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Abstract

The Beaufort Gyre (BG) was spun up in the last decade which is an important factor in regulating the variation of
the upper ocean. The heat content and freshwater content of the upper ocean increased gradually in the Canada
Basin, as did momentum input. Both the geostrophic wind curl and freshwater content could contribute to the
spin-up of BG. However, even though there is no change of the wind field the increasing freshwater alone could
result in the spin-up of BG. In this study we show that the Pacific Water is difficult to flow into the central basin as
the BG spins up and the maximum temperature of the Pacific Summer Water (PSW) experienced a dramatic
decrease inside the BG in 2005 and 2009 due to a change of flow pathway of PSW. The enhancement of Ekman
Pumping (EP) contributed to the deepening of the Pacific Winter Water by piling up more freshwater. This change
of water column dynamics has also contributed to the deepening ofthe Atlantic Water core after 2007. The EP
decreased significantly in 2012 (indicating a spin down of BG) and the direction of Ekman transport turned to the
north, which favoured the release of freshwater that had resided in the basin for years.
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1 Introduction

As one of the important components of the large scale circu-
lation in the Arctic Ocean, the Beaufort Gyre (BG) plays a crucial
role in regulating the Arctic climate (Proshutinsky and Johnson,
1997; Asplin et al., 2009; Proshutinsky et al., 2009). Under the in-
fluence of prevailing Beaufort Sea high, the typical feature of BG
is an anticyclonic circulation. The upper ocean water and sea ice
would converge on the anticyclonic BG center, which results in
the largest freshwater reservoir (45 000 km3) in the Arctic Ocean
(Aagaard and Carmack, 1989). The reservoir is 10-15 times larger
than the annual river runoff volume and at least two times larger
than the freshwater stored in the Arctic sea ice (Proshutinsky et
al., 2002). The distribution and outflow of freshwater are affected
by the intensity of BG. The recede of BG or even reversal would
result in freshwater releasing into the North Atlantic Ocean,
which further caused the salinity anomaly there (one from 1968
to 1978, one in the 1980s and one in the 1990s) and may poten-
tially affect the formation of deep water and the climate change
(Aagaard et al., 1985; Dickson et al., 1988; Rennermalm et al.,
2006).

The Arctic Ocean is regulated by two phases of multi-decadal
variability of Low Frequency Oscillation (LFO) with lower/higher
than normal sea level pressure (SLP) and cyclonic/anticyclonic
circulation regime while the BG retreated/intensified and the ex-
ports of more/less sea ice in positive/negative phase (Polyakov et
al., 2004).

The Arctic Ocean was dominated by the anticyclonic circula-
tion regime in the last decade (McPhee et al., 2009; Proshutinsky

et al., 2013; Giles et al., 2012) while the sea ice was experiencing
an inevitable decline. One of the factors causing the retreat of sea
ice is the air temperature increasing which further makes the AO
(Arctic Oscillation) regulating mechanism in variation of sea ice
become less obvious (Thompson and Wallace, 1998; Comiso et
al., 2008). There is evidence that the property of AO has changed
(Wang et al., 2009; Overland and Wang, 2010). What’s more, the
AO only explains 50% variability of SLP (Rigor et al., 2002). It does
not necessarily describes the variations in the wind (which is re-
lated to the gradient of SLP) or in the stress curlin the BG (Yang
and Proshutinsky, 2013). After analyzing the simulated annual
sea ice motion and ocean circulation in the Arctic Ocean,
Proshutinsky and Johnson (1997) proposed the Arctic Ocean Os-
cillation (AOO) index which could better represent the circula-
tion regime that dominates the Arctic Ocean. AOO relates not
only the atmospheric forcing but also the ocean configuration
(bathymetry and coastline), sea ice condition and the impact of
river runoff. The Arctic Ocean is dominated by the anticyclonic
circulation regime from 1997 to 2013 as the BG had been intensi-
fied (Proshutinsky et al., 2013).

The water column properties in the Canada Basin are unique
under the influence of BG. The isopycnal appears as a bowl
shape with the deepest inside of the BG and the shallowest out-
side of BG (Proshutinsky et al., 2002). Within the anticyclonic BG,
the upper ocean is converged by the Ekman Pumping (EP) that
changes the properties of water column. Dynamic height calcula-
tion shows that the impact of BG could reach the depth of At-
lantic Water (AW) (McLaughlin et al., 2009). In the last decade,
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the strength of BG shows an increasing trend (Proshutinsky et al.,
2009; McLaughlin and Carmack, 2010; Gile et al., 2012; McPhee,
2013). The mechanism of BG spin-up is attributed to the retreat
of sea ice that enhanced the sea ice motion and the increased air-
ice and ice-ocean drag coefficients caused by higher ice rough-
ness (Giles et al., 2012; Tsamados et al., 2014). The spin-up of BG
can deepen the Pacific summer water (PSW) because the EP can
converge freshwater to the BG interior and resulted in desalina-
tion in some water masses, such as the near surface temperature
maximum (NSTM) and remnant of the previous winter mixed
layer (WML) (Jackson et al., 2011). The increasing freshwater
content in the Pacific Water layers from 2005 to 2008 in the
Canada Basin was due to a circulation pattern that fresh shelf wa-
ter was carried from the Eurasian side eastward along the Russi-
an coast into the Canada Basin that characterized by an in-
creased AO Index (Morison et al., 2012). Timmermans et al.
(2014) pointed out the PSW at the surface in the Chukchi Sea
propagates to the interior Canada Basin through subduction
along the isopycnals that outcrop in the Chukchi Sea which em-
phasized the importance of Ekman transport convergence.Re-
cent study shows that although the AW remains relatively warm
inside the BG, the AW deepened as the BG spin-up. This indic-
ates that the dynamic effect of BG has overwhelmed the thermo-
dynamic effect of AW after 2007 (Zhong and Zhao, 2014).

Mainly based on the hydrographic data obtained from 2003 to
2012, we analyzed the variation of BG and its impacts on the
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Canada Basin. Section 2 describes our method and data that used
in this study. In Section 3, we give a definition of BG and use the
Ekman pumping to indicate the strength of BG. Then we discuss
the variation of geostrophic wind curl in maintaining the BG.
Section 4 shows the impacts of BG on the Canada Basin. Section
5 summarizes the study.

2 Data and method

The hydrographic data that used in this study are obtained
from the Beaufort Gyre Exploration Project (BGEP), the Japan
Agency for Marine-Earth Science and Technology (JAMSTEC),
the Chinese Arctic Research Expedition (CHINARE), the Western
Arctic Shelf Basin Interactions Project (SBI) and the Swedish
Icebreaker Oden (ODEN). The Ice Tether Profilers (ITP) data
(ITP number 1-6, 8, 11, 13, 18, 21-22, 32-33, 35, 39, 41-42) are
also used here. These ITP buoys provided two profiles or four
profiles of conductivity-temperature-depth (CTD) in a day in the
upper 800 m of the Canada Basin. We interpolated the data to
1db to have the same resolution as ship base CTD cast profiles.
All the ship base hydrographic survey was carried out in the time
range of late July to early October that could represent the sum-
mer of the Canada Basin. ITP data in the time range between July
20 and October 10 were chosen for analysis. Table 1 shows the
details of all data set. The Gaussian interpolation formula was
used to interpolate all the CTD data. The influence radius was
chosen as 300 km (details refer to Appendix).

Table 1. The hydrographic data that used in this study are listed below and references for additional information about instruments

and their accuracies

Data set Year Month Reference Source URL
BGEP 2003-2012 7-10 McLaughlin et al. (2008) http://www.whoi.edu/beaufortgyre/
JAMSTEC 2004, 2008,2009 9-10 Shimada et al. (2004) http://www.godac.jamstec.go.jp/darwin/
CHINARE 2008, 2010 7-9 Zhong and Zhao (2014) http://www.chinare.org.cn
SBI 2003 7-8 Swift and Codispoti (2003) http://www.eol.ucar.edu/projects/sbi/ctd.shtml
ODEN 2005 8-9 Karlqvist (2005) http://cchdo.ucsd.edu/
ITP 2004-2012 7-10 Proshutinsky et al. (2009) http://www.whoi.edu/itp

The sea ice concentration data set was derived using meas-
urements from the Scanning Multichannel Microwave Radiomet-
er (SMMR) on the Nimbus-7 satellite and from the Special
Sensor Microwave/Imager (SSM/I) sensors on the Defense Met-
eorological Satellite Program’s (DMSP) -F8, -F11, and -F13 satel-
lites, which havea grid size of 25 kmx25 km (Comiso, 2000). The
data is available at http://nsidc.org/data/nsidc-0079.

Daily-mean sea level pressure over the Arctic Ocean was de-
rived from the National Center for Environmental Prediction/Na-
tional Center for Atmospheric Research (NCEP/NCAR) reanalys-
is data set (Kalnay et al., 1996). The horizontal resolution of the
data is 2.5°x2.5°. The data are available at http://www.esrl.
noaa.gov/psd/data/gridded/. Daily sea ice motion data was de-
rived from the Polar Pathfinder Daily 25 km EASE-Grid Sea Ice
Motion Vectors (Fowler et al., 2013) for the period from 1978 to
2012 with a resolution of 25 km. The data are available at
http://nsidc.org/data/nsidc-0116.html.

The surface stress over the sea-ice covered ocean was calcu-
lated based on the sea ice motion data. Using the wind stress and
ice-ocean stress we then calculated the total stress on each grid
based on the sea ice concentration as suggested by Yang (2009).
Daily Ekman Pumping was calculated based on the total stress
and then was averaged to obtain the monthly mean fields; the lat-

ter are used for analysis. All the primary data were interpolated
on the EASE-grid with a resolution of 25 km.

3 The variation of Beaufort Gyre

3.1 The Beaufort Gyre domain

Figure 1 shows an anticyclonic circulation known as the
oceanic Beaufort Gyre circulation that dominates in the Canada
Basin with its center at 72°N, 150°W (Fig. 1). One of the factors
that control the strength of BG is the variation of freshwater con-
tent in the BG domain (e.g., McPhee, 2013).

We adopted a method similar to Jackson et al. (2011) to de-
termine the center of BG. The basic idea is that we at first try to
find the minimum salinity at 40 m (the depth influenced by BG
directly) and then use this salinity to determine the depth of iso-
haline for each year (due to the fresher trend in the upper ocean,
same isohaline could not be used for comparison purpose). The
depth of isohaline is divided into three regions, inside of BG
(25-40 m), the transition zone (16-24 m) and outside of BG (0-15
m). The region inside the BG occupied a large scope in most of
the eastern basin in 2003, in southeastern basin in 2004 and 2006,
in the south-central basin in 2005, in the east-central basin in
2007, in the southern basin in 2008, in the southwestern basin in
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2009, 2011 and 2012, in the west-central basin in 2010 (Fig. 2). It
seems that the BG center is shifting toward the southwestern
basin. We should note that the hydrographic data were not ob-
tained synchronously, the BG region we got here is just a snap-
shot of the ocean. In addition, the difference of surface stress
between the sea ice cover region and ice-free region may result in

oval shape of BG. The BG region is not synchronized with the SLP
which indicates the oceanic adjustment is lag behind the atmo-
spheric variation. In summer when the wind become weaker or it
may even reverse to cyclonic, the ocean geostrophic circulation
will prevail and drive the sea ice motion against the wind
(Proshutinsky et al., 2002).

Fig. 1. The climatology dynamic height (the unit in color bar is gpm, i.e., the geopotential meter) and the surface geostrophic
current in the Canada Basin (relative to 400x10% Pa). The thin black line shows the 400 m isobaths. Data are from the Polar Science

Center Hydrographic Climatology (PHC).

3.2 The strength of Beaufort Gyre

The strength of BG can be depicted by the change of dynamic
height (McLaughlin et al., 2011), the surface geostrophic current
(McPhee, 2013), the surface stress curl (Tsamados et al., 2014;
Zhong and Zhao, 2014) and the Ekman Pumping (EP).

Here we calculate the Ekman Pumping to study the strength
of BG. The EP converged the surface water in the Canada Basin
that resulted in downwelling inside the basin and upwelling in
the continental slope region (Fig. 3a). The Ekman Pumping was
weak in 2003, 2006 and 2012 with less than 2 cm/d in the BG re-
gion and upwelling prevailed in the basin for these years. In the
other years during the period of 2003-2012, there is a maximum
downwelling in the southwestern basin which was correspond-
ing to the convergence center of surface water. The EP reaches
the strongest in 2005, 2007-2010 (especially in 2007 larger than 4
cm/d) and the weakest in 2006 and 2012. The most obvious
change in 2012 was the northward Ekman transport that induced
the strong upwelling in the southern Beaufort Sea. The north-
ward Ekman transport favours the release of freshwater that used
to reside in the Canada Basin for years (Proshutinsky et al., 2009;
Giles et al., 2012; de Steur, et al., 2013; Curry et al., 2014). The sur-
face freshening in the Eurasian Basin in 2010 is believed to be
caused by the release of freshwater as the BG became weaker
(Timmermans et al., 2011). The EP showed a positive trend in
1995-2012 with an annual mean increase of 0.11 cm/d and the
mean Ekman Pumping velocity was -1.35 cm/d during
1995-2002 and -2.52 cm/d during 2003-2012 (Fig. 3b). The sur-
face stress curl in the Beaufort Sea was more negative (or greater

Ekman pumping) in 2000s than previous 5 decades even though
the meanSLP was significantly higher (Yang and Proshutinsky,
2013). The EP is strongly influenced by the oceanic and sea-ice
processes.

3.3 Impact of the geostrophic wind curl on the Beaufort Gyre

The Beaufort Sea high (BSH) plays an important role in for-
cing the BG. The BSH shows a great variation between months
with its climatology center in the Canada Basin (Moore, 2012).
Here we inspect the geostrophic wind curl in the BG area whose
variation could be divided into two period: 1995-2002 with the
mean geostrophic wind curl 5.16x10- m/s? and 2003-2012 with
the mean geostrophic wind curl -4.13x10-6 m/s? (Fig. 4). The
negative geostrophic wind curl enhanced in 2003-2012 may be
one of the triggers responsible for the increasing Ekman Pump-
ing. However, changes in ice dynamics (thinner and less areal
coverage) may be the main reason for the increasing surface
stress curl thus the increasing Ekman Pumping (Rampal et al.,
2009; Yang, 2009). Except for the strongest geostrophic wind in
2007, there is no obvious trend for the variation of geostrophic
wind curl in 2003-2012. The steep temperature gradient between
the summer sea ice and ice-free area may be responsible for the
anomalously strong geostrophic wind in 2007 and some special
synoptic type (Synoptic-scale atmospheric circulation patterns,
are classified from daily mean sea level pressure data) (Asplin et
al., 2009). We should notice that not only the sea ice motion and
wind provide a negative vorticity in maintaining the BG, but also
the volume flux of the Pacific winter water (Itoh et al., 2012).
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4 The impact of Beaufort Gyre on the water column in the
Canada Basin

4.1 Impact of BG on the upper ocean

The spin-up of BG would converge more freshwater in the
Canada Basin. The freshwater in the Canada Basin shows a dra-
matic increase in 2000s (McPhee et al., 2009; Proshutinsky et al.,
2009; Rabe et al., 2014; Morison et al., 2012). The freshwater con-
tent was relatively stable in 2003-2006 with the highest value (22
m) center at the southern basin (Fig. 5). The center of freshwater
content is moving toward the southwestern basin with the
highest value larger than 28 m after 2007. The freshwater in-
crease had persisted until 2010 and then it gradually decreased.
The retreat of sea ice and increase of river runoff all contributed
to the freshwater content. The river runoff showed a great variab-

ility in the southern basin with no obvious trend, while river run-
off component of freshwater content showed an increasing trend
of 0.7 m/a in the central basin during 2003-2007 (Yamamoto-
Kawai et al., 2009). From 2003 to 2011 this freshwater content had
increased by more than 5 000 km?® while river discharge in-
creased for this time is less than (100+100) km3 (Andrey Proshut-
insky, by personal communication). Three factors contribute to
the increasing freshwater content: the spin-up of BG, more sea
ice melt-water and river runoff. The impact of EP was not obvi-
ous before 2007 when there were large areas of sea ice cover
while after 2007 the convergence and increase of freshwater were
controlled by stronger EP. The EP (annual mean, figures not
shown here) decreased year by year in the BG region after 2010
which was responsible for the decreasing freshwater content in
the Canada Basin after 2010.

Fig. 2. Depth of the chosen isohaline (shown as the “S” value, “S” represents the salinity) for each year. The region inside the
Beaufort Gyre is circled by 25 m isoline, shown as the thick black line. The gray dots indicate the locations where the CTD data were
collected, and the values between stations are interpolated. The thin black lines represent the 400 m isobaths.
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Fig. 3. Averaged (June to September) Ekman pumping. a. In the Canada Basin (the arrows show the Ekman transport) and b. in the

BG region (70.5°-80.5°N, 130°-170°W).

The increasing freshwater content changes the baroclincity,
further causes the change of the geostrophic current. The center
of freshwater content is corresponding to the BG center as well as
the dynamic height center (Fig. 6). The center of dynamic height

was moving to the southwestern basin over time. The geostroph-
ic current may drive the sea ice motion against the cyclonic wind
in summer (Proshutinsky et al., 2002). The geostrophic current in
2000s showed a tremendous increase compared to the climato-

23
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logy geostrophic current (Figs 6 and 1). Similar to the freshwater
content, the geostrophic current was relatively stable in
2003-2006, but increased rapidly after 2007 (reaching the maxim-
um in 2008) and decreased gradually after 2010. The strongest
geostrophic current (crelative to 400x10% Pa) can be larger than
10 cm/s during 2008-2010 in anticyclonic circulation. The largest

dynamic height (relative to 400x10* Pa) was about 0.65 gpm (geo-
potential meter) in 2003 and larger than 0.85 gpm in 2008. The
horizontal gradient of dynamic height was becoming steep. The
spin-up of BG and fresher upper ocean all contribute to much
steeper bowl shape of BG in the upper ocean.

Mooring data indicate the Bering Strait throughflow increases

Fig. 4. Geostrophic wind curl anomaly (Gwca, 1995-2012, annual mean) in the BG region (70.5°-80.5°N, 130°-170°W).

Fig. 5. The freshwater content relative to 34.8 isohaline. The thick red curves denote the September mean ice edge.
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Fig. 6. Surface geostrophic current denoted by arrow heads and dynamic height denoted by colors (relative to 400 x10* Pa).

about 50% from 2001 (about 0.7x10°% m3/s) to 2011 (about 1.1x10°
m?/s) resulting in the heat and freshwater flux increases
(Woodgate et al., 2012). However, the maximum temperature of
PSW in the Canada Basin did not show a continue increasing
trend (Fig. 7) The BG was stronger in 2005 (Fig. 3b) and one year
later (2006) the temperature of the Pacific Summer Water (PSW,
maximum temperature within the salinity range 31-33) reduced
inside the BG (Fig. 7). When the BG became weaker in 2006,
more PSW flowed into the BG center resulting in an anomalous
high PSW temperature in 2007. There are other similar evidences
happened in 2008 and 2009, such as the reduction of PSW tem-
perature corresponding to the previous year’s strong BG. The
PSW temperature recovered to a relatively high value in 2011 as
weaker BG appeared in 2010 summer.The BG was much weaker
throughout the year in 2012 thus allowing more PSW to flow into
the BG and return to a high PSW temperature inside the BG. In
2009 the region that outside the BG shows a high temperature-
within the salinity range 28-30 while the PSW temperature re-

duced inside the BG. Two sources of water may make contribu-
tion to the high temperature outside BG, the relatively high
NSTM and the shifting of PSW pathway from flowing to the
Beaufort slope to the Northwind Ridge (McLaughlin et al., 2011).
There are no water mass differences inside or outside BG essen-
tially, but the intensity of BG would impact on the distribution of
Pacific water in two ways. One is the Pacific water volume inside
BG. The other is the water column properties through EP conver-
gence. Most of the Pacific water flows into the basin in summer
thus the intensity of summer BG determines the reservoir of Pa-
cific water in the basin which may affect the maximum temperat-
ure of PSW in next year. What we need to notice is the distribu-
tion of PSW inside the BG was also related to the shifting position
of the BG. During the later period of 2003-2012, the BG is shifting
toward the Northwind Ridge.In a recent study, Timmermans et
al. (2014) had shown that the Chuckchi Sea provided the subduc-
tion of PSW that flowed into the Canada Basin, and the Ekman
transport convergence maintained the PSW ventilation of the
halocline.
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The seasonal deepening of NSTM is affected by turbulent dif-
fusion over time (Zhao et al., 2003) and also the seasonal intensi-
fying of Ekman Pumping (Jackson et al., 2010). We hypothesize
that the role of turbulence may be small for the freshwater to de-
velop deeper as the upper ocean becomes more stratified; in-
stead it’s the EP that determined it. The salinity of PSW inside the
BG was reduced by about 1 during 2009-2012 compared to
thoseprior to 2009.The fresher PSW may neither be the change of
PSW upstream nor the shifting of PSW pathway. Instead, it may
be due to the increasing salt diffusion from PSW to the fresher
rWML (Jackson et al., 2011).

The isohaline of 33.1 could represent the Pacific Winter Wa-
ter (PWW). The depth of 33.1 isohaline showed an increasing

trend in 2003-2012 with the depth shallower than 150 m in 2003
and approaching 190 m in 2011 (Fig. 8). There are two mechan-
isms to explain the deepening of PWW, i.e., the increasing fresh-
water content and the dynamic effect of BG (McLaughlin and
Carmack, 2010; Proshutinsky et al., 2009). The deepest PWW
around the basin is corresponding to the location of maximum
EP (Fig. 8a). The depth of PWW increased rapidly after 2007 with
its deepest center toward the southwestern basin. What's more,
the depth of PWW in the BG region is associated well with the in-
tensity of BG (Figs 3b and 8b). The depth of PWW increased with
the BG spin-up and decreased a little with the weaker BG in 2006,
2010 and 2012. It seems that the depth of PWW is synchronized
with the intensity of EP to some extent.

Fig. 7. T-S diagram of upper ocean (200 m) inside the BG (red dots), in the transition zone (blue triangles), outside the BG (black

squares). The dash line shows the isopycnal.
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Fig. 8. Depth of 33.1 isohaline of Pacific Winter Water. a. Around the basin, and b. average depth of 33.1 isohaline of PWW in the
above interpolating field of BG region (70.5°-80.5°N, 130°~170°W). The error bar represents the standard deviations of this isohaline
depth for each year, derived from the original data with no spatial interpolation.

An interesting phenomenon is the area of deepest PWW is
corresponding to the ice-free area (the red curves in the south-
western basin, shown in Figs 8a and 5). The shifting of EP center
toward the southwestern basin may be related to the ice-free area

which results in the area of the maximum depth of PWW.The in-
tense EP means more surface water convergence and stronger
downwelling that would affect the water column which is disad-
vantageous to the primary production. On the contrary, the up-
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welling as compensation in the continental slope would bring
more nutrients from deep water to the surfaces, which benefit the
primary production (McLaughlin et al., 2010).

4.2 Impact of BG on the Atlantic Water

The Atlantic Water (AW) temperature reached its highest in
2003 and then gradually decreased from 2004 in the northwest-
ern basin (the place where the AW flows into the basin through
thermohaline intrusion, as indicated by McLaughlin et al., 2009)
(Fig. 9a). The cooling process of AW is not attributed to more
heat flux from AW to the upper ocean (the upward heat flux from
AW is less than 1 W/m?, Timmermans et al., 2008; Lique et al.,
2014), instead, it’s the result of inflow of relatively cold AW
(Zhong and Zhao, 2014). Eddies are effective to enhance the ver-
tical heat transfer (e.g., Lique et al., 2014), but we need more ob-
servations to inspect whether the numbers of eddies are increas-
ing or not and its effect to the overall trend of AW variation. So

far, the cooling trend during 2004-2012 in the northwestern basin
is due to the inflow of relatively cold AW. There is an obvious “S”
shape of AW anticyclonic intrusion in 2004-2007 under the influ-
ence of BG (McLaughlin et al., 2009). The AW deepened after
2007 as the result of the spin-up of BG, which enhanced negative
surface stress curl, in a relatively stable AW temperature vari-
ation (Zhong and Zhao, 2014). The thermodynamic effect of rel-
atively cold AW and dynamic effect of BG are the two mechan-
isms that contribute to the deepening of AW. Based on the re-
gions that we classified (Fig. 2), Fig. 9b shows the depth variation
of AW core in different regions (inside of BG, transition zone, out-
side of BG). The AW depth differences among the three regions
increases as the BG spin-up which indicates enhanced negative
surface stress curl. The standard deviationsof AW core depth in-
side the BG were larger when the BG spun up in 2008, 2009 and
2011, while smaller in 2010 and 2012 when the BG became weak-
er (refer to the errorbar in Fig. 9b). The depth of AW core became

Fig. 9.
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Fig. 9. The depth variation of Atlantic Water core. a. Around the basin (the values between stations are interpolated), and b. in the
three regions related to the BG (inside of BG, transition zone and outside of BG). The error bar represents standard deviations of the
AW core depth in the three separate regions for each year, which were derived from the original data with no spatial interpolation.

rather stable during 2008-2012 (about 470 m). The increasing
freshwater content has changed the properties of water column
thus the change of dynamic height which influenced the depth of
AW core. Based on a 2'/2-layer (reduced-gravity) model, Zhong
and Zhao (2014) estimated that the enhanced negative surface
stress curl could increase the AW core depth into about 60 m.

The depth of AW core in the inside of BG is larger than those
observed in the transition zone and outside of BG at most of the
time, which indicates the dynamic impacts of BG. The 2007
seems to be a transition year of AW core depth from 400-410 m
before 2007 to about 470 m after 2007. As more relatively cold AW
flowed into the basin through Northwind Ridge, there appeared
small difference of the AW core depths between the regions that
inside of BG and the transition zone, but big difference com-
pared to the outside of BG (Fig. 9a). The spin-up of BG inside the
basin would increase the upwelling along the Beaufort slope re-
gion (no double-diffusive staircase region) which may cause
more vertical heat transfer from the AW to the upper ocean (Tim-
mermans et al., 2008; Zhao and Zhao, 2011).

5 Discussion and conclusions

The Canada Basin is experiencing a rapid decline of sea ice in
recent years with most of the multi-year sea ice replaced by first-
year sea ice (Kwok et al., 2009; Hutchings and Rigor, 2012). More
ice-free area appears in summer. The retreat of sea ice intensified
the air-sea exchange which would change the environmental
background by increasing turbulent mixing (Rainville et al., 2011).

The upper ocean shows an obvious warming trend (Steele et
al., 2008; Zhong and Zhao, 2011) and increasing freshwater con-
tent (Proshutinsky et al., 2009; Rabe et al., 2014). The freshwater
content in the Canada Basin is about 22 m in 2003-2006 and in-
creased to about 28 m in 2007-2010 and then gradually de-
creased. The increasing freshwater content indicates the upper
ocean becomes more stratified. The dynamic heights (relative to
400x10% Pa) in the Canada Basin had changed from the values
smaller than 0.65 gpm (geopotential meter) in 2003 to those lar-
ger than 0.85 gpm in 2008 which resulted in the increasing of geo-
strophic current. The BG was spinning up in recent years with its
center moving toward the southwestern basin which may be re-
lated to the dramatic decline of sea ice there.

The direct impact of BG to the upper ocean is deepening the
PWW by accumulating the freshwater while the indirect impact
of BG is deepening the AW by changing the dynamic properties
of water column. The intensity of Beaufort Gyre controls the dis-
tribution of PSW in the Canada Basin. The maximum temperat-

ure of PSW was reduced or even disappeared in 2005 and 2009 in
the central basin, which was the effect of stronger BG. The down-
welling velocity (absolute value) in the BG region had been gen-
erally larger than 2 cm/d after 2003 (absolute value>4 cm/d in
2007 and <1 cm/d in 2012). Instead of downwelling, most of the
basin was dominated by upwelling in 2012 and there was a strong
northward Ekman transport in the basin which would benefit the
release of freshwater that had resided in the basin for years. The
intensity of BG is synchronized with the depth variation of PWW.
The deepened AW core is the result of BG spin-up when the tem-
perature of AW was in a relatively stable period. The depth of AW
core changed from 400-410 m before 2007 to about 470 m after
2007. The BG variation is becoming more and more important in
regulating the changes of the upper ocean. More observations are
needed in order to better understand and predict the changes in
the upper ocean.
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Appendix:

The Gaussian interpolation method we used here is a iterate
correction method. The influence radius we used here is 300 km.

K
> F(k)Wo(i,j, k)
Fo(i,j) = Hler—, (A1)
Z WO(i’jvk)
k=1
L. *"z‘z,jAk
Wo(i,j, k) = exp(T"), (A2)

where K (k) is the original CTD stations, F, (i, ) is the interpol-

ated points, r; ; ; is the distance between the new grid points to
the CTD cast stations, K is the total number of stations in the ra-
dius of influence, “a” is an constant.

Used K, (k) represents the interpolated point back to the CTD
station K (k), we then estimate the interpolation errors as
Fp(k) = F(k) — Fo(k). The errors of CTD stations are used to in-
terpolate back to the new grid using Eqgs (A1) and (A2) again. And
we have Fy (i, ) as the errors for each data point in the new grid.

Finally, we have the interpolation data in the new grid as
F(i,j) = Fo(i,j) + Fp(i,j). For more accuracy estimate of the stat-
istical mapping error, readers can refer to Rabe et al. (2011).



