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Abstract Three dominant characteristics and underlying dynamics of the seasonal cycle in Baffin Bay are
discussed. The study is based on a regional, high‐resolution coupled sea ice‐ocean numerical model that

complements our understanding drawn from observations. Subject to forcing from the atmosphere, sea ice,

Greenland, and other ocean basins, the ocean circulation exhibits complex seasonal variations that influence

Arctic freshwater storage and export. The basin‐scale barotropic circulation is generally stronger (weaker) in

summer (winter). The interior recirculation (∼2 Sv) is primarily driven by oscillating along‐topography surface

stress. The volume transport along the Baffin Island coast is also influenced by Arctic inflows (∼0.6 Sv) via

Smith Sound and Lancaster Sound with maximum (minimum) in June‐August (October‐December). In addition

to the barotropic variation, the Baffin Island Current also has changing vertical structure with the upper‐ocean

baroclinicity weakened in winter‐spring. It is due to a cross‐shelf circulation associated with spatially variable

ice‐ocean stresses that flattens isopycnals. Greenland runoff and sea ice processes dominate buoyancy forcing to

Baffin Bay. Opposite to the runoff that freshens the west Greenland shelf, stronger salinification by ice

formation compared to freshening by ice melt enables a net densification in the interior of Baffin Bay. Net sea

ice formation in the past 30 years contributes to∼25% of sea ice export via Davis Strait. The seasonal variability

in baroclinicity and water mass transformation changes in recent decades based on the simulation.

Plain Language Summary Baffin Bay ocean circulation is important for Arctic freshwater exports

that may influence subpolar deep convection. However, we have little knowledge about how it works in winter

due to limited observations. This study investigates three dominant aspects of the seasonal cycle in Baffin Bay

ocean circulation and hydrography with a high‐resolution ice‐ocean coupled model. The basin‐scale barotropic

circulation (depth‐integrated transport) is stronger in summer and weaker in winter, mainly driven by along‐

topography surface stress and Arctic inflows. The baroclinicity (vertical velocity shear) of the Baffin Island

Current is weakened in winter associated with spatially uneven ice‐ocean stresses. Net sea ice formation in

Baffin Bay in the past 30 years makes Baffin Bay water densified and increases the sea ice export through Davis

Strait. Changes of seasonality in Baffin Bay in the past 30 years are also discussed using model results.

1. Introduction

Baffin Bay is a marginal sea that lies between Greenland and Baffin Island of Canada with the Labrador Sea to the

south and the Arctic Ocean to the north (Figure 1). As a connection between the Arctic and subpolar regions, the

bay receives warm and salty Atlantic water from the Labrador Sea and fresh and cold polar water from the

Canadian Arctic Archipelago (CAA). The latter accounts for about half of the Arctic liquid freshwater discharge

(e.g., Haine et al., 2015). Sea ice is exported from the CAA to Baffin Bay as well and melts at lower latitudes.

Arctic freshwater discharge through the CAA and Baffin Bay is thought to impact deep convection in the

Labrador Sea (e.g., Zhang et al., 2021). Rather than being a passive conduit, Baffin Bay may influence freshwater

exports by modifying the ocean velocity field, sea water properties, and the amount of sea ice. Therefore, un-

derstanding circulation and water mass transformation in Baffin Bay is important for revealing the freshwater

status downstream. It is essential to understand processes in Baffin Bay since more Arctic freshwater discharge is

anticipated under global warming (e.g., Haine et al., 2015; Wang et al., 2023).

The horizontal circulation in Baffin Bay has been described with earlier measurements. It is featured by a cyclonic

circulation consisting of two boundary current systems (Münchow et al., 2015; Tang et al., 2004). Approximately

3 Sv (1 Sv = 106 m3 s−1) of Atlantic water progresses poleward by the West Greenland Slope Current (∼2.5 Sv)

over the wide continental slope off Greenland and a coastal current over the Greenland shelf (∼0.5 Sv). The

currents turn westward around Cape York and merge with approximately 2 Sv Arctic outflows from the northern
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channels (Addison, 1987; Muench, 1971): Smith Sound (Münchow, 2016),

Lancaster Sound (Peterson et al., 2012) and Jones Sound (Melling

et al., 2008). The Atlantic and Arctic waters together form the Baffin Island

Current (∼5 Sv) that flows equatorward along the narrow continental slope

off Canada. The West Greenland Slope Current is bottom intensified and

mainly barotropic (Münchow et al., 2015). Meanwhile the Baffin Island

Current contains both barotropic and baroclinic components with a larger

contribution from the latter (Münchow et al., 2015; Rudels, 2011).

Although the general gyre circulation is documented, it is mostly based on

summer observations since conducting scientific cruises in winter is difficult

(Fissel et al., 1982; Münchow et al., 2015). The horizontal circulation in

Baffin Bay is assumed to exhibit complex seasonal variations under local and

remote momentum forcing. Wind patterns over Baffin Bay undergo obvious

seasonal changes (Tang et al., 2004). In winter, the wind stress is generally

toward south and strong especially in the western Baffin Bay. In summer, the

wind stress is mainly toward north and weak (strong) in the western (eastern)

Baffin Bay. The efficiency of wind forcing is strongly weakened by sea ice,

especially along the Baffin Island coast in winter (Landy et al., 2017). Remote

forcing from other oceans also experiences obvious seasonal cycles, espe-

cially for volume transports through Lancaster Sound and Davis Strait. The

Lancaster Sound volume transport is strong in summer and weak in autumn

(Peterson et al., 2012). The Davis Strait transport is stronger in late spring and

summer compared to other months (Curry et al., 2014). The volume transports

through Smith and Jones Sound show little seasonality (Melling et al., 2008;

Münchow, 2016). Each of these seasonal cycles will be discussed in more

detail in Section 3.

Water masses transform from one density to another by buoyancy forcing and interior mixing. Baffin Bay re-

ceives various buoyancy forcing from the atmosphere, sea ice, and Greenland. The surface heat and freshwater

flux are expected to experience strong seasonal variation related to the seasonal cycle of sea ice. According to a

previous study (Tang et al., 2004), sea ice reaches its minimum in September and gradually forms from northwest

to southeast. It reaches a maximum in April when sea ice covers most of the bay except the eastern side of Davis

Strait. Sea ice melts initially in the North Water Polynya and along the Greenland coast, finally to the entire basin.

The most remarkable feature of sea ice in Baffin Bay is the continuous ice formation in the North Water Polynya

(NOW) in winter accompanied by strong brine rejection, which may be a source of the deep and bottom waters in

Baffin Bay (Bourke et al., 1989; Ingram et al., 2002; Melling et al., 2001; Muench, 1971; Yao & Tang, 2003). Sea

ice formed in the NOW is advected promptly away from its formation site and carried by the Baffin Island

Current, together with sea ice from the northern channels, toward the Labrador Sea. Enhanced Greenland melt

goes into Baffin Bay along the coast since the mid‐1990s, mainly in summer (Bamber et al., 2018; Grivault

et al., 2017).

Seasonal variations in local and remote forcing suggest changes in ocean circulation and hydrography. The winter

state may differ from that observed in summer, which has significant implications for Arctic freshwater exports

and subpolar deep convection. It motivates us to study the seasonality of the Baffin Bay using a realistic coupled

ocean‐sea ice model that provides more complete temporal and spatial coverage. The paper is organized as

follows: Section 2 describes the numerical experiment and model evaluation. Section 3 analyzes dominant modes

of seasonal variability in the Baffin Bay ocean circulation and hydrography: the basin‐scale barotropic circula-

tion; the baroclinic circulation; and water mass transformation by buoyancy forcing from the atmosphere, sea ice,

and Greenland. Section 4 discusses changes of the seasonal variations in the past 30 years and potential responses

to global warming in the future. Section 5 summarizes the findings of our work.

Figure 1. Bathymetry in Baffin Bay and location of straits. The orange lines

indicate straits that are defined close to but not exactly along observation

arrays (SS for Smith Sound, JS for Jones Sound, LS for Lancaster Sound and

DS for Davis Strait). The black line shows a zonal section in the middle of

Baffin Bay used to address the seasonality of baroclinic circulation in

Figure 5. The 500, 1,000, 1,500 and 2,000 m isobaths are denoted by gray

contours. The bathymetry is based on the General Bathymetric Chart of the

Oceans (GEBCO) gridded bathymetry data used in our model simulation

(Section 2).
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2. Numerical Model Setup and Evaluation

2.1. Model Configuration

In this study, a coupled ocean‐sea ice model, the Nucleus for European Modeling of the Ocean (NEMO) version

3.6, is used to conduct the numerical simulation (Madec & the NEMO team, 2008). The ocean is interfaced with

an ice model, the Louvain‐la‐Neuve Ice Model Version 2 (LIM2, Fichefet & Maqueda, 1997; Goosse &

Fichefet, 1999). The model domain covers the Arctic and the Northern Hemisphere Atlantic with 1/12° horizontal

resolution (ANHA12) as in Hu et al. (2018). The model is eddy permitting with horizontal resolution of about

4 km in Baffin Bay where the local deformation radius is around 9 km. There are 50 geopotential levels with high

resolution focused on the upper ocean (22 levels for the top 100 m). Layer thickness increases from about 1 m at

the surface to 458 m at the last level. Enhanced vertical resolution in upper layers is necessary since the seasonal

mixed layer is relatively shallow and large horizontal density gradients (and vertical shear in horizontal velocities)

are found near the surface.

The simulation is integrated from 1 January 1993–31 December 2022. The initial conditions, including tem-

perature, salinity, velocity, sea surface height, sea ice concentration and sea ice thickness, are taken from the

Global Ocean Reanalysis and Simulations (GLORYS2v4) produced by Mercator Ocean (Garric et al., 2017). The

products used to initialize the model also provide the open boundary conditions. At the surface, the model is

forced by heat, freshwater, and momentum fluxes derived from ECMWF Reanalysis v5 (ERA5) (Hersbach

et al., 2020). The bulk fluxes are computed from the Coordinated Ocean‐ice Reference Experiments version 2

(CORE‐II) (Large & Yeager, 2009) using air temperature and specific humidity at 2 m height, shortwave and

longwave radiation, total precipitation, snowfall, and wind vector at 10 m height. No temperature or salinity

restoration is applied in this study. Monthly and interannually varying river discharge from Dai et al. (2009) and

melting water from ice sheets and glaciers around Greenland from Bamber et al. (2018) are used as runoff. Liquid

runoff is applied to the sea surface near the runoff location with an additional mixing (2 × 10−3 m2 s−1) over the

top‐30 m.Without runoff data after 2018, we repeat the 2017 runoff data for years 2018–2022. An iceberg module

is used to calve and move Greenland icebergs as Lagrangian particles. Bamber et al. (2018) solid discharge data is

used as the input. Tides are included in the model as well. The 5 day average model outputs from 1994 to 2022 are

used to study the seasonal variability in Baffin Bay.

2.2. Model Evaluation

The model's ability in reproducing the hydrographic distribution, gyre circulation, and seasonal variations of local

and remote forcing is examined. Primary features are well captured in our model simulation. At the sea surface

(Figure S1 in Supporting Information S1), the domination of cold and fresh Arctic water and the propagation of

warm and salty Atlantic water are well reproduced. Although there is a cold and salty bias in the simulated polar

water. A local salinity maximum in northern Baffin Bay, likely related to brine rejection as ice forms frequently in

the NOW, is also well simulated. In the vertical (Figure S2 in Supporting Information S1), the upper layer is

dominated by widely spread Arctic water and the middle layer is featured by the warm Atlantic‐origin water,

consistent with observations. However, the boundary‐interior exchange is relatively weak for the Atlantic water in

the model. The basin‐scale barotropic circulation (Figure S3 in Supporting Information S1), computed as an

accumulation of depth‐integrated volume transport from west to east at each latitude, is dominated by a cyclonic

gyre. The West Greenland Current is about 3 Sv, roughly in accord with the observed transport of 3.8 Sv

(Münchow et al., 2015). The southward flow in the Baffin Island Current is about 5 Sv, closely matching the

observed transport of 5.1 Sv (Münchow et al., 2015). Both the spatial distribution and thickness of sea ice agree

well with observations (Figure S4 in Supporting Information S1), providing a validation of simulated sea ice drift

and thus surface momentum transfer. Although the simulated volume transport through straits is generally larger

in magnitude (Figure S5 in Supporting Information S1), their seasonal cycles that we focus on are consistent with

available observations.

3. Results

We seek to describe and understand the seasonal cycle in Baffin Bay. This is most readily accomplished by

considering the dominant modes of variability in the circulation and hydrography. Seasonal variability in the

circulation can be decomposed into the barotropic mode and the baroclinic mode. It will be shown that their

variability is due to different forcing mechanisms and has different spatial patterns. Owing to the strong
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stratification in Baffin Bay, diapycnal mixing between Atlantic and Arctic waters is weak and the seasonal cycle

in the hydrography is dominated by the seasonal cycle in freshwater forcing, which is mainly by Greenland runoff

and sea ice formation and melt.

3.1. Seasonal Variability of the Barotropic Circulation

We first investigate the seasonal variability of the basin‐scale barotropic circulation and identify its primary

forcing mechanism. Empirical orthogonal function (EOF hereafter) (Kutzbach, 1967) analysis on the 5 day mean

barotropic streamfunction is carried out in Baffin Bay. Figure 2 shows the first two modes of EOF that together

explain 92% of the total variance. The first mode is dominant and represents 80% of the total variance. Its spatial

pattern (EOF1, Figure 2a) is a coherent mode, suggesting a recirculation gyre that spins up and down. The pattern

strikingly resembles closed topographic contours with amplitude increasing from the coastal margins to the basin

center. The first principal component (PC1, Figure 2c) shows a clear seasonal cycle that contributes to a weaker

(stronger) cyclonic circulation (∼2 Sv) in winter‐spring (summer‐fall). The first mode is consistent with Tang

et al. (2004) that suggests stronger currents at all depths in summer and fall based on multiyear mooring

observations.

We now reveal the dominant mechanism that determines the first mode. Varying winds play an important role in

driving flows over closed topographic contours on time scales of a few months to years (e.g., Isachsen et al., 2003;

Spall, 2016). The theory is applied successfully in the Nordic Seas and Arctic Ocean (Isachsen et al., 2003). To

verify whether the first mode can be attributed to it, we first examine surface stresses (τs) over Baffin Bay. The τs

is a combination of air‐ocean (τAO) and ice‐ocean (τIO) stress as τs= (1− SIC)τAO+ SICτIOwhere SIC is the sea

ice concentration. τAO (τIO) is computed with relative velocities between 10 m wind velocities (sea ice drift) and

sea surface currents. As shown in Figure 3a, the climatological mean surface stress is mainly southeastward over

Baffin Bay. A negative surface stress curl along the 1,000 m isobath appears in winter‐spring compared to

summer‐fall (Figure 3b), which is caused by the seasonal variability in winds (sea ice) in the eastern (western)

Figure 2. (a) The EOF first‐mode spatial pattern (EOF1) calculated from the simulated climatological (1994–2022) 5‐day

averaged barotropic streamfunction in Baffin Bay and (c) its principal component (PC1) (b), (d) Same as (a) and (c) but for

the second mode. The number in the bracket represents fraction of the total variance explained by each mode. The black

contour lines show 1,000, 1,500, and 2,000 m isobaths.
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Baffin Bay (Figures S6 and S7 in Supporting Information S1). The seasonality of surface stress is broadly in

accord with that of the first mode (Figure 3c).

We further quantify the contribution from surface momentum forcing following a simple model developed by

Spall (2023) and closely related to that of Isachsen et al. (2003). In a shallow water system with surface stresses

and linear bottom drag, the depth‐averaged linear momentum equation is:

∂u

∂t
+ fk × u = −g∇η +

τs

ρ0h
−
Cdu

h
(1)

where u is the depth‐averaged horizontal velocity, f is the Coriolis parameter, g is the gravitational acceleration, η

is the sea surface displacement, ρ0 is the density of seawater, h is the fluid depth, Cd is the drag coefficient.

Integrating Equation 1 along constant topographic contour yields:

∂

∂t
∫
C

u ⋅ dl +∫
C

fk × u ⋅ dl = ∫
C

τs

ρ0h
⋅ dl −∫

C

Cdu

h
⋅ dl (2)

where C is a topography contour, l is the along topography direction. The second term on left‐hand side is

proportional to the net mass flux into the enclosed region. We neglect this term since the net mass flux into the

closed contour is small and acceleration by it is much smaller than the remaining terms (Spall, 2023). Then, the

circulation change in the bounded region is primarily controlled by a weak imbalance between the mass

convergence in the surface and bottom Ekman layers. We further assume that the surface stress along a

Figure 3. Simulated climatological (1994–2022) surface stress (τs) for (a) annual mean and (b) winter‐spring (January‐June)

minus summer‐fall (July‐December). (c) Simulated climatological seasonal anomaly of the Ekman volume transport (MEk)

within 1,000‐m isobath induced by the surface stress curl. The surface stress is a combination of ice‐ocean stress and

atmosphere‐ocean stress. The red line in (c) shows the PC1 (divided by five for comparison) starting from January. We note

that there is about 1‐month time lag between surface forcing and the ocean response. Gray contour lines in (a) and (b) show

1,000, 1,500 and 2,000 m isobaths.
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topographic contour varies sinusoidally as τs= Asin(ωt), where A is the varying amplitude andω is the frequency.

Then, the depth‐averaged along‐contour velocity (V) can be estimated as

V =
A sin(ωt + ϕ)

ρ0Cd(1 + λ2)1/2 (3)

where λ = ωh/Cd, ϕ = tan−1 (−λ). According to Equation 3, the flow varies at the same frequency as the surface

stress with a time lag of −ϕ/ω. The magnitude of flow depends on surface forcing, bottom depth and drag

coefficient.

We apply the analytical solution to Baffin Bay. First, we estimate an idealized surface stress τs from the Ekman

volume transport within 1,000 m isobath (MEk hereafter) as τs = MEkρ0f0/C where ρ0 = 1,025 kg m−3,

f0 = 1.376 × 10
−4 s−1, C = 2.47 × 106 m is the length of 1,000 m‐isobath. As shown in Figure 3c, the seasonal

cycle of MEk, same as τs, remarkably resembles PC1 with about 1 month lead. The lead time is consistent with

Equation 3, that is, 27 days, with a typical bottom drag of 4 × 10−4m s−1, a forcing period of a year, and a bottom

depth of 1,000 m. The inferred amplitude of idealized surface stress is about 0.011 N m−2 that can result in the

along 1,000 m isobath V of 2.4 cm s−1 according to Equation 3, qualitatively similar to 4–5 cm s−1 in the first

mode. The latter is estimated from volume transport between 500 and 1,500 m isobath along the Baffin Island

Current (∼1.5 Sv within a ∼35 km wide band). Barotropic responses with different values of bottom drag are

shown in Table S1 in Supporting Information S1. Both amplitude and phase of V predicted by Equation 3 agree

well with EOF1 and PC1, suggesting the first mode can be primarily attributed to the surface stress over Baffin

Bay. We note that the coherence drops if the winds instead of the surface stress are used for prediction (Figure S8

in Supporting Information S1). This is because sea ice modifies the momentum transfer from the wind to the

ocean, especially along the Baffin Island coast.

The second mode explains 12% of the total variance. The second principal component (PC2, Figure 2d) is near

zero in January‐April, reaches a maximum in July and a minimum in December, and in phase with total inflows

from the northern channels (Figure 4a). The amplitude of the second mode along the eastern boundary is about

0.6 Sv, in good agreement with northern inflow anomalies. We note the recirculation gyre in the middle basin may

be spun up by eddy momentum fluxes generated from the Baffin Island Current (Figure 2b).

The pressure anomalies associated with northern inflows propagate from north to south as a coastal wave within

5 days (time resolution of our model outputs) to induce a “synchronous” response. In addition to the northern

channels, water also exchanges between Baffin Bay and outside through Davis Strait. However, the influence of

the Labrador Sea is largely limited due to a shallow sill (∼640 m) between Baffin Bay and the Labrador Sea. We

note that the sill is located to the south of the Davis Strait observation arrays. Therefore, the seasonal cycle of

transport through the Davis Strait array is largely owing to a recirculation gyre driven by the surface stress within

Baffin Bay, as shown in the first mode. The inflow along the west Greenland shelf has a direct connection to lower

latitudes and is anticipated to communicate outside forcing into Baffin Bay. As shown in Figure 4b, the seasonal

Figure 4. (a) Simulated climatological (1994–2022) seasonal anomaly of the volume transport through the northern channels.

The red line shows the PC2 (divided by 1.5 for comparison). (b) Simulated climatological seasonal anomaly of the volume

transport along the west Greenland shelf (shallower than 300 m) from the tip of Greenland to Davis Strait. The dashed line

shows the latitude of the shallowest sill between Baffin Bay and the Labrador Sea.
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variation of the shelf transport from the south is influenced by a canyon around 64°N before it enters Baffin Bay.

Although the variation shows some consistency north of the canyon, the remote forcing through Davis Strait

(∼0.2 Sv, Figure 4b) is smaller than that from the northern channels (∼0.6 Sv, Figure 4a).

3.2. Seasonal Variability of the Baroclinic Circulation

The seasonal variability in the baroclinic mode is dominated by the Baffin Island Current on the western side of

the Baffin Bay, which transports liquid and solid freshwater to the Labrador Sea. The baroclinic flow accounts for

more than half of the upper‐600 m volume transport by the Baffin Island Current in our simulation. Lemon and

Fissel (1982) finds that the Baffin Island Current exhibits a seasonal change in its baroclinicity based on 1 year

mooring data. To understand the variability, we first carry out an EOF analysis on 5‐day averaged baroclinic flows

across a section in the middle of Baffin Bay in our simulation (denoted in Figure 1). The baroclinic flow is

obtained by subtracting the depth‐averaged current from the full current. The first mode explains 86% of the total

variance and shows a clear seasonal cycle (Figures 5a and 5b). The spatial pattern together with the corresponding

principal component contribute to an enhanced (weakened) surface intensification in the Baffin Island Current in

summer‐fall (winter‐spring), consistent with Lemon and Fissel (1982). We note there is an onshore‐offshore shift

implied by EOF1 which needs more investigation in future work. We further investigate the vertical structure of

the Baffin Island Current by composing its velocity along the Baffin Island slope (Figure 5c). Practically, we

select sections normal to the Baffin Island Current every 0.05° between 71°N–73°N and compose current velocity

along the 1,000 m isobath together. Consistent with the EOF result, the upper‐100 m vertical shear of the Baffin

Island Current is strong in September‐October with velocity maximum at the sea surface. The current becomes

more uniform in the vertical with a subsurface core in the rest of the year, especially in February‐May. We note

that a similar baroclinic change also occurs in the western side of Davis Strait and Smith Sound, as well as the

southern side of Lancaster Sound in our simulation.

We now discuss the mechanism of this varying vertical structure. The Baffin Island Current is in geostrophic

thermal wind balance (Münchow et al., 2015), which implies that a flattening of isopycnals weakens the vertical

Figure 5. (a) The EOF first‐mode spatial pattern (EOF1) calculated from the simulated climatological (1994–2022) 5‐day

averaged baroclinic cross‐section velocity and (b) its principal component (PC1). The location of the section is shown in

Figure 1. The baroclinic velocity is calculated as the total velocity minus the depth‐averaged velocity. The number in the

bracket indicates the fraction of the total variance explained by the first mode. (c) Seasonal cycle of the simulated

climatological upper‐100 m Baffin Island Current velocity over slope (defined positive northward). The velocity core is

denoted by the black‐dotted line. The velocity is composited between 71°N–73°N along the 1,000‐m isobath.
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shear of the horizontal velocity, as seen in winter‐spring for the Baffin Island

Current (Figure 6). Since near‐surface isopycnals are flattened (tilted) in ice‐

covered (ice‐free) seasons, we assume sea ice changes may be responsible for

the isopycnal changes. As demonstrated in Leng et al. (2022), immobile thick

sea ice on top of a laterally sheared slope current generates spatially uneven

ice‐ocean stresses and thus surface stress curl anomalies in winter‐spring

(schematics in Figure 6). The latter induces Ekman pumping and forms a

cross‐shelf circulation that flattens near‐surface isopycnals. We construct a

composite of the vertical velocity along the Baffin Island Current and find a

cross‐shelf circulation corresponding to surface stress anomalous in winter‐

spring (Figure 6).

We further quantify the contribution of the cross‐shelf circulation to the

isopycnal displacement. We assume the isopycnal displacement is smaller

than its background state, that is, ρ (x, y, z, t) = ρ(z) + ρ’ (x, y, z, t) with |ρ’ (x,

y, z, t) | << | ρ(z) |. Then, the density change due to vertical advection is ‐w⋅∂

ρ(z)/∂z. With vertical velocity of 0.65 m day−1 and background stratification

of 0.01 kg m−4 at 35 m (∼Ekman layer depth) on the west of the simulated

Baffin Island Current, the density increase induced by the vertical advection is

about 6.5 × 10−3 kg m−3 day−1. It is close to the adiabatic density change in

the simulation, which is about 6× 10−3 kg m−3 day−1. The adiabatic change is

computed as the anomaly relative to area‐mean density change in the Baffin

Island Current region. The latter is diabatic and largely forced by spatially

near‐uniform ice‐ocean freshwater flux in the region (Section 3.3). Our result

suggests that the cross‐shelf circulation associated with spatially uneven ice‐

ocean stress is largely responsible for the displacement of near‐surface iso-

pycnals and thus the change of the current baroclinicity.

3.3. Seasonal Variability of the Surface Water Mass Transformation

Baffin Bay is subjected to buoyancy forcing from the atmosphere, sea ice, and Greenland runoff. Water masses

influenced by surface forcing can be quantified by the surface water mass transformation (SWMT). The SWMT in

each density (σ) bin is calculated by integrating the surface density flux (B, in units of kg m−2 s−1, defined as

positive for ocean density increase) over outcrop regions (dA, in units of m2; corresponding to σ from σ − Δσ/2 to

σ + Δσ/2 where Δσ = 0.01 kg m−3) as follows (e.g., Groeskamp et al., 2019)

SWMT(σ) =
1

Δσ
∬BdA (4)

The density flux comprises heat and salt fluxes that are referred to as Bheat and Bsalt, respectively. The heat flux is

Bheat = −
α

Cp
Q (5)

where α is the thermal expansion coefficient (in units of K−1), Cp is the specific heat capacity of seawater (in units

of J kg−1K−1),Q is the surface net heat flux (in units of Wm−2, defined as positive for ocean heat gain), which is

the sum of surface non‐penetrative radiation and turbulent heat fluxes at the sea surface. The salt flux is

Bsalt = β
S

1 − S
(F + F∗) (6)

where β is the haline contraction coefficient (in units of msu−1, msu = kg salt/kg seawater), S is the sea surface

salinity (in units of msu), F is the surface freshwater flux (in units of kg m−2 s−1, defined as positive for ocean

salinity increase), and F* is the equivalent freshwater flux due to mass and thus the salt content exchanges (in

units of kg m−2 s−1, defined as positive/negative for ice melt/formation) (Madec & the NEMO team, 2008). We

Figure 6. Simulated climatological (1994–2022) along‐Baffin Island Current

vertical velocity difference (shading) between winter‐spring (January‐June)

and summer‐fall (July‐December). The simulated climatological southward

Baffin Island Current velocity is indicated by black solid contours. The

simulated climatological isopycnals are shown in blue lines for winter‐

spring and red lines for summer‐fall. The schematic shows the mechanism of

the cross‐shelf circulation associated with ice‐ocean stress curls. The sea

surface current velocity and ice‐ocean stress is denoted by vs and τs,

respectively. The spatially variable ice‐ocean stress forms the positive

(negative) surface stress curl to the west (east) of the current and thus an

upwelling (downwelling) in the upper ocean.
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note that the precipitation and evaporation in this region is much smaller (less than 1 mm day−1) compared to the

surface freshwater flux from sea ice melt and formation. The Greenland runoff is also applied to the sea surface.

But it is promptly mixed over the top‐30 m along the West Greenland shelf. Therefore, we only consider the

surface ice‐ocean freshwater flux, which directly forced water mass transformation in the interior of Baffin Bay,

in Bsalt.

The SWMT is calculated in the area 66.5°N–79°N, 85°W–50°W based on our simulation. It is mainly controlled

by the ice‐ocean freshwater flux with the effect of the surface heat flux negligible (Figure 7). The surface heat flux

is smaller than 50 W m−2 all year round in Baffin Bay (Figures 8a and 8b). In the past 30 years, there is a net

densification resulting from a net sea ice formation in the region. The latter contributes to∼25% of the sea ice area

export to the Labrador Sea via Davis Strait (Figure S9 in Supporting Information S1), broadly in accord with

previous satellite‐based studies (Bi et al., 2019; Kwok, 2007). The density increase is due to salinification in ice

formation seasons (Figure 7b). Sea ice forms regularly in the North Water Polynya, near Nares Strait, and along

the Baffin Island coast, contributing to the sea water densification (Figure 8c). The density decrease is due to

freshening in ice melting seasons (Figure 7c). Sea ice melts broadly in Baffin Bay, leading to the sea water

freshening (Figure 8d). We note that although net sea ice formation results in densification, we cannot conclude

that Baffin Bay is overall densified. In the past 30 years, a climatological annual mean of 5.7 mSv liquid

Greenland runoff is added into Baffin Bay (Figure S10 in Supporting Information S1), which is larger than the ice‐

ocean freshwater flux (∼−3 mSv) and thus potentially results in a net freshening in Baffin Bay. More investi-

gation is needed to reveal how much of the Greenland runoff mixes with Baffin Bay waters in the basin interior

versus getting advected out of the basin on the shelf.

4. Changes in Baffin Bay Seasonal Cycle in Recent Decades and Future

With sea ice melting and more freshwater from the Arctic and Greenland runoff, the seasonality of forcing and

thus that of the ocean circulation and hydrography have changed in the past decades and are expected to be

different in the future. The seasonal cycle of the barotropic circulation, controlled by the along closed‐topography

surface stress and volume flux from the northern channels, has not changed significantly in the past 30 years in our

simulation (Figure S11 in Supporting Information S1). However, as sea ice continues to retreat in the future, we

expect the seasonality to more closely follow the atmospheric forcing. More investigation is needed to understand

the seasonal cycle of volume transports from the north channels and their future change. The seasonality of the

baroclinicity in the Baffin Island Current has changed in the past 30 years in our simulation. The cross‐shelf

circulation, induced by the ice‐ocean stress curl, is weakened in recent years compared to that in 1990s (Figure 9).

It is because winter sea ice along Baffin Island coast becomes thinner and more mobile, which reduces the ice‐

ocean stresses. Continuous weakening of the cross‐shelf circulation is expected, which enables the Baffin Island

Current to keep its baroclinicity all year round. The seasonal cycle of the SWMT, controlled mainly by the ice‐

ocean freshwater flux, has also changed in the past three decades in our simulation. Although the strength of the

SWMT has not changed significantly, it has shifted to lower density ranges (Figure 10) which suggests a surface

Figure 7. Simulated climatological (1994–2022) surface water mass transformation (SWMT, in units of Sv) in density space

(σ, density referenced to the sea surface in units of kg m−3, after subtracting 1,000 kg m−3) in Baffin Bay (66.5°N–79°N,

85°W–50°W) for (a) annual mean, (b) ice formation seasons (October‐April), (c) ice melting seasons (May‐September). The

black lines represent the total transformation. The red (blue) lines show the contribution of the surface heat (salt) flux.
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freshening probably due to fresher Arctic water (Zweng & Munchow, 2006) and enhanced Greenland melt

(Bamber et al., 2018; Castro de la Guardia et al., 2015). Baffin Bay is expected to be freshened in the future with

more freshwater coming from the Arctic and Greenland and less ice formation in the region.

5. Conclusions

Baffin Bay is a key region for connecting the Arctic Ocean and the Atlantic Ocean. The ocean circulation is

important for reshaping freshwater and heat transports within the bay and exchanges between the oceans. In the

mean, it is dominated by a cyclonic boundary current system: northward flowing West Greenland Current system

and southward flowing Baffin Island Current system. The ocean circulation is subjected to complex forcing from

Figure 8. Simulated climatological (1994–2022) surface heat flux (SHF, positive into the ocean) in (a) ice formation seasons

(October‐April) and (b) ice melting seasons (May‐September). (c) and (d) Same as (a) and (b) but for the ice‐ocean

freshwater flux (FWF, positive into the ocean). The black contours represent 70% sea ice concentration.

Figure 9. Simulated along‐Baffin Island Current vertical velocity difference between winter‐spring (January‐June) and

summer‐fall (July‐December) in (a) 1994–2003 and (b) 2013–2022. The anomalous cross‐shelf circulation in winter‐spring

is weakened in recent years.

Journal of Geophysical Research: Oceans 10.1029/2024JC021038

SHAN ET AL. 10 of 13

 2
1
6
9
9
2
9
1
, 2

0
2
4
, 1

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
4
JC

0
2
1
0
3
8
 b

y
 M

b
l W

h
o
i L

ib
rary

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
4

/0
2

/2
0

2
5

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n

s L
icen

se



the atmosphere, sea ice, Greenland and other oceans, and thus experiences significant seasonal variations.

However, due to the vast sea ice cover in winter, little is known about its seasonality from direct observations.

In this study we use a regional, high‐resolution coupled sea ice‐ocean model to assess the seasonal cycle in the

Baffin Bay ocean circulation and hydrography and investigate the mechanisms. The model reproduces the major

currents, water masses and seasonally varying forcing well and thus provides confidence for our study. The

barotropic circulation is generally stronger in summer and weaker in winter. The seasonality is largely controlled

by the surface stress along closed isobaths. In summer‐fall (July‐December), the interior recirculation (∼2 Sv)

spins up cyclonically with a positive surface stress curl anomaly. In winter‐spring (January‐June), the recircu-

lation spins down with a negative surface stress curl anomaly. The seasonal cycle in the surface stress is due to

wind anomalies in the eastern Baffin Bay and sea ice drift anomalies in the western Baffin Bay. The forcing from

the north via Smith Sound and Lancaster Sound adds additional influence on the barotropic transport in the

western Baffin Bay. The transport is enhanced (weakened) by ∼0.6 Sv in June‐August (October‐December). The

influence from the Labrador Sea is smaller (∼0.2 Sv) due to two topographic effects. First, the remote forcing

from the Labrador Sea is restricted by a shallow sill between Baffin Bay and the Labrador Sea. Second, the

meridional coherence of variability along the west Greenland shelf is weakened by canyons that cut across the

shelf south of the sill. We note that the Davis Strait observational array lies north of the shallow sill, therefore

most of the seasonality in the observed volume transport is caused by a varying recirculation gyre in Baffin Bay.

The seasonality of the baroclinic circulation is dominated by the Baffin Island Current. The Baffin Island Current

is surface intensified in summer‐fall, while dominated by a subsurface velocity maximum in winter‐spring. The

seasonal variation is controlled by spatially variable ice‐ocean stresses. In winter‐spring, the laterally sheared

southward Baffin Island Current is covered by relatively immobile sea ice. Spatially uneven northward surface

stresses forms opposite surface stress curl anomalies on the western and eastern sides of the current. The

anomalous curls drive a cross‐shelf circulation that flattens near‐surface isopycnals and thus modifies the vertical

structure of the Baffin Island Current.

The water mass transformation forced by buoyancy flux from the atmosphere, sea ice, and Greenland runoff is

discussed. The surface water mass transformation (SWMT) is mainly controlled by the ice‐ocean freshwater flux

and shows a net densification. Water masses become denser in ice formation seasons with sea ice formation near

Nares Strait, in the North Water Polynya, and along the Baffin Island coast. The waters are freshened in ice

melting seasons with broad sea ice melt in Baffin Bay. The sea ice formation exceeds its melting and contributes

to ∼25% of the sea ice export through Davis Strait. Plenty of liquid freshwater is provided by Greenland runoff to

the west Greenland shelf (∼5.7 mSv), which exceeds the amount of ice‐ocean freshwater flux (∼−3 mSv).

However, more investigation is needed to quantify the contribution of Greenland runoff to water mass trans-

formation within Baffin Bay.

The seasonal cycle in Baffin Bay has shown some changes in the past 30 years with sea ice melting and more

freshwater from the Arctic and Greenland. In a warming climate, a more atmospheric driven barotropic recir-

culation gyre, a year‐round baroclinic Baffin Island Current and a fresher Baffin Bay are expected.

Figure 10. Evolution of the simulated surface water mass transformation (SWMT) in Baffin Bay over 1994–2022 for

(a) annual mean, (b) ice formation seasons (October‐April) and (c) ice melting seasons (May‐September). The Baffin Bay

region is defined as 66.5°N–79°N, 85°W–50°W.
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Although our simulation enables a more complete understanding of Baffin Bay ocean circulation and hydrog-

raphy that complements what is known from summer observations, the study still has some limitations. The

horizontal resolution (∼4 km) in our model is not adequate to fully resolve eddies, which leads to a weaker zonally

mixed Atlantic water compared to observations (Figure S2 in Supporting Information S1, Münchow et al., 2015).

A higher horizontal resolution is also crucial for fjord processes that are important for Greenland ice melting and

advection on the shelf. Therefore, models with enhanced resolution and more observations are needed to better

validate and understand the processes in Baffin Bay.

Data Availability Statement

All data used in the figures are available at https://doi.org/10.5281/zenodo.13731084 (Shan et al., 2024). The

model code based on the NEMO model is available at https://www.nemo‐ocean.eu/. Details on the ANHA

configuration are available at https://canadian‐nemo‐ocean‐modelling‐forum‐commuity‐of‐practice.readthedocs.

io/en/latest/Institutions/UofA/Configurations/ANHA12/index.html. Model outputs and files for the experiment

used in this paper are available upon request. Observational datasets used to validate model results are available as

follows. Sea surface temperature from ERSSTv5 is available at https://psl.noaa.gov/data/gridded/data.noaa.ersst.

v5.html. Sea surface salinity from SMOS can be download from https://data.marine.copernicus.eu/viewer/expert?

view=dataset&dataset=MULTIOBS_GLO_PHY_SSS_L4_MY_015_015. Sea ice thickness from the CryoSat‐2

satellite is available at https://catalogue.ceda.ac.uk/uuid/45b5b1e556da448089e2b57452f277f5. Temperature

and salinity for the Arctic Ocean from UDASH can be downloaded from https://doi.pangaea.de/10.1594/PAN-

GAEA.872931. Data are processed and analyzed using MATLAB R2022b (MathWorks, 2022).
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