from 6 to 8 May in the southern portion of the
domain (;0.2 N m22; does not appear in Fig. 2d) caused
a major slow down of the Baffin Current (Fig. 4b) and
the largest transport (0.1 Sv) from Smith Sound into
Kane Basin (Figs. 7a–c). Water exchanges from Smith
Sound toward Kane Basin do not appear in the average
circulation pattern but seem to be possible during strong
southerly wind events.
The presence of an ice bridge causes only subtle changes
to the circulation, which can be seen by comparing the left
and middle panels of Fig. 7. For example, there is less
kinetic energy in the upper layer of Kane Basin, both in
the mainstream current and in small-scale features when
the ice bridge is present. Also, the simulation with an ice
bridge produces a northward coastal current along Ellesmere Island (77.58N) on 21 May, thought to be a baroclinic
feature associated with strong downwelling (Figs. 7h,i).
However, the greatest impact of the presence of the ice
bridge is to induce a curl in the wind stress, which perturbs
the vertical velocity response and induces mesoscale
horizontal perturbations of the circulation. Consequent
upwelling, jet current, and eddy formation near an ice
edge are discussed in the following sections.

b. Upwelling and downwelling events
Two types of upwelling can be observed in the
North Water associated with the two types of physical

boundaries: the coast and the landfast ice edge. The first
one is coastal upwelling occurring mainly along Greenland and Ellesmere Island during episodes of northerly
and southerly winds, respectively. The second type of
upwelling is the one generated at a landfast ice edge.
Those two types of upwelling (and downwelling) can be
seen in Fig. 8, where the vertical velocity is plotted for
two different wind events (northerly winds on 21 May
and southerly winds on 10 June). The left panels of Fig. 8
are from a run without an ice bridge (run 4), whereas the
other panels (middle and right) include an ice bridge
(runs 5 and 1, respectively). Reducing the externally
forced transport to 0.1 Sv highlights the wind-induced
upwelling and downwelling by removing other sources
of horizontal convergence and divergence, including the
flow over a rough bathymetry and the differential Ekman transport caused by under-ice friction.
Modeled upwelling agrees with the theory of coastal
and ice-edge upwelling. First, in compliance with the
analytical theory of Clarke (1978) and model results of
Niebauer (1982), the spatial scale of the upwelling is one
Rossby radius of deformation away from the spatial
discontinuity. This means that the ice-edge upwelling
zone is twice as large as the coastal upwelling zone. Our
results show that upwelling occurs within two grid cells
(;7 km) from the coast and is four grid cells wide under
the ice edge (;13 km). Second, the magnitude of the
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FIG. 7. Integrated transport (Sv) of the upper 100 m for three distinct wind events (6 May, 21 May, and 10 Jun) and for three different
simulations (4, 5, and 1). Every other vector is skipped in both directions for clarity.

ice-edge upwelling for the same forcing is half the magnitude of coastal upwelling. The total amount of upwelling is thus the same per unit length for ice-edge and
coastal upwelling (Clarke 1978). Accordingly, the elevation of the pycnocline and the maximum vertical speed at
the coast (h ; 25 m, w ; 20 m day21) are twice the
values found under the ice edge.

There are only a few observational reports of ice-edge
upwelling in the literature, especially at the landfast ice
edge (e.g., Mundy et al. 2009). Most observations were
made in the marginal ice zone where the ice cover is
mobile and is free to deform under the action of wind and
currents (Buckley et al. 1979; Alexander and Niebauer
1981; Johannessen et al. 1983; Tang and Ikeda 1989).
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FIG. 8. Vertical velocity (m day21) averaged for the top seven cells (100 m) for two distinct wind events (top) 21 May and (bottom)
10 Jun, and three different simulations (left to right) runs 4, 5, and 6. As a proxy for landfast ice-edge location, the 0.5 ice concentration
contour is shown. The asterisks indicate to which side of this contour is the ice concentration ,0.5 (i.e., indicating open water).

Table 3 summarizes what is found in the literature for
comparison with our model results. Buckley et al. (1979)
reported on the observation of an upwelling event with
a scale larger than what was predicted theoretically.
They concluded that, because the ice edge is mobile, its
influence on the water column extends farther beyond
the baroclinic radius of deformation, up to the distance
the ice edge has been displaced during the wind event.
This effect has been shown by Hakkinen (1986) using
a nonlinear numerical model of the marginal ice zone.
Moreover, for similar wind and ice-edge orientation, if
a landfast ice edge leads to upwelling, a mobile ice edge
leads to downwelling. The larger drag imposed by drifting sea ice at the ocean surface than that caused by the
wind alone explains this difference (Røed and O’Brien
1983). In our case, the direction of the vertical displacement is the same as if the ice edge was a coastline
(Gammelsrød et al. 1975). The situation is then much
simpler and predictable in the case of a fast ice edge.

Mundy et al. (2009) report about an upwelling event in
the Amundsen Gulf near a landfast ice edge. The wind
blew in a constant direction nearly parallel to the ice
edge for 3 days with an average speed of approximately
8–10 m s21, peaking at 18 m s21. They monitored
properties of the water column before, during, and after
the event and observed a 30-m elevation of the pycnocline, which brought a considerable amount of nitrate in
the surface layer, where a phytoplankton bloom occurred
a couple days later.
The vertical velocity response is maximal where the
ice edge is nearly parallel to the wind direction (i.e., the
part of the ice bridge that is on the Greenland side).
Upwelling induced by off-ice winds exists but is significantly weaker and does not appear in Fig. 8 (Niebauer
1982). Because the strongest wind events are mostly
northerlies, ice-edge upwelling would be only effective
when the ice bridge has a significant portion of its iceedge length oriented in a north–south direction. A good
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TABLE 3. Survey of reported ice-edge upwelling events near mobile and fast ice edges and comparison with our modeled results.
Location

Pycnocline rise

Mobile ice edge (marginal ice zone)
Svalbard
;50 m
Svalbard
;10 m
Bering Sea
;20–25 m
Newfoundland
;30 m
Landfast ice edge
Amundsen Gulf
;30 m
Northern Baffin Bay
;25 m

Wind speed

Event duration

Reference

—
10 m s21
—
10 m s21

—
—
2.5 days
3 days

Buckley et al. (1979)
Johannessen et al. (1983)
Alexander and Niebauer (1981)
Tang and Ikeda (1989)

18 m s21
15 m s21

3 days
3 days

Mundy et al. (2009)
This study (modeling)

example of an ice bridge having such a shape is precisely the one formed in 1998. This ice bridge lived
approximately 3.5 months [from beginning of March
until end of June; see Vincent et al. (2008a,b) for satellite images]. Generally, this is not the case every year
or during the entire polynya event. For example, the ice
bridge may first take a flat profile (oriented in the east–
west direction) and later collapse into an arch-shaped
bridge.
It is well known from observational studies that the
density profile of Smith Sound is characterized by an
east–west gradient with denser water on the eastern part
(Muench 1971; Melling et al. 2001; Bâcle et al. 2002).
Simultaneous and recurrent western downwelling and
eastern upwelling events during the ice-free season
certainly favors the buildup of this density structure.
However, with a length scale comparable to the Rossby
radius of deformation, the width of the upwelling and
downwelling zones is always smaller than the width of
the channel, even at its narrowest section (less than 20%
of the narrowest channel width), and thus cannot explain alone why the gradient is formed and maintained.
Model results suggest that the main contribution comes
from the geostrophic adjustment of the density field to
the southward Baffin Current and its associated sea level
profile. This is made clear in Fig. 9, where the salinity
profile (well representing the density of cold waters) is
shown after 53 model days for two different prescribed
transports (0.54 and 0.1 Sv). Model results and observations agree quite well, even though the true water
masses were not taken into account in the model. The
zonal distribution of water masses is such that cold and
fresh (light) Arctic waters are located in the western
portion, whereas warm and salty (dense) Atlantic water
are located in the eastern part.

c. Ice-edge jet and eddy generation
In a two-layer water column, a pycnocline perturbation creates a horizontal density gradient that forces,
within an inertial period, a geostrophic baroclinic current known as a jet current (Niebauer 1982). When
across-ice-edge and along-ice-edge scales are close, the

jet configuration generates an eddying structure tied to
the upwelling zone (Hakkinen 1986). The shape of the
ice bridge simulated here generates an upwelling zone
having an across-ice-edge scale of 13 km (approximately
two Rossby radii), whereas the along-ice-edge scale,
determined by the length of the ice-edge portion parallel
to the wind, is approximately 30 km (Figs. 7f and 8c).
Hence, it results into the formation of a cyclonic eddy
attached to the ice edge (Fig. 10). This coherent flow
structure forms within 1 day and lasts for approximately
7 days, as long as it is forced. It affects roughly the first
150 m of the water column, well below the pycnocline
around 70 m. The same mechanism could explain how
the WGC circulates cyclonically over the Greenland
shelf during northerly wind events where the upwelling
zone follows the coast and/or the landfast ice edge cyclonically (Figs. 7d–f).
Under-ice friction can have a significant impact of the
surface circulation, as already shown in Fig. 6. A zonal
section crossing the ice-edge eddy of the southward velocity component shows some of these effects. As seen in
Fig. 10c, the velocity is higher under the ice-free portion
than under the ice-covered portion. The maximum current speed occurs slightly below the surface under the
ice-covered portion, indicative of surface friction. The
maximum current speed under the ice-free portion occurs
effectively at the surface, even though the southward
component decreases from a maximum at 50 m toward
the surface (Fig. 10c). This is due to the wind-induced
Ekman rotation that simultaneously increases the meridional component in the westward direction toward
the surface (not shown) where the total current speed is
effectively at maximum.

4. Discussion and conclusions
The simulated circulation pattern for the North Water
is dominated by two main currents: a southward current
crossing the entire domain, associated with the Baffin
Current, and a northward current entering the domain at
the southeast corner and turning south at various locations, representing the West Greenland Current. These
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FIG. 9. (a) Salinity (psu) at the NS section obtained from March–April 1998 CTD
profiles merged with the Levitus climatology for the same period. Also shown are the
modeled salinities for the same section after 53 days (21 May) for runs (b) 5 and (c) 1.
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FIG. 10. (a) Sea surface height, (b) depth of the pycnocline, and (c) northward velocity across
a zonal section passing through the center of the eddy crossing the eddy (shown in Fig. 8c). The
eddy center is at the landfast ice edge. Results are from run 1.

two currents are well anticorrelated at the latitude of
Carey Islands (R 5 20.73, P , 0.01); that is, an intensification of the Baffin Current leads to a corresponding increase in the WGC flow in the opposite direction
(Fig. 6). This means that water flowing northward
through the ECI section eventually flows southward on
the western side, while there is no apparent vertical recirculation. When the Baffin Current accelerates because of strong northerly winds, the WGC accelerates
correspondingly to conserve volume. The situation is
different at the NS section where the flow across the
western and eastern parts are not so well correlated (R 5
20.06; not significant). This is explained by the fact that
northward flow across the ENS section is only episodic
and most of the time the flow is oriented southward
across the entire NS section. During the strongest of the
northerly wind events of the simulated period (21 May),
we note that the WGC amplifies and invades the Greenland shelf north of Northumberland Island. Within their
limitations, model results suggest that two mechanisms
could explain such a phenomenon. First, the westward
Ekman transport induced by the northerly winds in the

upper layer forces water from the Greenland shelf to
move offshore. Second, the baroclinic jet current associated with coastal and ice-edge upwelling areas follows
the coast in a cyclonic way, north of Northumberland
Island, entraining the WGC onto the shelf. If the model
correctly represents what is happening during northerly
wind events in that area and if the WGC effectively
transports nutrient-rich Baffin Bay waters, upwelled water would highly favor the nutrient replenishment in the
eastern part of the polynya. With this in mind, we will
later estimate how much upwelling contributes to the
ecosystem productivity.
The model average circulation tells us that the WGC
reaches as far as 788N, just south of Cape Isabella, almost uninterrupted, mostly following the shelf break
until it meets the southward Baffin Bay current at the
constriction point between Ellesmere Island and Greenland. The presence of an ice bridge does not affect its path
or its northernmost extent, but the wind can determine if
it will reach Kane Basin. We noticed that strong southerly winds blowing over an ice-free open polynya (6 May)
could amplify the WGC and push waters into Kane Basin,
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past Cape Isabella. This result clearly supports Sadler’s
(1976) conclusions and observations by Ingram et al.
(2002) and provides a mechanism for the occasional
incursions of Baffin Bay waters in Kane Basin. The
magnitude of the WGC at this latitude may also be
influenced by variations in its strength down in Baffin
Bay or by a change in the density field, which is not included in our simulations. Estimates from geostrophic
calculations show that seasonal and interannual variability of the WGC can be quite high (Rail 2005). For
example, it ranges from 0.3 to 1.0 Sv between April and
September 1998. Because we have shown that the main
southward and northward branches of the general circulation pattern are somewhat correlated to each other,
the variability of one branch is likely to influence the
variability of the other branch at slow time scales. Unfortunately, there are no data to support this idea.
Another noticeable particularity of the simulated
circulation pattern is that eastern Smith Sound is continuously fed by Atlantic-derived BBW with high nitrate
concentrations compared to Arctic waters. Many things
add up to further encourage the availability of BBW on
the eastern side of the polynya: 1) BBW reaches up to
the northernmost end of the polynya, just downstream
of the ice bridge; 2) Ekman pumping occurs during
northerly wind events, which favor ice-edge and coastal
upwelling on the eastern side; and 3) the pycnocline is
shallower on the eastern side because of a baroclinic
adjustment to the Baffin Current. This is rather important, because Tremblay et al. (2002) showed that the
primary production during the spring 1998 bloom mostly
occurred in BBW (i.e., from waters mainly transported
by the WGC and derived from Atlantic waters). Not
only storm events may contribute to inject nutrient in
the upper layer via direct entrainment, as suggested by
the authors, but upwelling events certainly are major
contributors susceptible to boost the phytoplankton
bloom whenever the polynya opens. To quantify this
latter contribution, we now try to translate upwelling of
nutrient-rich BBW into primary productivity in the upper layer. Within the first grid cell from the coast or the
ice edge, upwelling velocities can reach 10–20 m day21.
To be conservative, let us suppose that the upwelling
velocity of a typical event is between 5 and 10 m day21
at the base of the euphotic zone where the nitrate concentration is typically 12 mmol N m23. Using Redfield’s
(1958) C:N ratio for phytoplankton and assuming that
all the available nitrate is converted into primary production, this upwelling rate produces between 397 and
795 mg C m22 day21. It represents 36%–72% of the total
productivity in the North Water (1.11 g C m22 day21).
With the help of Figs. 2 and 8, we estimate that this efficient productivity extends over ;1000 km2 and lasts
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for more than 20 days. Wind-driven coastal and iceedge upwelling thus play a crucial role in spring bloom
enhancement. In the absence of an ice bridge, the upwelling area may shrink by half or more, depending on
ice conditions. Because only the portion of the ice bridge
parallel to the wind produces significant upwelling, the
total amount and timing of upwelled nutrients also depend on the timing and shape of the ice bridge as well as
on wind conditions, all being factors affected by climate
change.
Since the pioneering work of Pease (1987) on the
theory of wind-driven polynyas, it is well recognized that
wind has a key role to play in the formation and maintenance of these polar phenomena. However, in the
North Water, it still remains an open research question
rather important to explain how water masses are transformed and how this affects the marine ecosystem, especially in a context of a warming Arctic, which is likely
to cause drastic changes in the sea ice seasonal cycle. One
of the reasons explaining such a slow progress may be that
the type of sampling strategy usually favored for a multidisciplinary large vessel-based observational campaign
makes it unlikely to capture phenomena with short
temporal and spatial scales. Nonetheless, the effects
of upwelling were observed a few times in different
areas of the marginal ice zone or near landfast ice
edge, especially during the recent International Polar
Year Circumpolar Flaw Lead (IPY/CFL) multidisciplinary campaign onboard the Canadian Coast Guard Ship
(CCGS) Amundsen in the Beaufort Sea in 2008. With
the increasing sophistication of 3D numerical models of
ocean circulation and sea ice–ocean interactions, the
problem can now be addressed from a variety of angles,
studied at different scales, and simplified to isolate a
particular factor of influence. With the aid of realistic
bottom topography, realistic atmospheric forcing, a
dynamical–thermodynamical sea ice model that includes
an adequate ice bridge, and a suitable general circulation obtained through adjustments of open boundary
conditions, we were able to reproduce a polynya event in
the North Water and to look at the ocean wind response
at high resolution. We showed that the average circulation can possibly transport Atlantic-derived BBW up
to the northern end of Smith Sound and even into Kane
Basin during particular wind events, which is in agreement with some observations. We showed that wind
conditions typical of the late-spring period are likely to
produce strong upwelling events along the coast of
Greenland and that the area of the effective upwelling
can be extended by the presence of an ice bridge and
other landfast ice edges over deeper waters where nutrient and possibly heat can be brought near the surface.
We also found that the landfast ice edge can be the
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location of cyclonic eddying activity, which is thought to
affect the biological productivity. In the process, we
have also made one more step toward the development
of a high-resolution numerical regional model of the
North Water, which will contribute to increase our understanding of this unique ecosystem. This model is intended to be used as a knowledge integration tool, to be
fed and validated with data coming from a long-term
oceanographic monitoring program supported by ArcticNet, a multidisciplinary Network of Centers of Excellence
of Canada (available online at http://www.arcticnet.
ulaval.ca).
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Tremblay, J.-É., Y. Gratton, J. Fauchot, and N. M. Price, 2002:
Climatic and oceanic forcing of new, net, diatom production in
the North Water. Deep-Sea Res. II, 49, 4927–4946.
Vincent, R. F., R. F. Marsden, P. J. Minnett, K. A. M. Creber, and
J. R. Buckley, 2008a: Arctic waters and marginal ice zones: A
composite Arctic sea surface temperature algorithm using satellite thermal data. J. Geophys. Res., 113, C04021, doi:10.1029/
2007JC004353.
——, ——, ——, and J. R. Buckley, 2008b: Arctic waters and
marginal ice zones: 2. An investigation of arctic atmospheric
infrared absorption for advanced very high resolution radiometer sea surface temperature estimates. J. Geophys. Res.,
113, C08044, doi:10.1029/2007JC004354.
Willmott, A. J., M. A. M. Maqueda, and M. S. Darby, 1997: A
model for the influence of wind and oceanic currents on the
size of a steady-state latent heat coastal polynya. J. Phys.
Oceanogr., 27, 2256–2275.
Winton, W., 2000: A reformulated three-layer sea ice model.
J. Atmos. Oceanic Technol., 17, 525–531.
Yao, T., and C. L. Tang, 2003: The formation and maintenance of
the North Water polynya. Atmos.–Ocean, 41, 187–201.

