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The Beaufort Gyre Extent, Shape, and Location Between
2003 and 2014 From Satellite Observations

Heather C. Regan!'"/, Camille Lique!""’, and Thomas W. K. Armitage?

1Univ. Brest, CNRS, IRD, Ifremer, Laboratoire D'Océanographie Physique et Spatiale, [IUEM, Brest 29280, France, 2Jet
Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

Abstract The Beaufort Gyreisa significant reservoir of freshwater in the Arctic. It is thought to play a
key role in regulating Arctic freshwater discharge to the North Atlantic, and in recent decades its freshwater
content has increased in a time of rapid Arctic change. Despite this, its exact dynamical behavior is not fully
understood. Here, we make use of an Arctic-wide dataset of dynamic ocean topography, including data
under sea ice, to characterize the time-varying extent, shape, and location of the Beaufort Gyre. We show
that the gyre expanded toward the northwest between 2003 and 2014, resulting in increased proximity to
the Chukchi Plateau and Mendeleev Ridge by 2014. We find that the gyre strength and maximum dynamic
ocean topography both respond readily to changes in intensity of the surface forcing, but the gyre area is
additionally affected by the location of the Beaufort Sea High. This results in expansion over the Chukchi
Plateau and increased asymmetry of the gyre as it becomes constrained by the shallow bathymetry. The
gyre strength is correlated with the integrated surface stress on the ocean over the previous 3 months. We
discuss the implications of the expansion over shallow bathymetry on gyre dynamical behavior and the
potential impacts on the physical properties in the Canada Basin.

Plain Language Summary The Beaufort Gyre, in the Canadian Basin of the Arctic Ocean,
contains a large amount of the total freshwater held in the Arctic and is thought to be important in
controlling freshwater exported out into the North Atlantic and thus affects the oceanography there.
Recently, the freshwater in the gyre has increased, but the gyre itself and the effect of this change are not
well understood. We use a satellite dataset to describe, in detail, the size, shape, and position of the gyre,
and how it changed over 2003-2014. We found that the gyre circulation increases when winds strengthen,
with a delayed response of 3 months. The spatial distribution of the wind also affects the position and shape
of the gyre. The gyre expanded toward the northwest until it reached shallow bathymetry, which limited
free expansion and caused its shape to become asymmetrical. We discuss the potential effects of this on the
gyre's circulation and freshwater storage, as well as impacts on the surrounding ocean.

1. Introduction

The Arctic Ocean is an important feature of the global hydrological cycle, through its roles of supplying
freshwater to the North Atlantic and storing large quantities of freshwater within its interior (Carmack et al.,
2016). Variability of Arctic freshwater export to the North Atlantic has the potential to affect the global
thermohaline circulation (Broecker, 1997; Jahn & Holland, 2013) and has been linked to previous salinity
anomalies in the subpolar region (e.g., Belkin, 2004; Belkin et al., 1998; Dickson et al., 1988; Karcher et al.,
2005). The surface layer of the Arctic contains over 100,000 km? of freshwater (Haine et al., 2015) due to
a combination of input from terrestrial river runoff, a net precipitation over evaporation, inflow of fresh
Pacific Water through Bering Strait, and advection and seasonal melting of sea ice. The freshwater budget
of the Arctic Basin is a three-way balance between the various freshwater sources and sinks to/from the
Arctic Basin and the variations of the freshwater storage (Lique et al., 2009), the latter occurring mainly
in the Beaufort Gyre (BG) of the Canada Basin (Aagaard & Carmack, 1989; Haine et al., 2015). The fresh-
water content is known to vary on seasonal to decadal timescales in response to changes to wind stress
(Proshutinsky et al., 2002). Previous studies have suggested that an increase of the BG freshwater content
could be associated with a spin-up of the gyre, resulting from persistent anticyclonic atmospheric forcing
(Armitage et al., 2017; Giles et al., 2012; McPhee, 2013). In contrast, the BG freshwater content could vary
independently from the area of the gyre (Proshutinsky et al., 2009). The overall amount of freshwater stored
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in the BG increased during the 1990s to 2000s (e.g., Rabe et al., 2011), although the freshwater accumulation
has potentially stabilized in more recent years (Krishfield et al., 2014; Zhang et al., 2016). Increased fresh-
water content could have potential impacts on biological activity via an increase of the depth at which the
available nutrients are located in the Canada Basin and therefore a restriction on their availability to phy-
toplankton (Coupel et al., 2015). Documenting the characteristics of the BG since 2003 is the focus of the
present study.

The BG is a large-scale anticyclonic oceanic circulation (Aagaard & Carmack, 1989). It is primarily driven
by the persistent Beaufort Sea High (BSH) atmospheric pressure system residing over the region (Serreze
& Barrett, 2011), with anticyclonic wind stress forcing fresh surface water convergence in the center of
the BG where it downwells via Ekman pumping (e.g., Proshutinsky et al., 2002). The resulting freshwater
accumulation depresses the isohalines and is reflected by doming of the sea surface height (SSH) at the cen-
ter (e.g., Giles et al., 2012). Theoretical and numerical modeling based on idealized process models have
suggested that the main dynamical balance of the BG is between Ekman pumping and eddy salt fluxes
arising from baroclinic instability that tend to arrest the steepening of the isohalines through lateral salt
fluxes (Davis et al., 2014; Manucharyan et al., 2016). Other recent studies have shown that, when the ocean
speed approaches that of the ice, the Ekman convergence can be modulated or canceled due to the result-
ing reduction in the ice-ocean stress (e.g., Dewey et al., 2018; Meneghello, Marshall, Campin, et al., 2018;
Meneghello, Marshall, Timmermans, & Scott, 2018; Zhong et al., 2018) in an apparent negative feedback
mechanism (e.g., Meneghello, Marshall, Campin, et al., 2018). The balance between these three processes
is established over a decadal timescale, suggesting that the variations of the BG freshwater content carry the
imprint of a decade or more of the atmospheric forcing (Johnson et al., 2018). Additional processes such as
the generation of topographic Rossby waves could also play a role in the equilibration of the BG (Zhao &
Timmermans, 2018).

A modeling study suggested the BSH varies over a 10- to 15-year cycle, oscillating between a strong anticy-
clonic state and a weaker anticyclonic (or sometimes cyclonic) state (Proshutinsky & Johnson, 1997), and
the different phases have been linked with variations of the freshwater storage within the BG (Proshutinsky
et al., 2002, 2015). Moreover, the location of the BSH can also vary over time, and its center is not always
over the ocean (Moore, 2012), potentially causing a shift in the location of the BG (Armitage et al., 2017).

Movement and/or expansion of the BG within the Canada Basin in response to a change of the intensity
or location of the BSH may alter the interaction of the BG with the continental slope and thus its dynami-
cal balance. This effect has been largely ignored so far from the theoretical and numerical modeling studies
investigating the dynamics of the BG (Davis et al., 2014; Manucharyan et al., 2016), except for the study by
Yang et al. (2016) that suggests that the presence of the North Alaskan and Chukchi plateaus could enable the
development of a boundary current, similar to the role played by a western boundary for any typical midlat-
itude gyre. Moreover, it is clear that the presence of shallow bathymetry (around 300 m) in the southwestern
side of the BG would lead to the emergence of gyre asymmetry if the gyre were to expand, particularly as
the halocline can be 150 m or deeper (e.g., Manucharyan & Spall, 2016; Timmermans et al., 2017). However,
the presence of sea ice in the Arctic has prevented us from obtaining a full description of BG behavior based
on in situ and satellite observations, as has routinely been done for gyres located in other regions of the
globe (e.g., Foukal & Lozier, 2017; Hikkinen & Rhines, 2004). The recent satellite-derived SSH product for
the ice-covered region of the Arctic, initiated by Giles et al. (2012) and further developed by Armitage et al.
(2016, 2017), enables us to carry out this analysis. SSH is a surface measurement that reflects bulk changes
in the water column. As, in the cold Arctic environment, density is almost entirely determined by salin-
ity, SSH variability thus reflects variations in freshwater in the surface layer due to either a salinity change
or an increased halocline thickness. In the western Arctic, advection of Pacific Water through the Bering
Strait can drive SSH variations, although these are thought to be primarily linked to shelf SSH (Danielson
et al., 2014; Peralta-Ferriz & Woodgate, 2017) rather than SSH of the BG. It has been shown that changes
in SSH reflect changes in halocline freshwater distribution in the Canada Basin, and thus the SSH field can
give useful insights about the 3-D structure of the BG and its variability (Armitage et al., 2016; Giles et al.,
2012; Morison et al., 2012). In this study we use the SSH product of Armitage et al. (2016, 2017) to quantify
the seasonal and interannual variability and long-term trend of the BG's center (and its location), strength,
size, shape, and location and to assess its asymmetry over the period 2003-2014. Constraining these fields
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Figure 1. Average 2003 dynamic ocean topography in the Arctic from
Armitage et al. (2016), with the 2003 average Beaufort Gyre (BG) extent,
computed by the closed contour method (Proshutinsky & Johnson, 1997),
and its maximum height shown in cyan. Also shown are the Beaufort and
Chukchi seas, the Northwind Ridge (NR), the Chukchi Plateau (CP), and
the Mendeleev Ridge (MR). Bathymetry contours at 500, 1,000, 1,500, and
2,000 m are shown in gray. The BG box, a standard region used to describe
the BG, is shown in black (Proshutinsky et al., 2009). Example latitude and
longitude sections through the center of the gyre, used for Hovmoéller plots
in section 4.2, are shown in green. Moorings A and B from the Beaufort
Gyre Exploration Project (Proshutinsky et al., 2009) are also labeled.

will provide new insight into BG dynamics, in relation to recent environ-
mental changes occurring in the Canada Basin.

Section 2 describes the datasets and metrics used to define the BG and
its properties and the computations used to analyze the forcing driving
the variations of the gyre. Section 3 provides an in-depth description of
the BG and the links between the properties analyzed. In section 4 we
investigate the behavior of the gyre described in section 3 in relation to
its forcings and physical setting, namely, the strength and position of the
surface forcing, and the relative importance of these compared to bathy-
metric constraints. We discuss the implications of this for observations
and the surrounding environment. We conclude in section 5.

2. Methods

2.1. Datasets

The present analysis is based on an altimetry-derived SSH dataset for
the ice-covered and ice-free Arctic (Armitage et al., 2016), which spans
2003-2014 with monthly resolution. The reader should refer to Giles
et al. (2012) and Armitage et al. (2016, 2017) for a full description of the
low-level altimeter processing. Briefly, SSH is estimated from openings in
the sea ice pack in ice-covered regions, and this is combined with conven-
tional open ocean altimetry in the ice-free regions to produce monthly
SSH composites. Dynamic ocean topography (DOT) is then estimated as
the SSH relative to the GOCOO03s geoid (Mayer-Glirr et al., 2012). The
DOT data are provided as monthly means with 0.25° and 0.75° resolu-
tion in the meridional and zonal directions respectively. We use data from
the Envisat satellite between 2003 and 2010, providing coverage up to
81.5°N, and this is combined with data from CryoSat-2 between 2011 and
2014, which provides extended coverage up to 88°N. As an example of this
dataset, Figure 1 shows the time average DOT across the Arctic for the
year 2003.

The BG is driven by atmospheric forcing and constrained by bathymetry, and we examine these in order to
understand the variations of the BG derived from the DOT. The bathymetry used is the General Bathymetric
Chart of the Oceans bathymetry (Weatherall et al., 2015). We take 10-m wind velocities, u,, and sea level
pressure (SLP) from the twice daily output of ERA-Interim reanalysis (Dee et al., 2011) and average them
into daily fields for computation. We also use the National Snow and Ice Data Center sea ice concentration
data, « (Comiso, 2017), and ice velocity data, u; (Tschudi et al., 2016), and surface geostrophic ocean velocity,

u,, from Armitage et al. (2017).

To make the link between variations of the gyre's DOT and freshwater content, we use fresh-
water observations from the Beaufort Gyre Exploration Project (BGEP), a combination of summer
conductivity-temperature-depth (CTD) and mooring measurements collected from 2003 onwards during
summer surveys (Proshutinsky et al., 2009). The gridded dataset (described in Proshutinsky et al., 2009;
updated each year) is computed as a height of freshwater in the water column, in meters, by calculating the
depth-integrated freshwater content relative to a reference salinity of 34.8, and then interpolated onto a grid
with 50 x 50 km grid cells spanning the BG box. It therefore provides a map of summer freshwater content
for each year. We make use of the maximum freshwater content (meters) within the gyre and the total fresh-
water volume (km?) within the BG box (black box in Figure 1; Proshutinsky et al., 2009) after interpolating
the gridded data onto our data grid.

2.2. Gyre Metrics

To define the gyre, we first find the maximum DOT within 140-280°E, 68-81.5°N. This is always the max-
imum height of the BG (verified by visual inspection). We then find the lowest closed contour of the DOT
around this maxima to within 0.1 cm, in line with Proshutinsky and Johnson (1997), which we define as the
edge of the BG. This is a slightly different approach to other studies of the region (e.g., Meneghello, Marshall,
Timmermans, & Scott, 2018; Proshutinsky et al., 2009), which describe the gyre region by longitudinal
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constraints and depths greater than 300 m. Armitage et al. (2017) also define the edge by the largest closed
contour but maintain the 300 m restriction. As we are interested in interactions between the BG and
bathymetry, we do not impose a depth constraint, and therefore, while Armitage et al. (2017) found a few
instances toward the beginning of the data time period where no defined BG occurred, the additional inclu-
sion of DOT contours overlying bathymetry shallower than 300 m here results in a closed contour in all
months. For analysis involving the annual average or the monthly climatology of the BG, we average the raw
DOT fields first before computing the maximum DOT and area. The center and the DOT contour defining
the 2003 average BG are shown in Figure 1.

Throughout most of this study we compute our metrics for the gyre itself (defined by the closed contour),
but where more appropriate we use the traditional approach of defining a static box, which we refer to from
here on as the “BG box,” spanning 70.5-80.5°N, 190-230°E (black box in Figure 1, as in Proshutinsky et al.,
2009; note that, as we do not use their 300 m limit to constrain the closed contour, we do not impose this
depth limit on the BG box either).

We then use the following metrics to characterize the gyre:

1. Maximum DOT—The maximum DOT within the western Arctic (140-280°E, 68-81.5°N, northern limit
of the dataset). We define this as the gyre center.

2. Gyre centroid—Defined as (x.,y,) = %, where (x;,y;) and DOT; are the location and DOT at
each point i within the BG, as used by Armitalge et al. (2017). The difference between the location of the
maximum DOT and the gyre centroid provides an indication of gyre asymmetry.

3. Minimum DOT—The average DOT along the gyre edge (the largest closed contour around the maximum
DOT).

4. Area—The area enclosed by the largest closed contour surrounding the maximum DOT.

5. Strength—We compute the strength, S, following Proshutinsky and Johnson (1997), as

g = DOT - DOTmin, @
R
where R is the mean radius of the gyre, calculated as the distance between the normal to the maximum
and minimum DOT contours. Computing S with R, R, and R, ;, results in highly correlated time series,
and thus, S is not significantly affected by the choice of R.

6. Spatial gradient of DOT—The magnitude of the lateral slope at each grid cell, defined as lateral
(dDOT ),

slope = =

+ (dz%)z and displayed as a map.

2.3. Atmospheric Forcing
We consider the estimate of the surface stress, 7., taking into account the presence of sea ice and the
ocean geostrophic circulation, following the method of Meneghello et al. (2017) and Meneghello, Marshall,
Timmermans, and Scott (2018), so that

Tiot = ATjce + a- a)Tatm’ 2

where «, the sea ice concentration, determines the contribution from the wind stress, ¢ and ice-ocean

stress, 7;... Here, the stress terms are computed as

atm>

Tatm = paCDa|ua|ua’ (3)

where p, = 1.25 kg/m?3 is the air density and Cp,, = 0.00125 is the air ocean drag coefficient, using the same
constants as in Ma et al. (2017), and
Tice = PCpi[Uri [ Uy, 4)

where p = 1,027.5 kg/m? is the water density and Cp; = 0.0055 is the air ocean drag coefficient as used in
Meneghello, Marshall, Timmermans, and Scott (2018), and u,,, = (w; — ug)ei/’ is the ice-ocean relative
velocity as in Dewey et al. (2018) and Meneghello, Marshall, Campin, et al. (2018), with a turning angle,
f = 23°, accounting for the Ekman layer (Dewey et al., 2018; McPhee, 1980).

We use both the full computation of 7., and also the case where we ignore sea ice and consider the effect of
just the wind by setting @ = 0. In each case we compute vertical Ekman velocity, wg,, following Meneghello,
Marshall, Timmermans, and Scott (2018), so that

V X T

of

; 5

Wgk =
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Figure 2. Seasonal cycle (left column) overlaid on individual years (gray), and time series (right column) of (a)
maximum gyre dynamic ocean topography (blue) and minimum gyre dynamic ocean topography (green; range of
individual years shown in cyan), (b) strength of the gyre, x10 ® (equation (1)), (c) gyre area, (d) latitude of gyre
center, and (e) longitude of gyre center. Thick line (right) represents the 12-month running mean. Months where
the northern bound of the gyre is limited by the northern limit of 81.5°N of the data before 2011 are highlighted by
magenta/cyan dots.
where f is the Coriolis parameter. The comparison of Ekman pumping computed from the two estimates
of the surface stress (including, or not, the presence of sea ice) provides insight into the importance of the
presence of sea ice and the role of ocean currents for BG dynamics (see section 4). We compute area-averaged
surface forcing over the BG box.
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Figure 3. (a) The monthly climatological extent and (b) annual average extent of the Beaufort Gyre from 2003-2014, as
defined by the largest closed contour of dynamic ocean topography. The location of the maximum dynamic ocean
topography for each contour is also shown. Overlaid on General Bathymetric Chart of the Oceans bathymetry of the
Arctic (with contours at 500, 1,000, 1,500, and 2,000 m drawn in gray) with the 2003-2010 northern limit of the dataset,
at 81.5°, shown in magenta.

3. Seasonal and Interannual Variability of the Gyre

The aim of this section is to characterize different dynamical aspects of the BG based purely on the DOT fields
and their seasonal and interannual variations, as well as their long-term trends. We focus on the maximum
DOT, average strength, size, and position of the gyre (Figure 2), the location of the gyre (Figure 3), and
its intensity, computed as the lateral gradient of DOT (Figures 4 and 5). Figure 6 shows the interannual
variations of the center of the gyre, its weighted center, and seasonal and interannual time series of the
distance between the two, providing indications of gyre asymmetry.

3.1. Seasonal Variability

We first examine the seasonal variations of the gyre metrics, based on average values for each month over
2003-2014 (Figures 2 and 3a). From Empirical Orthogonal Function analysis, Armitage et al. (2016) found
that the seasonal cycle of the Arctic SSH accounts for 40% of the total variance. We note that a long-term
trend (section 3.2) may drive a part of the variability observed in the monthly climatology, and therefore
we only discuss the seasonal cycle when it is significant and consistent across several years (Figure 2, gray
lines). Figure 3a shows a map of the mean seasonal cycle of the gyre area over 2003-2014. The gyre is
smallest in August/September, with a northward and westward expansion to its largest westward extent in
November-December where it resides over the Chukchi Plateau. It remains large until late spring before
shrinking in summer, with the August extent (430.5 + 236.9 X 103 km?) almost half of its maximum seasonal
extent in October (843.3 + 344.8 x 10° km?). Note that these values may be slightly underestimated due to
the gyre extending beyond the northern limit of the dataset in the winters of 2007-2008 and 2010-2011 and
additionally in May-June of 2010 (magenta dots on Figure 2). There is little seasonality in the position of
the center of the gyre (Figures 2d and 2e), which tends to vary more on an interannual to decadal timescale.

Like the gyre area, the maximum DOT and BG strength exhibit a large seasonal cycle (Figure 2), with a peak
in October-November and reduction in the summer in all but 2 years. The gyre strength is roughly con-
stant from February to May, due to a decrease in both maximum and minimum DOT, resulting in similarity
between the seasonal cycles of BG strength and area (though both metrics display high variability during
spring, with particularly large deviation from the mean seasonal cycle in March). There is a distinctive rise
of maximum and minimum DOT from May to June in all but 2 years, with an increase of 0.07 m + 0.03 and
0.06 m =+ 0.05, respectively, between the 2 months. After June, the minimum DOT remains high, peaking
in August-September when the area and maximum DOT are low, resulting in a reduction of BG strength
(Figure 2b, left panel) from July to September. Figure 4 shows that, throughout the year, the southern por-
tion of the BG, and in particular the southwest (which is bounded by shallow bathymetry), has increased
flow compared to the north, but this is particularly amplified from October to December as the BG expands
toward the coast.

The two-peaked significant seasonal cycle visible in the maximum DOT (Figure 2a, left panel) aligns well
with the seasonal cycle of both mean Arctic DOT and BG steric height previously described by Armitage et al.
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Figure 4. The magnitude of the lateral slope of dynamic ocean topography (x10° m elevation per lateral meters),
displayed as monthly climatologies from 2003-2014. The 500, 1,000, and 1,500 m bathymetry contours are shown in
gray, along with the gyre edge (magenta solid line). The minimum and maximum gyre area for each month are
indicated by dotted lines. The northern limit of the dataset before 2011 is shown by a black dotted line.

(2016) and of BG freshwater content (Proshutinsky et al., 2009). Based on in situ observations, Proshutinsky
et al. (2009) suggested that the June peak is attributable to salinity decrease resulting from sea ice melt,
while the winter peak is due to increased thickness of the freshwater layer driven by elevated winter wind
stress. Our analysis of the DOT fields reveals that the variations of the freshwater storage within the gyre
can be linked with variations of both the gyre size and strength. Starting from August, when the gyre is the
smallest, maximum DOT, strength, and area increase as BSH pressure increases from its August minima
(Proshutinsky et al., 2002; Serreze & Barrett, 2011) and there is increased availability of freshwater from
summer melting. The maximum strength and size are reached in October, at the end of the sea ice melting
season. From October onwards, the maximum DOT decreases monotonically until it reaches a minimum
in May, while the size of the gyre remains roughly constant. This is in contrast with the seasonal cycle of
SLP over the region, which continues to increase until its maximum in March (Serreze & Barrett, 2011).
One needs to remember, however, that the stress felt at the ocean surface is modulated by the presence of
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Figure 5. The magnitude of the lateral slope of dynamic ocean topography (x10° m elevation per lateral meters),
displayed as annual averages. The 500, 1,000, and 1,500 m bathymetry contours are shown in gray, along with the gyre
edge (magenta solid line). The minimum and maximum gyre area for each year are indicated by magenta dotted lines.

sea ice and in particular by the seasonal cycle of the sea ice thickness (Martin et al., 2016), which peaks
in March-April, inhibiting the transmission of atmospheric momentum to the ocean and dampening the
gyre's response to atmospheric forcing. In certain cases, surface geostrophic ocean velocities approach or
exceed the sea ice drift, which reduces or reverses net Ekman pumping (Dewey et al., 2018; Meneghello,
Marshall, Timmermans, & Scott, 2018; Zhong et al., 2018). In May-June, when a pulse of freshwater to the
Arctic occurs due to thawing of land ice (Serreze et al., 2006) and river runoff (Peralta-Ferriz & Morison,
2010), the Canada Basin freshwater content increases. The maximum DOT appears to be more responsive
to this increased availability of freshwater than the size of the gyre (explored further in section 4). From
June to August, both the maximum DOT and the size of the gyre decrease, most likely as a response to the
weaker winds.

3.2. Trends Over 2003-2014
Over the time period of 2003-2014, the area of the gyre increases, with a linear trend of 53,000 km?/year
(Figure 2c). The signal occurs alongside a shift in the location of the center (by 0.161°/year in latitude
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Figure 6. The location of (a) the maximum dynamic ocean topography and (b) the weighted center of the gyre for each
month from 2003-2014, with successive months joined to show the trajectory over time. Also shown is (c) the seasonal
cycle and (d) the interannual variability of the distance between the two centers.

and —0.821°/year in longitude, resulting in an average shift of 29.4 km/year along a bearing of 307.8°). It
is accompanied by an overall increase of the maximum DOT (by 0.0138 m/year) and strength (by 0.0120
x 107%/year). Figure 7 shows the spatial structure of the linear trend of the DOT, calculated from a least
squares approach. Although we only fit a linear trend, one needs to keep in mind that the trend might not
be constant over time, with periods of plateauing or declining as seen in the maximum DOT (Figure 2a).
This is consistent with plateauing of SSH after 2008 described by Zhang et al. (2016). The largest increase
in the DOT field (with a trend of 0.0224 m/year) is found at 77.75°N, 159.75°W (Figure 7, black dot). This
maximum is found west of the location of the gyre in 2003, in the region where the gyre has preferentially
expanded. Our maximum trend is 128 km south of that found by Giles et al. (2012) over the time period
1995-2010 (Figure 7, cyan dot) but is also 0.0024 m/year larger, the difference being most likely due to the
different period considered. It is 2-3 times smaller than the average DOT trend of 0.05-0.08 m/year in the
Canada Basin over the shorter time period of 2005-2008 (Morison et al., 2012). Large trends are also found
over the Northwind Ridge and Chukchi Plateau (Figure 7), reflecting the expansion of the gyre over that
region. The intensification of the gyre, and its expansion and shift of its center away from the southeast and
toward the northwest, result in an insignificant trend in DOT in the southeast where the gyre has resided
almost continuously during 2003-2014.

The positive trend in DOT and expansion of the gyre (Figure 3) dominates the Arctic DOT trend and occurs
in the context of an Arctic-wide freshening from 1992-2012 of 600 + 300 km?/year (Rabe et al., 2014), but the
Arctic area-averaged 2005-2008 freshwater trend of 0.04 m/year (Morison et al., 2012) masks spatial vari-
ability in freshwater increase, particularly in the Canada Basin. Within this basin, Proshutinsky et al. (2009)
detail 2003-2007 trends of freshwater at four locations as varying between 0.64 m/year (in the southeast of
the gyre) and the maximum of 1.78 m/year at 78°N, 150°W, the furthest northwest location in their study,
mimicking the trend in DOT. We speculate that, as the link between DOT and freshwater content is signifi-
cant (e.g., Morison et al., 2012), the maximum trend in freshwater content continued to relocate further west
after 2007, as per the DOT here. This trend of increasing DOT toward the west implies that the gyre deepens

REGAN ET AL.

852



~1
AGU

100

DVANCING EAR
AND SPACESCl

Journal of Geophysical Research: Oceans 10.1029/2018JC014379

toward the Northwind Ridge and Chukchi Plateau (the latter being 300 m
deep in places) from 2003-2014, increasing the interactions of the gyre
with shallow bathymetry. Potential implications of this are discussed in
section 4.

Rabe et al. (2014) apportion the 1992-2012 Arctic-wide freshening trend
as two thirds due to salinity decrease and one third due to deepening of
the halocline. Certainly, Armitage et al. (2016) find a dominance of steric
height (and therefore density) change in the BG until 2011-2012, to be

3 replaced by a dominance in the ocean mass component of the DOT field

by the end of the time period. Within the BG a negative trend in sea ice

thickness was observed in all seasons from 1980-2013 (Petty et al., 2016).

However, Proshutinsky et al. (2009) found small positive trends of sea ice

thickness within the gyre from 2003-2007 and suggest that, as a result, sea

ice melt could only account for a maximum of 1 m/year freshening within

the gyre. Similarly, in a study spanning 2004-2010, Krishfield et al. (2014)

found that sea ice melting/freezing could account for up to 0.7 m of fresh-

ening each year, which is much smaller than the contribution from other

0.65 sources. Armitage et al. (2016) suggested only a small portion of the fresh-
0.60} ening in the deep basins could be attributed to loss of freshwater from the
0.551 Siberian shelves during this time period, equating to a shelf salinification
0.50¢ of 0.15 psu/year, while Morison et al. (2012) identified a dipole behavior
0.45¢ over 2005-2008, with a negative Eurasian Basin trend of 0.03-0.04 m/year
0401 offsetting the average DOT trend in the Canada Basin 0f 0.05-0.08 m/year.
gzz | They propose that this is linked to a redistribution of freshwater between
o25] basins and thus increased availability of freshwater to the BG. Indeed, we
020 ) ) ) ) find a small but significant reduction in DOT (the magnitude of which
2004 2010 2012 2014 exceeds 0.005 m/year in places) along part of the continental shelf in the
Figure 7. Map showing the linear trend (m/year) of the dynamic ocean Eurasian Basin. A negative trend of this magnitude and areal extent was

topography time series at each location from 2003-2014. Time series of the not observed by Giles et al. (2012) over 1995-2010. If advection from the

dynamic ocean topography where the maximum trend occurs (black dot,
over the Northwind Ridge) is shown below. The maximum trend found by

Eurasian Basin is indeed a significant source to the BG, this finding sug-

Giles et al. (2012) is shown by a cyan dot. White contours indicate gests an intermittent, or increased, importance of this source in the 2000s
0.005 m/year intervals, and areas which are not significant at the 95% level ~ and 2010s. Thus, the well-documented increase in freshwater content in
are hatched. The minimum and maximum gyre extent (in August 2004 and  the 2000s, which is evident in our observed trends in area and maximum

March 2013, respectively) are shown in green.

DOT, appears to be predominantly due to additional input of freshwa-
ter by sources other than sea ice melt, despite yearly thinning of sea ice
within the BG.

3.3. Interannual Variability

Superimposed on the long-term trend, the metrics of the gyre exhibit large interannual variations. When
quantifying the interannual variations of the different fields, we do not remove a linear trend at each point
before computation because in many parts of the gyre the change in DOT over time is nonlinear, displaying
a similar rise and fall as the maximum DOT (Figure 2a, right panel) as the gyre expands asymmetrically and
the center moves position. Where there is a large change in correlation between the full and detrended time
series, we provide both values, and all correlations mentioned are significant at the 95% level. The standard
deviations of the maximum DOT and the BG strength and size are of similar amplitude to that of their
seasonal cycle, although the deviations of individual years from the mean seasonal cycle is large (Figure 2).
Note that in several months the area is limited by the northern limit of the dataset, and therefore its value
is slightly underestimated (magenta dots on Figure 2).

The years 2003-2007 display low interannual variability in both the maximum DOT and gyre strength, with
the 12-month running mean of each for the first 4 years having an average standard deviation of 0.010 m
and 0.021 x 107 respectively. The mean steric height of the BG from 2003 to the beginning of 2007 also
showed little interannual variability (Armitage et al., 2016), suggesting that the eustatic component of DOT
was also roughly constant during this time period. Over the course of 2007, the 12-month running mean
of maximum DOT is raised from 0.50-0.63 m, reaching a maximum of 0.66 m in April of 2008 largely due
to the peak DOT of 0.77 m that occurred in December 2007. The BG strength shows similar interannual
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variability. Both remain high until 2012 when they drop to a local minimum in March 2013 before appearing
to increase again, still remaining higher than 2003 values.

The gyre generally expands over time (Figures 2c, right panel, and 3b), but its southern and eastern edges
are constrained by the presence of the Alaskan and Canadian coastlines and shallow bathymetry (Figure 3).
Notably, the area increases before 2007, when the maximum DOT and strength are roughly constant
(Figure 2, right panels). Therefore, the increase in freshwater content from the pre-1990s climatology that
began before 2007 (Proshutinsky et al., 2009) manifested as an increase in area rather than a raise of maxi-
mum DOT. A similar expansion before raise in maximum DOT is seen after the drop of each metric in 2012.
The interannual variability of the area correlates slightly better with strength (0.71) than with maximum
DOT (0.67).

An increase in the rate of expansion is seen between 2007 and 2008, when the maximum DOT and strength
raise, indicating a large increase in freshwater content within the gyre. This highlights that freshwater
increase can manifest as both DOT change and gyre expansion, but the discrepancy between the two indi-
cates that the maximum DOT and area could be controlled by different forcings and/or their timescale of
response is different. This is particularly evident when noting that the maximum DOT remains high until
2012, while the area is reduced after 2008 until the end of 2010.

The interannual variations of the gyre area occur along with variations of the position of the center, although
they correlate better with the changes of its latitude (correlation 0.61; Figure 2d, right panel) than longi-
tude (correlation —0.35), suggesting some asymmetry developing as the gyre expands over time (Figure 3).
Note here that the correlations drop to 0.29 and 0.12, respectively (the latter changing sign and becoming
insignificant at the 95% level), when the linear trend is removed, indicating that the linear trend is a signifi-
cant contributor to the correlation between area and location of the gyre center. The shrinking of the gyre in
2009, due to a reduced autumn-winter peak in size, coincides with a temporary westward shift of the eastern
portion of the gyre, followed by a large shift to the west in 2010 (Figure 3b). The emergence of asymmetry
is also visible from the increased distance between gyre center and centroid (which would match exactly in
the case of a symmetrical gyre). Figure 6 highlights that these both begin in the Beaufort Sea and end by the
Northwind Ridge, but their locations deviate over time, with the centroid shifting along an average trajec-
tory of 325.3°. By December 2014, the centroid is 209 km almost directly north of the maximum DOT, with
the 2014 average distance over 55% greater than that of 2003 (Figure 6). The asymmetry in the development
of the gyre over time is also visible in Figure 5, where the gradient of the DOT tends to steepen more on
the southwestern side of the gyre where the gyre is constrained by the presence of shallow bathymetry. This
has been previously highlighted by Armitage et al. (2017), who found that, when the BG tends to expand,
the geostrophic currents are intensified in both the southwest and southeast Beaufort Sea, where shallow
bathymetric features are present.

Interannual variations of the BG strength (equation (1)) are mostly driven by the variations of the DOT at
the gyre center (maximum DOT), with a correlation of 0.97 between the two 12-month running mean time
series, as opposed to variation of the DOT at the edge (minimum DOT, correlation 0.64) or the average radius
of the gyre (correlation 0.27). Moreover, the variations of the DOT at the center and edge of the gyre are not
correlated. The edge DOT begins to raise during 2008 and reaches its peak in January 2010 (0.09 m greater
than the minimum of maximum DOT in July 2004), 25 months after the peak in maximum DOT. After this,
the DOT at the gyre edge lowers to pre-2008 levels.

In short, we have shown that the different characteristics of the BG exhibit large seasonal, interannual, and
long-term variability. Seasonally, the gyre undergoes a strong weakening in summer, which manifests itself
asreduced maximum DOT, strength, and area, the latter roughly halving in July-September compared to the
rest of the year. Two peaks in the seasonal cycle of maximum DOT agree well with observations of freshwater
content within the gyre. Over the period of 2003-2014, the gyre expands at a rate of 53,000 km/year, toward
the north and west, with an asymmetry developing after its western edge resides over the Chukchi Plateau
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Figure 8. Time series of the average Ekman upwelling (cm/day) as

2006

year-round. The maximum DOT and strength are raised between 2007
and 2012 but then fall (remaining above pre-2007 levels), highlighting a
decoupling between variations in the size and strength of the gyre.
4. Atmospheric Forcing and Other Controls on the
| Gyre
T

response. Due to the uncertainty surrounding the specific role of the sea
ice in modulating the momentum input from the wind to the ocean sur-
face, we look at both the effect of the wind forcing only, neglecting the

| v I W
J’ y v V\ I Here we put the spatial and temporal behavior of the key gyre metrics in
“ the context of the atmospheric forcing, in order to investigate the gyre's

2008

2010 2012 2014 presence of sea ice, and also consider the surface stress when including
the effects of sea ice and surface geostrophic currents. We then describe

predicted by considering only the atmospheric forcing (blue) and the the role played by the bathymetry of the Canada Basin in modulating the
total surface stress on the ocean (red) within the BG box (70.5-80.5°N, response of the gyre to its surface forcing and discuss the implications of
190-230°E; Proshutinsky et al., 2009; black box in Figure 1) from our findings on freshwater content and observations.

2003-2014. Dark gray highlights winter (January-March), while light gray

highlights spring (April-June) and autumn (October-December). 4.1. Atmospheric Forcing

We look at both the intensity of the atmospheric forcing and the position

of the BSH (Beaufort Sea High) in order to understand their separate and
combined effects on the gyre metrics. We use the SLP field to determine the position of the BSH, noting
that its center generally aligns well with the wind stress curl maximum (not shown), and we compute the
Ekman pumping within the BG box to investigate the effect of the forcing on the gyre. We use the BG box
here, rather than within the contour-defined gyre, for two reasons. The first is that the use of the same, or
similar, boxes in the literature (e.g., Krishfield et al., 2014; Meneghello, Marshall, Timmermans, & Scott,
2018; Proshutinsky et al., 2009) allows comparisons to be made with this study. The second is that the gyre
has some memory of the forcing (Johnson et al., 2018), which implies some lag in its response, and so it is
difficult to make direct comparisons between the forcing just over the closed contour and the gyre metrics
for any given month.

The two computations of average Ekman pumping from total surface stress (equation (2)) and wind-only
surface stress (equation (2), « = 0) within the BG box over time (Figure 8) are well correlated (0.81 with
the daily stress). Here we do not detrend so that we remain consistent with the gyre metrics, but the forcing
time series do not contain a notable linear trend. A difference in magnitude but not temporal variability is
observed, and downwelling is reduced, or altered to weak upwelling, when including ice-ocean stress, 7;.,
in the Ekman pumping calculation (equation (5)). This is particularly evident in winter where upwelling
(recently described by Dewey et al., 2018, and Meneghello, Marshall, Timmermans, & Scott, 2018) follows a
downwelling peak in September-October in all but a few years. These different years, 2003, 2012, and 2013,
display no increase in summer downwelling, with 2012 instead showing increased winter downwelling and
sustained summer-autumn upwelling when the Arctic experienced the strongest summer cyclone since
records began in 1979 (Simmonds & Rudeva, 2012). They are aligned with, or follow, low annual average SLP
across the Canada Basin (Figure 9) and coincide with low gyre extent and maximum DOT. Conversely, the
largest downwelling is seen in 2007 (Figure 8), when SLP is anomalously high during summer and autumn
and the magnitude of the total Ekman pumping exceeds the wind-only forcing for 2 months. This coincides
with a significant increase in maximum DOT, strength, and area, when anomalous wind conditions con-
tributed to a significant retreat of sea ice (Zhang et al., 2008) and a large increase in ice-free area around the
BG compared to 2006 (Petty et al., 2016). Thus, 2007 and 2012 exhibit the strongest anomalies in the forcing
over 2003-2014, when we also observe the strongest changes in DOT.

The gyre characteristics display a trend (Figure 7 and section 3.2), while the forcing does not, which results
in lower correlations between the fields than if they were detrended; however, some significant correlation
is still present. The strongest correlation between gyre characteristics and Ekman pumping is found with
the gyre strength, but it is low at 0.19. It increases to 0.33 when correlating the gyre strength to the Ekman
pumping of the previous month, suggesting a lag in response. Notably, this increases further to 0.43 (0.61 if
removing a linear trend from each) when considering the gyre strength and the average Ekman pumping
over the previous 3 months and 0.44 if also including the present month. Similarly, Dewey et al. (2017) found
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Figure 9. Annual sea level pressure (SLP) over the Beaufort Gyre, with gyre edge outlined in black. Location of
maximum dynamic ocean topography (black) and weighted center of gyre (magenta) are shown, along with location of
maximum SLP (white diamond). Also shown in gray are the 500, 1,000, and 1,500 m isobaths. The northern limit of the
2003-2010 dataset is highlighted (magenta dotted line). Note that in 2006 the maximum SLP lies to the southeast of the
region shown.
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Figure 10. Hovmoller plots through the center of the gyre over time. Sections through the latitude of the center in each
month (a, b) and through the longitude of the center in each month (c, d) are shown for (a, ¢c) dynamic ocean
topography (DOT) and (b, d) the magnitude of its spatial gradient (x10° m elevation per lateral meters). Magenta
dots/lines show the position of the maximum DOT and gyre edge. Bathymetry contours shown at 500 (black), 1,000
(gray), and 1,500 m (light gray). It is important to note that, as the gyre center moves from 2003-2014 (Figure 6), the
section of DOT taken varies, and thus, the bathymetry contours do not necessarily represent the same features over
time.

a 2-month lag between the Arctic Oscillation index and salinity distribution (and thus gyre doming) along
150°W within the gyre from 2012-2014, suggesting some memory of the forcing. The effect of sea ice cover
on the magnitude of the total surface stress is not strong in spring and autumn compared to the winter, with
reduced sea ice thickness and extent allowing for more transfer of momentum from the wind.

We suggest that both the position and the intensity of the forcing are important in determining the size and
shape of the gyre, and the gyre's overall location is affected by the movement of the BSH. Figure 9 shows
that if the intensity of the BSH is strong, but its center is to the east of the gyre, the gyre is likely to remain
smaller than if it were to the west. Conversely, a western located SLP can result in a gyre expansion to the
west even if the intensity has not greatly increased (Figure 9, 2007 compared to 2010). In 2004, 2005, 2010,
2012, and 2013, the center of the BSH is to the west of the gyre center, and the western portion extends over
the Chukchi Plateau. It should also be noted that the gyre shrinks in summer, when the BSH position is
generally to the east (not shown). In 2007 and 2010, the gyre expands northward toward the average location
of the BSH. From 2010 onwards, the western edge of the gyre remains to the west of the Chukchi Plateau
despite the average location of the center of the BSH in 2011 and 2014 occurring to the east of the gyre center.
The fact that 2004 and 2005 have a westward BSH center but the gyre in these years remains small points to
further controls on the gyre size and shape.

4.2. Bathymetric Controls

The location and strength of the BSH, and the resulting surface stress when including the effect of sea ice,
cannot fully predict the gyre behavior. The winter location of the BSH is regularly to the west of the BG
(Figure 9), but the gyre position does not grow directly toward the center of the BSH. Here we point to
bathymetry as being a significant, previously overlooked control on the gyre dynamics. Yang et al. (2016)
have suggested that a meridional ridge could act to mimic a western boundary for the gyre in the absence of
awestern land barrier to create a western boundary current. The Chukchi Plateau region has been identified
as an area of disturbed currents at the gyre edge (Armitage et al., 2017) and increased eddy density (Zhao
et al., 2016), suggesting that there is some interaction between gyre circulation and subsurface topography.

Figure 10 shows the DOT field and its gradient along the latitude and longitude of the maximum DOT,
therefore providing an indication of its behavior along the “central” axis. Note the moving center means that
the bathymetry encountered also varies over time. The BG experiences resistance when it expands toward
shallow bathymetry (Figure 10), as indicated by the increased DOT gradient along the continental slope
(Figure 5; Armitage et al., 2017). The southwestern edge of the gyre never breaches the continental shelf of
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Figure 11. Time series showing (a) maximum dynamic ocean topography
(DOT), (b) mean DOT within the gyre, (c) strength (x10 °), and (d) area of
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the gyre, along with their 12-month running means (blue). Maximum
freshwater (FW) content during the summer of each year (Beaufort Gyre

Exploration Project; Proshutinsky et al., 2009, updated each year) is shown

in green, while total summer FW content within the BG box (Figure 1,
black box; Proshutinsky et al., 2009) is show in red. Note that the FW
content lines are plotted in August of each year.
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the Chukchi Sea shallower than 200 m. While the theoretical Ekman
effect only reaches the upper tens of meters, the gyre is also constrained
by the Atlantic Water boundary current that flows along f/H contours
(e.g., Lique et al., 2015) or the current flowing on the shelf break (Pickart
et al., 2013). Thus, the underlying water residing between the gyre and
the sea bed, which is directly impacted by shallow bathymetry, affects the
overlying gyre by its presence. The Northwind Ridge, exceeding 700 m,
does not create a significant limitation for the gyre, but the adjacent
Chukchi Plateau (encountered consistently after 2008, albeit at varying
latitudes) creates a northward extension from the Chukchi Sea shelf,
which is shallower than 300 m in places. Note that the Chukchi Plateau
is a strong downwelling region (Meneghello, Marshall, Timmermans, &
Scott, 2018; Timmermans et al., 2014), particularly from September to
December when the gyre is expanding. The bathymetric control goes
some way to explaining the original finding by Giles et al. (2012) that the
gyre expanded to the northwest over 1995-2010 but the center did not
significantly shift position.

The three-dimensional structure of the gyre can be inferred from a steep-
ened DOT gradient, which indicates steepened isopycnals. Over shallow
bathymetry, the steepened isopycnals will tend to interact with (and
thus be constrained by) the bathymetric feature and likely also with the
Atlantic Water boundary current (e.g., Lique & Johnson 2015). This cur-
rent circulates cyclonically around the continental slope of the Arctic
Basin; while meandering around the Chukchi Plateau, there is devel-
opment of an additional branch flowing into the interior of the ocean
(Aksenovetal., 2011; McLaughlin et al., 2009; Woodgate et al., 2007), with
a weaker branch also transiting through the Chukchi Gap at the base of
the Chukchi Plateau (McLaughlin et al., 2004, 2009), over which the gyre
lies consistently from 2010 onward. The raised DOT in 2008 results in a
steeper gradient along each of the southern, eastern, and western bounds
(Figure 5). After 2009 this extends westward, consistently breaching the
Chukchi Plateau after 2012, and in 2013 the western edge of the gyre is
aligned with the Mendeleev Ridge. In its new position, the DOT reduces,
which we suggest is partially due to a relaxation of the gyre as it is able
to expand over the plateau more easily and the isopycnals below flatten
(Figure 10). We speculate that this behavior represents the bathymetric
constraint of the shallow Chukchi Plateau limiting the gyre expansion,
thus causing the gradient to increase until some threshold is reached,
after which it is able to breach the western limit and expand more freely,
which we observe in our data (Figure 3b). The proposed increased inter-
action with the bathymetry is likely to result in more instabilities, which
may be linked to the intensified eddy activity observed by Zhao et al.
(2016) during 2013-2014 close to the Chukchi Plateau. The Mendeleev
Ridge generally exceeds 1,500-m depth, which would likely cause less
of a restriction on the gyre than the proposed constraint caused by the
Chukchi Plateau. Indeed, the latter still appears to have an effect on the

gyre after the western portion expands beyond it, with the weighted center deviating more from the max-
imum DOT due to continued asymmetry. The expansion of the gyre to reside over the Chukchi Plateau
year-round is likely to lead to a new dynamical equilibrium being established as the gyre responds to the

shallow bathymetry.

4.3. Implications for Freshwater Content Variability and Its Observability

In order to relate our findings to gyre freshwater content variations, we compare the gyre parameters to
summer freshwater variations, in terms of both the maximum freshwater content within the gyre and the
total freshwater content within the BG box (Proshutinsky et al., 2009) in Figure 11. We use the BG box here,
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because the yearly BGEP gridded data are interpolated from CTD profiles from July to October of each year
(Proshutinsky et al., 2009), and therefore it is meaningless to analyze the data within the closed contour of
a particular month, or yearly average contour, given that the data are not from a specific month and do not
include winter.

We reiterate here that freshwater change within the gyre can be reflected by both a change in maximum
DOT and the area of the gyre, but their variations are not always in phase. The total freshwater content is
mirrored by the 12-month running mean of maximum DOT, with a peak in 2008, followed by a plateau until
2012 when both fields decrease before beginning to increase again in 2014. This similarity in interannual
variations shows that the maximum DOT is a good predictor of summer freshwater behavior. The maximum
freshwater content, which we might expect to display similar interannual variations to that of maximum
DOT, instead shows more similarity to the mean height across the gyre and declines after 2009, suggesting a
redistribution of freshwater within the gyre following the anomalously anticyclonic atmospheric conditions
during 2007.

The area of the gyre closely follows the behavior of freshwater content from 2003-2008, both increasing
while maximum DOT, mean DOT, and strength remain roughly constant, suggesting that during these years
the main signature of increased freshwater content within the gyre is expansion. Notably, the drop in gyre
strength and area in 2009 is not reflected in either the maximum or total freshwater content. As we compute
the total freshwater content over the BG box, the computation does not take into account the change in
gyre size. If we assume the data were collected in August and compare the gyre area in this month to the
freshwater content within this closed contour, the interannual variability of the gyre area agrees well (not
shown). We suggest that the finding that the maximum freshwater content, which is independent of the
chosen computation region, does not drop in 2009 is evidence that the freshwater content during this year
manifests more as elevated mean DOT than areal extent. We propose that this is because the bathymetric
constraint limits expansion to the west, somewhat counteracting the effect of the forcing. As a larger portion
of the gyre eventually breaches over the Chukchi Plateau in 2012-2014, the intensity of the gyre relaxes,
corresponding to a temporary drop in total freshwater content before all fields begin to rise in the last year
of the period studied.

The region defined first by Proshutinsky et al. (2009) captures the majority of the gyre, including in years
where the expansion to the north and west is large. Additionally, the surface forcing within the bounds of the
BG box (Proshutinsky et al., 2009) and within the BG area computed in this study have high correlation (0.89
and 0.87 for Ekman pumping from wind-only and total surface stress computations, respectively). Mooring
sites of the BGEP are also contained within the gyre for most of the time period considered. It should be
noted that, as the gyre shifts position, its center moves toward moorings A and B of the BGEP (Proshutinsky
et al., 2009; shown in Figure 1). Therefore, while overall gyre freshwater content within the gyre increased
during the 2000s (e.g., Armitage et al., 2016; Krishfield et al., 2014), the increases in freshwater observed
at the moorings were likely partially due to the reduced distance from the moorings to the gyre center.
Expansion of the gyre and relocation of its center must therefore be considered when interpreting discrete
measurements and inferring gyre-wide change.

Increased freshwater content and spin-up of the gyre occurs alongside a deepening of the underlying Atlantic
Water toward the Northwind Ridge of over 100 m in 2003-2011 (Zhong & Zhao, 2014), which corresponds
well with the BG center migration observed in this study. This increased depth of the Atlantic Water layer
below the BG was attributed to cooling of the layer but could also be a response to increased freshwater
content and depth of the BG. Lique et al. (2015) found that Atlantic Water was affected by changes to the
surface circulation, suggesting a potential for further-reaching effects as the Atlantic Water layer below will
deepen and likely be restricted near the shelf by an intensified gyre.

Variations of the gyre may affect other features within the Canada Basin. Woodgate (2018) finds an increase
in transport of Pacific Water through the Bering Strait into the Arctic from 1990-2015. During the time period
of this study, the years of anomalously high annual mean inflow of the fresh Pacific Water are generally fol-
lowed by an increase in gyre size in all but one year. Additionally, it is known that fluxes of heat, freshwater,
and nutrients into the Canada Basin from the Alaskan portion of the Beaufort Sea are affected by an east-
ward shelf break jet and storm events (Pickart et al., 2013). While the pathways and destination of water off
of the shelves are not fully constrained, the increased proximity of the gyre to the shelf break of the Beau-
fort and Chukchi seas, which is reached year-round after 2009, could increase interactions between the gyre
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and shelf or serve to disrupt the eastward shelf break jets that prevail. Increased access to the Chukchi Sea
is particularly important given that it experienced freshening in winter 1990-2015 (0.03 psu/year) and warm-
ing in May and June due to earlier arrival of warmer water (Woodgate, 2018). In addition to exchanges
with the shelf, basin-wide changes to freshwater pathways seen in the mid-2000s (Morison et al., 2012)
could both have fueled an expanded gyre and have been affected in their trajectories, thus potentially hav-
ing increasing interaction and impact on flow from the Eurasian Basin and out of the Arctic Ocean. Further
work must be done on the impact of the changes to the gyre highlighted in this study and their effects on
the surrounding region, so that the nonlocal effects of change to freshwater content and gyre forcing can
be understood.

5. Conclusions

In this study, we have used altimetry-derived DOT to describe the monthly evolution of the shape, size, and
location of the BG within the Canada Basin. We conclude that the gyre expanded between 2003 and 2014,
in line with freshwater content over the majority of the period (Armitage et al., 2016; Krishfield et al., 2014)
and despite a reduced maximum DOT in 2013-2014.

Among the detailed description of the gyre, we draw attention to three key findings. The first is that, as for
steric height (Armitage et al., 2016), the maximum DOT of the gyre displays similar seasonality to mea-
sured freshwater content (Proshutinsky et al., 2009) despite temporal and spatial differences. However, the
best metric for describing the gyre response to surface forcing is the gyre strength, which also includes the
response of the minimum DOT within the gyre and its average radius. The gyre responds to the cumulative
effect of forcing, with the strongest correlation being found over the previous 3 months of forcing. This high-
lights memory of the gyre, which has also been proposed to exist on decadal timescales by Johnson et al.
(2018). This means that during 2007 and 2012, when the gyre experienced anomalous forcing throughout
the year, the BG displayed the largest response to the surface forcing. That these 2 years had the lowest sea
ice across 2003-2014 suggests increased sensitivity of the gyre to extreme events, and thus, the continuing
summer decline of sea ice within the BG may have implications for future gyre behavior.

The second important result is that the maximum DOT and area of the gyre do not linearly covary,
either seasonally or interannually. While the maximum DOT responds well to the intensity of the sur-
face forcing, the gyre size additionally depends on the location of the BSH. Thus, in the summer, when
the BSH is generally to the east, the gyre area halves, while for the rest of the year it remains roughly
constant while maximum DOT sees a decline in spring and additional peak in June. A similar control is
observed in the longer term behavior, hence the decoupling. Over 2003-2014, the freshwater content vari-
ations manifest as both changes to the size of the gyre and the maximum DOT, but not necessarily at the
same time.

Finally, we note that the fact that the areal extent of the gyre is forced by the position, as well as magnitude,
of the BSH, means that when the BSH resides to the west of the Chukchi Plateau, its shallow bathymetry
impedes movement of the gyre, resulting in asymmetry. This is emphasized by the deviation of the maxi-
mum DOT and weighted center of the gyre, and strong correlation between maximum DOT and gradient
at the western limit of the gyre. Some relaxation in gradient after a breach over the Chukchi Plateau (to
become realigned with the Mendeleev Ridge) suggests a new western boundary is reached, although further
analysis beyond 2014 is required to deduce whether this is a temporary relocation or a new geographi-
cal position for the BG. We highlight the potential importance of the proximity of freshwater sources from
the Chukchi Sea, altered seasonality of the gyre, and effect of shallow bathymetry on the western limbs of
the gyre and its underlying water masses as questions to focus on in the future. The effect of these factors
will be further elucidated by the future availability of longer time series at higher resolution and greater
spatial coverage.

Overall, our study emphasizes the importance of the bathymetry for the dynamics of the gyre and reveals that
both the variations of the location and intensity of the atmospheric forcing play a role for the variations of
the BG intensity and area (and thus the associated freshwater content variations). To date, idealized process
models probing the dynamics at play for the BG (Davis et al., 2014; Lique et al., 2015; Manucharyan et al.,
2016) have largely overlooked these factors, and their effects should be included in future studies.
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