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ABSTRACT

In 2004, a cold mode of Atlantic Water (AW) entered the western Canada basin, replacing the anomalously
warm AW that resided in the basin since the 1990s. This slightly colder AW was denser than the 1990s warm
mode; it gradually filled most of the western basin by 2009. The enhanced surface stress curl led to the spinup of
the Beaufort Gyre and convergence of freshwater. The spinup also resulted in a deepening of the AW core at the
center of the gyre and in shoaling of the AW core at the margins of the gyre. The density versus depth re-
lationship revealed in this study shows that the depth of the maximum AW temperature was mainly controlled
by the density structure before 2007; thus, it is the case when the denser water was deeper and the case when the
lighter water was shallower around the basin. However, this relationship was reversed to become the case when
the denser water was shallower and the case when the lighter water was deeper since 2008 inside the Beaufort
Gyre. The combined effect of density and sea ice retreat that enhanced surface stress curl determined the depth
of the AW inside the Beaufort Gyre since 2008. The deepening of the AW core and expanding of the area where
the AW deepening occurred had a profound effect on the large-scale circulation in the Arctic Ocean.

1. Introduction

The core layer of the Atlantic Water (AW) in the
Arctic Ocean (depth range about 150 to 900 m) is orig-
inated from the North Atlantic Ocean. The AW is com-
posed of warm, saline water from the Fram Strait branch
(FSB; 04 ~ 2.2°C, 34.77 ~ 34.91) and colder, fresher
water from the Barents Sea branch (BSB; —0.2° ~ 0.55°C,
34.83 ~ 34.93) (Schauer et al. 1997, 2002). As part of the
circumpolar boundary current, the AW flows cycloni-
cally along the continental slope (Rudels et al. 1999;
Aksenov et al. 2011). The driving mechanism for the
boundary current is not yet fully understood. Some
studies suggested that the balance of potential vorticity
may determine the cyclonic circulation of the AW (e.g.,
Yang 2005; Aksenov et al. 2011). A seasonal signal of
the AW was identified in the Nansen basin and divided
into “‘summer” (warmer and saltier) and “winter” (colder
and fresher) types (Dmitrenko et al. 2009; Ivanov et al.
2009). The seasonal variations of temperature and salinity
are pronounced in the Nansen basin (Ivanov et al. 2009),
while in the western Laptev Sea, near the North Pole
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and in the Canada basin, observations show no evidence
of the seasonal cycle in the temperature of the AW core
(Lique and Steele 2012).

Analyzing the simulated annual sea ice motion and
ocean circulation in the Arctic Ocean, Proshutinsky and
Johnson (1997) revealed two circulation regimes: cy-
clonic and anticyclonic alternating at intervals of 5-7 yr
with a period of 10-15yr. In the cyclonic (anticyclonic)
regime, warmer (colder) AW inflow enters the Arctic
Ocean, and the anticyclonic Beaufort Gyre (BG) weakens
(strengthens), with a divergence (convergence) of surface
current and shoaling (depression) of the AW (Polyakov
et al. 2004). In the early 1990s, a maximum temperature of
the FSB water was observed to be ~1°C higher than the
climatological record in the Nansen basin (Quadfasel
et al. 1991). This anomalously warm AW reached the
western edge of the Canada basin in 1999 (Zhao et al.
2005) and began to spread into the basin gradually (Shimada
et al. 2004a; McLaughlin et al. 2005, 2009). Recent studies
show that the warming of the AW in the Canada basin is
not a monotonic process; instead, it consists of warm
pulses of the AW entering the Arctic Ocean through
Fram Strait and propagating downstream in the Arctic
Ocean (Polyakov et al. 2005, 2011).

The AW contains a large heat content in the Arctic
Ocean; it has a great impact on the heat balance of the
ocean and the AW warming helped precondition the
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extreme sea ice retreat of recent years (Zhang et al.
1998; Polyakov et al. 2010). The AW loses its heat as it
travels through the Arctic basin and simultaneously the
Atlantic Water core depth (AWCD) increasing. The
AW loses most of its energy as it flow along the Eurasian
continental slope, while this process tapers off in the
Canada basin. The depth variation of the AW core is
preconditioned by the maximum temperature of AW
that flows into the basin. For a certain water mass, the
variation of temperature will result in the change of
density, and for a subsurface geostrophic current, the wa-
ter mass will flow along an isopycnal interface (Iselin’s
conceptual model; Iselin 1939). The water mass has to
move to its relevant isopycnal as its density changes,
which results in the change of the AWCD. The 1990s
anomalously warm AW brought in not only warmer water
but also the shoaling effect of the AW core. In the 1990s,
the AWCD in the western Arctic Ocean decreased by
approximately 150 m (Polyakov et al. 2004) compared to
the 1970s (Carmack et al. 1997; Swift et al. 1997). Hy-
drological observations showed that the AWCD shoaled
by ~50m in 2002 compared to that in 1997/98 in the
southern Canada basin (McLaughlin et al. 2005). These
results indicate that the variability of the AWCD is syn-
chronized to some extent with temperature. A signifi-
cant reduction of AW temperature may be caused by
four factors: the influence of mixing with shelf waters
(Lenn et al. 2009), much stronger interaction between
the atmosphere and the ocean as more ice-free area
ventilates the ocean’s interior (Polyakov et al. 2011), the
presence of eddies that enhanced the vertical heat flux
from the AW (e.g., Lique et al. 2014), and the cooling
phase of the AW. In the central Canada basin, the
double-diffusive staircase acts as a barrier to prevent
the heat exchange between the AW layer and the up-
per ocean (Timmermans et al. 2008). So the reduction
of AW temperature there may be due to the cooling
phase of the AW inflow. When the AW in the western
Mendeleev Ridge is colder than that in the Chukchi
Borderland region (Woodgate et al. 2007), a slightly
colder AW is on its way to transport into the Canada
basin through the circumpolar boundary current.

Studies have shown an increasing freshwater content
in the upper ocean of the Canada basin (e.g., McPhee
et al. 2009; Proshutinsky et al. 2009; Giles et al. 2012) and
the spinup of the Beaufort Gyre (McLaughlin et al.
2011; Giles et al. 2012) in an anticyclonic regime for at
least 14 yr. Here, we investigate recent variability of the
AWCD in the Canada basin during the slightly colder AW
(comparing to the 1990s warm anomaly) in a period that
favors the anticyclonic regime in the Canada basin. Im-
pacts of AW cooling and the surface stress curl on changes
of AW depth are explored.
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2. Data and method
a. Hydrography

Temperature and salinity profile data were collected and
made available by the Beaufort Gyre Exploration Project
(BGEP) at the Woods Hole Oceanographic Institution
(www.whoi.edu/beaufortgyre), in collaboration with re-
searchers from Fisheries and Oceans Canada at the In-
stitute of Ocean Sciences (2003-11) (McLaughlin et al.
2008). We also use the hydrographic data from the Japan
Agency for Marine-Earth Science and Technology
(JAMSTEC) Research Vessel (R/V) Mirai (www.godac.
jamstec.go.jp/darwin/datatree/e) in 2004, 2008, and 2009
(Shimada et al. 2004b) and from the Chinese Arctic Re-
search Expedition (see CHINARE data from 2003, 2008,
and 2010). [The CHINARE data are issued by the data-
sharing platform of polar science (http://www.chinare.
org.cn) maintained by the Polar Research Institute of
China (PRIC) and Chinese National Arctic and Antarctic
Data Center (CN-NADC).] The entire survey was carried
out in the time range of late July to early October, which
could represent the summer condition of the Canada basin.
All data from the stations with deployment depth greater
than 1000 m are used. The maximum potential temperature
of AW was chosen to determine the AWCD. The data
from profiling instruments at the bottom-anchored moor-
ing system [McLane Moored Profiler (MMP)] acquired by
the Beaufort Gyre Observational System (BGOS; www.
whoi.edu/page.do?pid=66559) are analyzed to study the
interannual change of the AW. The MMP data acquisi-
tion followed a burst sampling scheme consisting of two
one-way profiles separated in time by 6h and initiated
every 48 h. The MMP salinity data are believed to have an
uncertainty of less than 0.005 (Ostrom et al. 2004).

b. Sea ice concentration

The sea ice concentration data are from the AMSR-
EASI ice concentration dataset, which has a grid size of
6.25km X 6.25km (Spreen et al. 2008). (The data are
available online at http://iup.physik.uni-bremen.de:8084/
amsr/amsre.html.)

c. Atmospheric conditions and sea ice motion

Daily mean sea level pressure over the Arctic Ocean
was derived from the National Centers for Environ-
mental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) reanalysis dataset (Kalnay
et al. 1996). The horizontal resolution of the data is
2.5° X 2.5° (The data are available at www.esrl.noaa.
gov/psd/data/gridded/). Daily sea ice motion data were
derived 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 25km.
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FIG. 1. Bathymetry of the Canada basin, based on the data
from the International Bathymetric Chart of the Arctic Ocean
(IBCAO). Mooring B is indicated by the black dot. The solid and
dashed lines mark the western and eastern sections, respectively.
The defined Canada basin area (72°-81°N, 130°~160°W) that was
used to calculate the mean surface stress curl is shown by a dashed
line contour.

(The data are available at http://nsidc.org/data/nsidc-
0116.html.)

The wind stress was calculated from the sea level
pressure (daily) following a formulation adopted in the
Arctic Ocean Model Intercomparison Project (AOMIP).
The surface stress over the sea ice—covered ocean was also
calculated based on the sea ice motion data. Using the
wind stress and ice—ocean stress, we then calculate the
total stress on each grid based on the sea ice concentration
as suggested by Yang (2009). Daily surface stress curl was
calculated based on the total stress and then averaged to
obtain the monthly-mean fields; the latter are used for
analysis. All the primary data were interpolated on the
EASE grid with a resolution of 25 km.

3. Deepening of the AW core and expanding of the
area where the AW deepening occurred

There is evidence that when the anomalously warm
AW arrives in the Canada basin, the AWCD becomes
shallower (McLaughlin et al. 2002, 2005; Polyakov et al.
2004). When the warming phase was over, the warm AW
was followed by a slightly colder AW. MMP mooring B
is located east of the northeastern Northwind Ridge
(Fig. 1), near the main gateway of the AW into the basin.
The mooring data show a cooling trend of the AW since
2004 (Fig. 2) accompanied by a deepened AW core. The
decline of AW core temperature was ~0.2°C, and the
decline of salinity was ~0.01 PSU during 2004-09, while
the deepening of the AW core was ~70 m. The coefficient
of thermal expansion @ = —dp/(pd#) is small compared to
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the haline contraction coefficient B = dp/(pdS), and the
ratio of these two parameters is a/B8 ~ 0.1 in the Arctic
Ocean (Zhang and Zhao 2007). So the ratio of the
contribution from temperature (~0.2°C) and salinity
(~0.01PSU) to the density here is Ap,/Ap,~?2; this
means that the density change here is mainly due to
temperature change. Since the heat transport from the
AW to the upper ocean is very small (less than 1 Wm ™ ?)
in the central Canada basin (Timmermans et al. 2008),
this cooling is speculated to be a transport result of a cold
phase of the AW. The presence of eddies is an effective
mechanism to enhance the vertical heat flux from the AW
(e.g., Lique et al. 2014). Mooring B does show the pres-
ence of some eddies during 2003-09, but much less than
mooring A (see Fig. 3 of Lique et al. (2014)). Most eddies
are cold-core, anticyclonic eddies that present in the
subsurface layer shallower than the depth of AW. Those
eddies only last for 1 or 2 days. In terms of the overall
trend during 2003-09, the inflow of slightly colder AW is
the main factor for the cooling trend in mooring B. The
effect of eddies to the overall trend of interannual AW
variation should be evaluated by whether the numbers of
eddies increased or intensified, which requires further
investigation.

On reaching the northeastern Chukchi Borderland,
the boundary current bifurcates into two branches. One
branch flows along the Northwind Ridge to the south
and merges with the boundary current there, then con-
tinues to flow eastward along the Beaufort shelf (Woodgate
et al. 2007; McLaughlin et al. 2009), while the other flows
to the east and enters the Canada basin (Shimada et al.
2004a), which is in the form of thermohaline intrusion
under the influence of the Beaufort Gyre (McLaughlin
et al. 2009).

The slightly colder AW started to spread in the Canada
basin in 2004. The spreading is found to be very complex,
as the slightly colder water arrived at different areas at
different time. The reality is that the cooling occurred in
the upstream area, while the warming continued in the
downstream area. At the same time, the AWCD exhibi-
ted complex spatial variation associated with the AW
temperature variation over the basin as described in some
recent literature (e.g., Polyakov et al. 2004; McLaughlin
et al. 2005).

The AWCD is easy to detect from the CTD data as the
remarkable high temperature of the AW. The horizon-
tal isolines of AWCD could reveal regions with deep-
ened or shoaled AW. In this study, we focus on the
expanding of the area where the AW deepening oc-
curred in the basin and its main dynamic mechanisms,
ignoring the complex variability of the AWCD in the
specific area. An AWCD isoline was chosen as the ar-
bitrary border between the deep and shallow AWCD
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FIG. 2. The temperature, salinity, and depth of the AW core from McLane Moored Profiler at
mooring B (78°N, 150°W). An 11-day running average is applied to the original data. The
record shows missing data during late 2007 and 2008.

regions. The movement of the isoline in time indicates
the spatially expanding and contracting processes of the
area where the AW deepening occurred. The isolines of
400-420m are all qualified to be the indicator (figures
not shown), as the AWCD in 2003 was less than 400 m in
most survey area of the Canada basin, but by the year
2009, it was deeper than 420 m around most of the area.
Therefore, in this study, the 410-m isoline was chosen.

In 2003, the AWCD was less than 410 m in almost the
entire survey area of the Canada basin except for the
southeastern corner (larger than 450 m; Fig. 3). Since
2004, the 410-m isoline began to extend toward the west.
The isoline reached the Northwind Ridge, forming an
east-west extending zone with deepened AW core, in
2005 and 2006. Since 2007, the deepened AW core re-
gion started to expand northward along the Northwind
Ridge. The deepened AW core region continued to
expand and reached north of 80°N by 2008. Most of the
survey area of the Canada basin was filled by the
deepened AW core in 2009.

It is an obvious transition in the Canada basin, from
the nearly entirely shallow AWCD in 2003 to the nearly
entirely deepened AW core in 2009. As the Arctic sea
ice and ocean have been experiencing rapid changes since
the end of the last century, the transition of AWCD could
be an important component of the changing Arctic. As
the deepening of the AW core is still ongoing, we try to
discuss the main driving factors in this study, in order to
understand the transition mechanism of the AWCD.

a. Deepening of the AW core contributed by cooling
of AW

The temperature of the AW off the northeastern
corner of the Chukchi Borderland reached its highest in
2003 (Figs. 2, 4), which is considered an upstream source
of the AW in the Canada basin. Since then, the source
temperature was decreasing gradually, while the anom-
alous warm AW was still spreading into the basin (Fig. 4).
Therefore, the temperature should vary in different
ways in the western and eastern parts of the basin. Here,
we choose two sections with multiyear surveys in the

Canada basin, as shown in Fig. 1, where the solid and
dashed lines mark the “western section’ and “‘eastern
section,” respectively.

The western section shows that the maximum AW
temperature appeared north of 77°N, which is the
pathway of the warm AW entering the Canada basin
through thermohaline intrusion (McLaughlin et al.
2009). The maximum temperature area (temperature >
0.85°C) remained in the northern part of the section
(north of 75°N) and did not seem to spread to the south
along this section (Fig. 5; dashed contour area). The
maximum value of the AW temperature decreased
year by year after 2007. The high temperature area
(temperature > 0.85°C) nearly vanished in 2009 and 2011.
It indicates that the source water transported by the bi-
furcated branch of the AW had been cooled down from
2003 to 2011, and the slightly colder water was becoming
dominant in the western section. Also notice the bowl
shape of 0°C isotherm since 2008 that could represent the
interface between the Pacific-derived water and AW.

Contrary to the western section, the AW temperature
in the eastern section did not show any significant
cooling; instead, it indicates some expanding of the
warm-water area (Fig. 6). The warm center in 2003 ap-
peared north of 77°N and at the depth of about 370 m.
The warm area (temperature > 0.75°C) along this sec-
tion then extended to the south after 2003 and reached
its southernmost location in 2009 with the core depth at
about 450 m. Although the warm-water area of the AW
was expanding, the maximum temperature of the AW
did not show any significant increase, but rather was
stable from 2006 to 2008 and then gradually decreased
after 2008. The maximum temperature of the AW in the
eastern section is lower compared to that in the western
section during the same period. It indicates a delayed
arrival of anomalously warm AW in the basin.

Therefore, the overall situation during 2003-09 was
that a significant cooling appeared in the west, while the
warm-water area of the AW expanded (with a rather
stable maximum temperature of the AW in 200608 and
gradual decrease after 2008) east of the Canada basin. It
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F1G. 3. Expansion of the area where the AW deepening occurred (AWCD; shading). The white dots indicate the locations where the CTD
data were collected. The irregular black line marks the 410-m isoline, with the triangles pointing toward the deeper AWCD.

is interesting that the AWCDs along both sections in-
creased. The cooling of the AW source water would
result in a deepened AW core to some extent; the ques-
tion is whether or not the deepening of the AW core was
induced solely by the cooling of the AW.

b. Deepening of the AW core contributed by dynamic
processes

Besides the effect of the inflow of slightly colder AW,
the deepening could also be induced by dynamic pro-
cesses. Surface divergence/convergence will result in
a change in dynamic height, therefore, the change in the
depth of the interface between the AW and the upper
ocean. Isopycnal is a good indicator for identifying an

interface; in other words, not only the change in tem-
perature can alter the depth of isopycnal, but also the
change in dynamic height.

Take the 27.92kgm > isopycnal as a reference in-
terface; it shows a consistent deepening in the western
section (Fig. 7). The anticyclonic BG has a bowl shape,
with isohalines deeper at the center and shallower at the
edge (Proshutinsky et al. 2002). A typical bowl shape
appeared in each year as the section was always across
part of the BG. The deepest position of the isopycnal
should be the closest to the center of the gyre. If the bowl
shape becomes deeper, it indicates an enhanced BG and
an increased dynamic height. The bowl shape of the
isopycnal became deeper after 2005 and reached the
deepest in 2009. The difference of isopycnal depths
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FIG. 4. Multiyear variation of maximum AW temperature and the minimum sea ice edge (black line) for 2003-11. The white dots indicate
the locations where the CTD data were collected, and the values between stations are interpolated.

between the center and the margin was about 80 m in
2009, while it was only about 20 m in the eastern section.

The same isopycnal in the eastern section is quite
different from that in the western section. In the eastern
section, the original isopycnal is a tilted one with the
shallow part to the north. Since 2008, the isopycnal was
deepening and its slope became gentler (Fig. 8). Even-
tually the isopycnal became nearly flat at the depth of
430-450 m, while it became a little deeper at the center.

One of the key factors to deepen the interface is the
freshwater accumulated in the BG that changes the
dynamic height. The upper ocean has been becoming
fresher since 2007. Much more freshwater accumulated
in the upper ocean during 2008-11. The source of the
freshwater is the large decrease of sea ice and input of
more river runoff in the summertime (e.g., McLaughlin

et al. 2011; Morison et al. 2012). The denser and saltier
AW would flow to a deeper place when the upper ocean
becomes fresher.

An increase in dynamic height during 2003 to 2011
indicates the spinup of the BG and accumulation of
freshwater (McLaughlin and Carmack 2010) in the
Canada basin (Fig. 9). Sea level height is higher in the
spinup BG center and lower at the edge during sea ice
retreat years compared to that in normal years (Giles
et al. 2012). The increase in dynamic height is direct ev-
idence that supports that the deepening of the isopycnal
was induced by the enhanced BG and the addition of
more freshwater. The spatial distribution of the dynamic
height indicates the position of the BG where the fresh-
water was piled up. The dynamic height increased sharply
after 2007 and maintained the high value in the following
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FI1G. 5. Temperature of the western section (see Fig. 1 for its location). The thin black lines mark the locations of the CTD casts. The thick
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years. The change of circulation results in the release of
freshwater in the BG that alters the dynamic height of
2009 and 2011, which was smaller than the previous year.

4. Impact of surface stress curl on the deepening of
the AW

The fundamental factor for the spinup of the BG is the

enhanced negative surface stress curl. The increase in
surface stress could be due to two factors: (i) stronger
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winds and (ii) faster sea ice drift (e.g., Giles et al. 2012).
The latter can be due to the less compact, thinner ice as
the sea ice cover retreats or due to the increased air-ice
and ice—ocean drag coefficients caused by higher ice
roughness (e.g., Tsamados et al. 2014).

Figure 10a shows the annual-mean surface stress curl
anomaly from 1995 to 2011 in the Canada basin. Before
2003, the annual surface stress curl was mainly positively
anomalous; after that, the negative phase dominated,
especially in 2007 (with the exception of 2006). Since the
hydrographic survey was carried out in the summer, it is
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more suitable to use the average of summer surface
stress curl (in this study we used the July to September
average value) to estimate the effect of it to the deep-
ening of the AW core or dynamic height (Fig. 10b). The
trend of the surface stress curl shows that much stronger
surface stress appeared in the southwestern Canada
basin (Fig. 10c). The change in surface stress curl greatly
supported the deepening described in this study, under
which the spinup of the BG and higher dynamic height
could happen. The change in the water column height
results in a change of interface depth and hence the
change in the AWCD (Morison et al. 2012). The area
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mean of total surface stress in the Canada basin shows
the increasing trend of the convergence of surface water.
What is more, the area of the maximum increasing trend
of Ekman pumping velocity is coincident with the
deepening center area of the AWCD (figure not shown).
It shows a large increase in downward Ekman pumping,
emphasizing the importance of atmospheric forcing in the
recent accumulation of freshwater and the deepening of
the AW core in the Canada basin. Although the surface
stress curl in some years decline after 2007, the dynamic
height continues to increase as the freshwater continues
to accumulate in the BG that then deepens the AW core.
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FIG. 8. As in Fig. 7, but for the eastern section.
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FIG. 9. Dynamic height (m) at 30 m in the Canada basin, calculated using 800 m as the reference depth. The white dots indicate the
locations where the CTD data were collected, and the values between stations are interpolated.

Figure 9 shows that the position of the BG has moved
to the southwestern part of the Canada basin since 2007,
where a large ice-free area appeared. The sea ice ex-
perienced a rapid decline in the summertime of the last
10yr. The black line in Fig. 4 shows the minimum of the
sea ice edge from 2003 to 2011, which maintained low
values with extensive ice-free areas. The most obvious
reduction in sea ice appeared in the southwestern Can-
ada basin. Both the wind stress and ice—ocean stress
show an increasing trend based on our calculation. Our
results confirmed the result of Yang (2009) that the ac-
celeration was not driven solely by the wind stress. How-
ever, the change in ice dynamics (thinner and less areal
coverage) was responsible for the change of the ice ve-
locity, and thus the increase of surface stress. The first-year

sea ice is more sensitive to the wind forcing than the
multiyear sea ice. The first-year sea ice replaced most of
the multiyear ice in the southern Canada basin (Kwok
et al. 2009; Hutchings and Rigor 2012). The sea ice
movement was strengthened under the condition of
more extensive ice-free area and thinner first-year ice
(Rampal et al. 2009; Spreen et al. 2011). What is more,
retreating of the sea ice in summer contributes to more
freshwater content in the upper ocean. Therefore, the
direct consequence of sea ice retreat is the increase of
surface stress curl (negatively) (Fig. 10), which then re-
inforces the convergence of the BG and accumulation of
freshwater in summer.

Whether the surface stress was enhanced by stronger
wind itself or due to the retreat of sea ice (stronger sea



2362 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 44
-8
x 10
a) 2‘ 4 Ll Ll Ll Ll Ll L] L] L) Ll Ll Ll Ll Ll L] T T
©
5
c 2
5
(=]
@ 0
g
»
8-2
£
=]
m _4 Il il 'l 'l 'l 1 1 1 1 'l 'l 'l 'l 'l 'l 'l
1995 1995 1997 1995 999 200p <00; 2003 2003 2004 2005 2005 2007 200g <00g 2015 201;
-8
x 10
b)'EZ................
©
[}
1S
% 0
=
B
¥
[
2
k]
@ -4f
8
b=
8 6 L L L L L L L L L L L L L L L
7995 7995 799 1995 7999 2009 200, 2002 2003 2004 2005 2005 2007 200 2009 2019 2071y
-9
C 8,
) 5% 119
1
O
3
05 =
=
3
o
0
0 ¢
=
w
©
s}
{-0.5 &
3
w
-1
700,
O
50%  q400w  130°W S5
FIG. 10. (a) Annual-mean surface stress curl anomaly (N m~>) in the Beaufort Gyre (average
over the Beaufort Gyre region bounded by the dashed line in Fig. 1). (b) July to September mean
surface stress curl. (c) Trend of the surface stress curl in the Canada basin (1995-2011) calculated
from the NCEP-NCAR reanalysis data, sea ice motion, and sea ice concentration data. The
depth contours in red are schematic, ranging from 500 to 3500 m at an interval of 500 m.
ice motion), the enhanced surface stress curl will result Ah, ~fL AT/(kl gq ), (1)

in a deepening of the AW core. Impacts of surface stress
curl on the AWCD could be estimated using a 2.5-layer
(reduced gravity) model (see the appendix for detail).
The variation in /4, (thickness of upper ocean) impacted
by surface stress curl (curl 7) can be estimated using the
equation

where the friction coefficient k; = 2.5 X 1072 is de-
rived from Firing et al. (1999), the reduced gravity is
g =g(py —p1)lpo=5%10"2ms % and the Coriolis
parameter is f = 1.5 X 10~ *s~ . If the surface stress is
Ar=10"3Nm ? (derived from Fig. 10) and the length
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scale of BGisL = 5 X 10° m, the increased surface stress
curl can lead to a deepening of the AW core by 60 m.

This result indicates that the enhanced surface stress
curl can induce a deepening in the center of the BG. The
enhanced surface stress curl could be a combination of
the intensified negative wind stress curl and intensified
sea ice motion as the sea ice retreat. If the enhanced
surface stress curl continues, the AW core inside the BG
would maintain in a deeper place.

5. Transition of density versus depth relationship

The result in section 3 indicates that the cooling of the
AW could induce a deepening of the AW core, while the
conclusion in section 4 indicates that the enhanced surface
stress curl can also result in a deepening of the AW core.
Here, we combine the impacts of these two factors in order
toreveal the transition mechanism of the relatively shallow
AW core to the deepened AW core in the Canada basin.

Asillustrated in Fig. 3, by 2009 the deepened AW core
region had spread over most of the survey area of the
Canada basin. We investigate the relationship between
density and depth of AW core [hereinafter referred to as
the density versus depth (DVD) relationship] in the
region influenced by the BG. Before doing so, the extent
of the Beaufort Gyre needs to be identified roughly in
order to select the stations. A method similar to that
suggested by Jackson et al. (2011) is adopted. The iso-
halines in the anticyclonic BG has a bowl shape, with
isohalines deeper at the center and shallower at the
edge. So the isolines could be used to identify the shape
of the BG and the depth of isohalines could be used to
estimate the scope of the BG. Considering the decreasing
salinity trend in the upper ocean of the Canada basin in
recent years (Proshutinsky et al. 2009; McLaughlin et al.
2011), the same isohaline could not be used each year for
comparative purposes (Jackson et al. 2011). The depth
of a different isohaline for each year is chosen to de-
termine the BG-dominated area and the location of BG
(Fig. 11a). The stations that are inside the BG are de-
fined as the region where the depth of the chosen iso-
haline is ranging from 25 to 45 m. By plotting the depth
of the chosen isohaline, the location of the BG became
avariable and appeared to be in the east Canada basin in
2003, in the southeast Canada basin in 2004, in the
central basin in 2005, 2006 and 2007, in the south basin in
2008, in the southwest Canada basin in 2009 and 2010,
and in the west of the basin in 2011. The clustered black
dots that represent those stations that are inside the BG
in the DVD relationship of AW core are linearly fitted,
as shown in Fig. 11b.

Before 2007, the linear fit for the DVD scatterplot in
the BG interior shows a negative slope, which is the
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denser water being deeper and lighter water being shal-
lower characteristics of the line (Fig. 11b), which indicates
that the AWCD was mainly dominated by density. In
2003 and 2004, the density of the AW core ranged from
27.90 to 27.95kgm >, while the depth range was from
325 to 450 m. By the year 2007, the DVD relationship for
the stations inside the BG was closely clustered, which
looks like a transition year. The linearly fitted line for
the stations inside the BG appeared as a positive slope in
2008, indicating a characteristic of the case when the
denser water was shallower and the case when the lighter
water was deeper. Meanwhile, the spatial variation of
the density of AW core was reduced and clustered
around 27.92-27.93kgm >, but the maximum spatial
difference of the AWCD was still within 50-60m. In
2008, some stations distributed in the southwestern and
western basin are shown as blue squares. The linearly
fitted line for these stations still maintained a negative
slope in 2008, implying that outside of the BG the
AWCD was still controlled by the changing density.
However, the slope of the linearly fitted line of stations
inside the BG has become positive since 2008 and re-
mained the same sign in the following years during our
study period (Fig. 11b). In most years the fitted lines are
past the 95% significance level. In 2007, the significant
level is 90%. The fitted lines in 2005 and 2006 are lower
than 90% significant level due to the sparse survey sta-
tions in 2005 and 2006. In fact, the variation of AWCD
might not arise by density (temperature). The other
processes including the surface freshwater, mixing dur-
ing their flowing, and so on might contribute to the
AWCD variation. Nevertheless, the variation of AWCD
with these mechanisms all results in a negative slope
before 2008 in the DVD relation figures, as they are
highly relevant to the source water that flows into the
basin. The low significance level during 2005-07 suggests
that they probably are transition years, during which the
DVD relationship changed from negative slope to pos-
itive slope. The most attractive feature to us is the slope
changes to positive (or nearly vertical), which indicates
there is something going on beside the thermodynamic
process.

The characteristic DVD relationship of the case when
the denser water was shallower and the case when the
lighter water was deeper is obviously not induced by the
density of the AW. As indicated in section 4, the spinup
of the anticyclonic BG would result in increasing dy-
namic height, and thus isohalines much deeper in the
center and relatively shallow at the edge, which is the
main reason for the slope of the fitted line to be positive.
In the center of the intensified BG, the AW core was de-
pressed, though the AW inside the gyre was still warmer,
forming the case when the lighter water is at the deeper
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FIG. 11. (a) The Beaufort Gyre area (circled by 25-m isoline) determined by the depth of a chosen isohaline.
The isohaline is 29.5 in 2003; 29 in 2004 and 2005; 28.5 in 2006; 27.5 in 2007 and 2009; and 27.0 in 2008, 2010, and
2011. Black dots represent the stations that were inside the Beaufort Gyre, white dots represent the stations that
were outside the gyre, and blue squares represent the stations outside the gyre that were used for the linear-fitted
line in 2008. (b) Density vs depth of the AW core relationship. The black and cyan dots represent the stations
that were inside and outside the Beaufort Gyre, respectively. The red lines are fitted for the black dots inside the
gyre. The fitted green line in 2008 is for the blue squares in the margin of the southwestern Canada basin (outside
the gyre).
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FIG. 12. Schematic views of possible types of density vs depth relationship of the AW:
(a) Type 1, (b) Type 2, (c) Type 3, (d) Type 4, detail refers to the text in section 5. (¢) The DVD
relationship changing mechanism. BG refers to the Beaufort Gyre, PW refers to Pacific Water,
and AW refers to Atlantic Water. The word warm in red refers to the warm AW, while the word
cold in blue refers to the relatively cold AW. The word center refers to stations that are near the
BG center, while margin refers to the stations that are near the BG margin.

end of the fitted line. While at the edge of the intensified
BG, the AWCD would be relatively shallow; though, it
was becoming colder and denser, forming the case when
the denser water is at the shallower end of the fitted line.
The enhancement of the BG was caused by the in-
tensified negative surface stress curl. The surface con-
vergence of enhanced BG increased the dynamic height
and resulted in the freshwater pool at the top of the
water column.

The reversed DVD relationship since 2008 can only
exist with lighter (warmer) AW inside the gyre and denser
(colder) AW at the edge. The results show the slightly
colder AW only reached the edge of the BG (Fig. 11a),
while inside the gyre it was still controlled by relatively
warm AW (Fig. 4). The year 2007 is regarded as a transi-
tional time for the DVD relationship to change from the
phase with a negative slope to that with a positive slope.

The above conclusions could be illustrated by a simple
sketch in Fig. 12, which gives the possible types of DVD
relationship of the AW. In an ideal case, when the
density is uniform spatially and there is neutral surface
stress, all the AWCD will cluster at a black dot in Fig.
12a (Type 1). The black dot is used to illustrate all the
stations around the basin cluster together. The variation
in DVD relationship can be generalized to three types:

1) when there are vast thick ice covers, the AWCD is
mainly controlled by density, and the DVD relationship
varies along the line in Fig. 12a (Type 1) in a negative
slope (as the case before 2007). It should be noted that
the negative fitted slope is not only determined by the
density of AW core but also influenced by the changing
density of the total water column above the AW.2) In an
ideal case when the density of the AW is a constant
around the basin, the enhanced surface stress caused by
enhanced wind or sea ice motion can lead to a perpen-
dicularly fitted line (Fig. 12b; Type 2), because in this
case, the AW core is deeper at the center and shallower
at the margin. 3) In the case of sea ice retreat that favors
the increase of surface stress curl, if the colder/warmer
AW only reaches the margin of the BG, the AW depth
will vary along the upper blue/red arrows in Fig. 12¢
(Type 3). On the other hand, if the colder/warmer AW
reaches the center of the gyre, the depth will vary along
the lower blue/red arrows in Fig. 12c. The joint effects of
surface stress and density variations are determined by
the black line linking the ends of the arrows. Since 2007,
the sea ice started tremendous retreating in the southern
Canada basin, and a positive fitted slope was induced by
the increase of surface stress curl, accumulation of
freshwater, and colder AW at the periphery of the gyre.
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Based on the mechanisms discussed above, it is rea-
sonable to project that the slope of the fitted line would
become more perpendicular in the future if the trend of
sea ice declining continues (Stroeve et al. 2012) and the
warm AW in the central BG will eventually be replaced
by slightly colder AW in the future. The fitted line would
be a ligature between the two blue arrows as the black
line shows in Fig. 12d (Type 4; more perpendicular).
Therefore, the DVD relationship is always important
for identifying depth variation of the AW and the main
driving factors.

6. Discussion and conclusions

The variability of AWCD in the Canada basin during
2003-11 was investigated in this study. It is shown that
the AWCD in most survey areas of the Canada basin
was shallower than 350m in 2003, except of a rather
deep AWCD area in the southeastern basin. Since then,
the relatively deep AWCD area continued to expand.
The deepening area marked by 410-m contour was ex-
tended from east to west during 2003-05 and then from
south to north during 2006-11. Up to 2009, almost all the
survey area of the Canada basin was filled with deep-
ened AW. The cooling process that happened in the
northwestern Canada basin is an interesting phenome-
non. We think this cooling is relating to the inflow of
slightly colder AW. The mechanism of this arrival of
slightly colder AW is associated with what happened in
the upstream along the flow pathway of the circumpolar
boundary current. The onslope shift of the warmer AW
jet was observed in response to the offslope (winter)
wind (Dmitrenko et al. 2010). We hypothesize that the
increase of Ekman transport (offslope) in recent years
would result in the compensation of a warmer AW jet to
the continental shelf that releases more heat to the up-
per layer and atmosphere, like the Laptev Sea and the
eastern Siberian Sea. Thus, the AW lost much more heat
than before when it flowed into the Canada basin. It is
also may be a function of AW transport rate, that is, it is
transported more slowly and thus had more time to cool
via intrusions.

We considered the combined effects of density and
sea ice retreating in this study. At the periphery of the
BG, the colder AW tended to deepen the AW core. At
the center of the gyre, the AW was relatively warm and
should be shallower, but the enhanced surface stress and
increasing freshwater content in the upper ocean results
in increasing dynamic height that displaces the iso-
pycnals downward (see the schematic mechanism shown
in Fig. 12e). So, the impact of warmer AW was contrary
to that caused by change in the negative surface stress
curl. When the influence of temperature overwhelmed
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that of the surface stress curl and before the increase of
the freshwater content period, the slope of the linearly
fitted line was negative (Fig. 11b), that is, the case when
the denser water is deeper and the case when the lighter
water is shallower that appeared (before 2007). Contrarily,
when the impact of surface stress curl, increasing fresh-
water content, and the spinup of the BG (McLaughlin
et al. 2011; Giles et al. 2012) overwhelmed that of tem-
perature, the slope turned to be positive, which is the
denser water being shallower and the lighter water being
deeper pattern that became dominant after 2008. The
DVD relationship could be a useful tool to confirm the
dominant factor for the change of AWCD by analyzing
varying possible slopes.

The deepening of the AW benefits the reservation of
the heat stored in the AW. The less release of the heat
from the AW would negatively feed back to the sea ice
retreat. Also, the reserved heat in the AW would be
transported over a longer distance. The intensified BG
that forces on the AW would change the structure of the
Circumpolar Boundary Current and eventually in-
fluence the outflow to the Fram Strait. Our conclusions
are mainly based on the data that were acquired after
the 1990s anomalously warm AW flowed into the Can-
ada basin and during a period that favored anticyclonic
atmospheric and oceanic circulations and a larger ice-
free area in the basin at summertime. The recent anti-
cyclonic circulation regime started in 1997, persisted
through 2012 and lasted over 16yr (except for 2009),
instead of the typical 5-8 yr (Timmermans et al. 2012).
So our conclusions are fundamentally based on terms of
the circulation regime in the Canada basin, because of
the data that are available to us. The conclusions are
concert with the strength of BG in the Canada basin.
When the Arctic Ocean swaps to the cyclonic regime,
the BG is weaker and the impact of the BG to depress
the AW core would become weaker. It also should be
noted that a second anomalously warm AW flowed into
the Arctic Ocean that reached its highest in 2006
(Polyakov et al. 2011, 2012); we would expect that the
DVD relationship would return to show a negative slope
when it arrived in the Canada basin with relatively cold
AW inside the BG, while another warm AW was in the
margin. Further observations are needed to help us
better understand the dynamics between the upper-
ocean conditions and the interior ocean structure.
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APPENDIX

The Relationship between the Surface Stress Curl
and Depth of AW Core

Using a 2.5-layer (reduced gravity) model, we try to
evaluate the impact of surface stress curl on the AWCD.
The first model layer represents the upper ocean above the
halocline (in the Canada basin, the halocline above the
Atlantic Water is at about 200 m), the second layer repre-
sents the Atlantic Water, and the deeper layer is assumed
to be motionless. The thicknesses of the upper-ocean layer
and the AW layer are A, and h;, respectively. The change
in AWCD can be represented by the change in /;. The
vertical integration of momentum and continuity equa-
tions of the top- and middle layer is

+TXW_E
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Y= gl O

0 T T
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where the reduced gravity is g} =g(p, — p1)/py, and

g, =8(p3 — p»)/py- The term p is the water density for
each layer, and we use the approximation p; ~ p, ~ pg;
g is the gravity, and f'is the Coriolis parameter; U and V
are the vertically integrated velocities; { is the sea sur-
face elevation; 7, and 7, are surface stress compo-
nents; and 7, (7y1) and 7.»(7y2) are the interfacial shear
stress between upper-middle and middle-bottom layers,
respectively. Following Firing et al. (1999), we use

7.4 =k (U/hy
T = k,(V,lhy

- Uz/hz);

—V,/h,), and (A3)
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Ty = (k2 U)ihy; (A4)

y2 = (G Vo)lhy,
where k; is the friction coefficient. Based on the above
equations, the relationship between surface stress and 44
could be derived from

Ph,  9h i
21 N 21 _ divr +fcur}r. (A5)
ax ar  pgihy kg

The surface stress divergence is the same order of mag-
nitude with surface stress curl (10"¥N'm™?) based on our
calculation, but the coefficient of divergence in the first
term on the right side of Eq. (AS5) is much less than the
coefficient of curl in the second term (10~* < 0.12) based
on the value of the parameters in the equation. So the first
term is able to be neglected, compared to the second
term. The variation of /; impacted by surface stress can
be estimated from Eq. (AS5), that is,
Ah, ~ fLAT/(k,g}), (A6)
where the friction coefficient k; = 2.5 X 1072, derived
from Firing et al. (1999) with the consideration of
the velocity near the core layer being ~4.86cms !
(Shimada et al. 2004a). The reduced gravity is
g =8(p,—p1)lpy=5%10"2ms % and the Coriolis
parameter is f = 1.5 X 10~ *s ™!, If the surface stress is
A7=10"3Nm~? (derived from Fig. 10) and the length
scale of BG is L = 5 X 10° m, the increased surface stress
curl can lead to a deepening of the AW core by 60 m.
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