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a b s t r a c t

The nature of the Antarctic Coastal Current (AACC) and its seasonal and non-seasonal (several-day)
variability were investigated using long-term mooring data obtained near the Dotson Ice Shelf in the
Amundsen Sea. The moored instruments were operated from February 2012 to January 2014 in the
Dotson Trough, which is one of the deep troughs on the Amundsen Sea shelf. The hydrographic structure
of sigma density distribution at the ice shelf (27.25 kg m�3 at the surface) was found to be higher than at
the continental shelf (27.00 kg m�3), whereas in the middle layer, 27.45 kg m�3 isopycnal extended to
300 m depth near the ice shelf but below 200 m depth in the offshore. The surface mixed layer thickened
from the shelf break toward the ice shelf. This thickening was caused partially by coastal downwelling
resulting from onshore Ekman transport and by Ekman pumping in the coastal area. The baroclinic
component of the AACC near the Dotson Ice Shelf increased from July to October and decreased from
January to June in 2013. In comparison with other potential driving forces, the seasonal and non-seasonal
(short-term) variation of the AACC correlated well with density variability, determined principally by
salinity variation. Therefore, it is suggested that the variability of the isopycnocline by Ekman pumping in
the coastal area is one of the important factors controlling the seasonality and non-seasonal variability of
the AACC.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The ice sheet around West Antarctica has experienced wide-
spread loss over recent decades (Bindschadler, 2006; Rignot et al.,
2008; Dutrieux et al., 2014); a change that could contribute to
global sea level rise (Scambos et al., 2004; Pritchard and Vaughan,
2007; Joughin et al., 2010). The Amundsen Sea is one region ofWest
Antarctica that has changed most rapidly. Several studies have
suggested that oceanic heat transport to the ice shelves by intrusion
of warm Circumpolar Deep Water can contribute to the increase in
basal melt rate (Walker et al., 2007; Jenkins et al., 2010; Wåhlin
et al., 2010; Jacobs et al., 2011, 2012; Arneborg et al., 2012;
Nakayama et al., 2013; Dutrieux et al., 2014; Ha et al., 2014).

The Antarctic Coastal Current (AACC; ACoC) is one of the inter-
esting features of the Southern Ocean. Globally, it is the south-
ernmost current, representing the subpolar regime, the entire
region south of the Antarctic Circumpolar Current and flows in a
westward direction parallel with the Antarctic continent (Orsi et al.,
1995; Whitworth et al., 1998; Mathiot et al., 2011). Sverdrup (1953)
reported the first direct observations of the current along the
Antarctic continental slope, which revealed a westward flow in the
Weddell Sea. Whitworth et al. (1998) suggested the characteristics
of the AACC change from a broad flow far from the coast to a narrow
flow close to the coast. In the narrow continental shelf area, it is
difficult to distinguish the locations of the AACC and Antarctic Slope
Front (Heywood et al., 1998, 2004). The AACC is a fast and shallow
flow in the continental shelf area and it is often associated with the
front of the ice shelf (Jacobs, 1991; Heywood et al., 2004).

The strong westward flows of the AACC and Antarctic Shelf
Front affect the dynamics of the ocean environment, such as the
water masses and circulations in the area of the Antarctic conti-
nental shelf (Whitworth et al., 1998; Mathiot et al., 2011). Strong
coastal currents flowing along the edge of the ice shelf increase the
exchange of heat and mass at the seawatereice shelf interface,
accelerating the rate of ice shelf melt (Hellmer et al., 2012).
Nakayama et al. (2014) established that the consequent dispersion
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of ice shelf meltwater affects the ocean surface circulation and the
formation of water masses. Their numerical simulations suggested
that a slight increase in the rate of basal mass loss of the ice shelves
of the Amundsen and Bellingshausen seas could substantially in-
crease the transport of meltwater into the Ross Sea, by strength-
ening the melt-driven shelf circulation and westward coastal
current.

The westward AACC is driven by wind stress and buoyancy
forcing (Tchernia and Jeannin, 1980; Tchernia, 1981; Nú~nez-Riboni
and Fahrbach, 2009; Combes andMatano, 2014). Nú~nez-Riboni and
Fahrbach (2009) revealed four driving mechanisms that may
potentially determine the seasonal variability of the AACC's baro-
tropic and baroclinic components in the Weddell Sea. Wind-driven
Ekman transport accounts for 58% of the total barotropic variation
of the coastal current (Nú~nez-Riboni and Fahrbach, 2009), and the
density gradient due to the presence of fresh and cool meltwater
near the ice shelf between the Antarctic Surface Water (AASW) and
Shelf Water represents its baroclinic component (Fahrbach et al.,
1992). Ekman transport is related to wind stress, however, sea ice
concentration affects the momentum transfer between the wind
and the current by modifying the surface drag coefficient (Fennel
and Johannessen, 1998; Lüpkes and Birnbaum, 2005).

The variability of the AACC in the Amundsen Sea is understood
only superficially because of the relative dearth of measurements in
this region. Moreover, the AACC in the Amundsen Sea advances in
the non-slope region and it appears nearby the ice shelf. Quanti-
fying the effect of each forcing on the variability of the AACC and on
its barotropic and baroclinic components is necessary for fuller
understanding of the dynamics of the AACC (Nú~nez-Riboni and
Fahrbach, 2009). We undertook a summertime cruise in 2012 and
2014 onboard the icebreaker R/V Araon and obtained hydrographic
data on a transect along the Dotson Trough, which included the
Amundsen Sea polynya and sea ice region (Fig. 1). We also collated
two years' data recorded by instruments moored near the Dotson
Ice Shelf. Using these observational datasets, the objective of this
study was to quantify the contributions of the driving mechanisms
to the seasonality and non-seasonal (short-term) fluctuation of the
coastal current in the Amundsen Sea. Specifically, we investigated
the forces that contribute to the seasonal and non-seasonal vari-
ability of the AACC, and we considered how the hydrographic state
affects the intensity of the AACC and what causes the hydrographic
state to change.

This remainder of this paper is organized as follows. Section 2
describes information relevant to the observations and method
used in the investigation. Section 3.1 describes the hydrographic
condition of the westward AACC in austral summer and its long-
term variation. Section 3.2 describes the seasonal variation of the
AACC and its possible forcings. Section 3.3 describes the relation-
ship between the AACC and non-seasonal variation of wind and
density. Section 4.1 introduces a more specific description of the
dynamics of the ocean circulation in the coastal area of Antarctica.
Section 4.2 describes the weakening of the westward AACC by the
baroclinic effect. Section 4.3 describes the relationship between the
coastal current and Ekman pumping velocity. Our findings are
summarized in Section 5.

2. Materials and methods

2.1. Data

Oceanic data were collected during hydrographic surveys and
from moored stations (Fig. 1). Conductivityetemperatureedepth
(CTD) sensors (SeaBird Electronics 911þ) were used to measure the
background hydrographic structures (i.e., potential temperature
and salinity), and the vertical profiles of current datawere observed
using a 300-kHz lowered acoustic Doppler current profiler (LADCP;
Teledyne RD Instruments).

The long-term data were collated by the moored stations from
February 2012 to January 2014. To measure the temporal variability
of potential temperature, salinity, and velocity, two moored sta-
tions were deployed in the study area (red circles in Fig. 1): K1 at
the entrance of the continental shelf and K3 nearby the ice shelf.
The water depths of K1 and K3 are about 525 m and 1057 m,
respectively. The instruments deployed at these moored stations
comprised of five recording current meters (RCM 11, accuracy:
±0.15 cm/s) and four MicroCAT (SBE37 SM) instruments tomeasure
temperature (accuracy: ±0.002 K) and conductivity (accuracy:
±0.0003 S/m). The RCMs were deployed at depths of 250 and
400 m at K1 and 220, 490, and 850 m at K3. The potential tem-
perature and salinity observations were taken at depths of 250 and
400 m at K1 and 220 and 845 m at the K3 station. The LADCP data
and long-term RCM data were processed using the same technique
as Thurnherr (2010), and thewater velocities were detided with the
major 10 harmonic components using the barotropic tide model
(Padman et al., 2002).

To identify the effects of atmospheric forcing and sea ice on
the coastal current, wind and sea ice concentration (SIC) data
were obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim and the Special Sensor
Microwave Imager/Sounder (SSMIS) of the Defense Meteorolog-
ical Satellite Program (DMSP), respectively. Daily averages of the
6-hourly reanalysis wind data were determined for comparison
with other daily variables (i.e., SIC). The horizontal grid resolution
of the wind and SIC data were 0.25� and 3 km, respectively.
We considered the isoline of 15% SIC as the division between
the seasonal ice zone (SIZ) and a polynya. Fig. 1 shows the SIZ
(interior area of the white hachured line) and the Amundsen
Sea Polynya (un-hachured region; ice area in the south of the
Amundsen Sea) averaged between January 12e16, 2012 (period of
hydrographic observation). The direction of small white tick
marks or hachures on the contour lines indicates greater SIC. To
identify the effects of ocean stress, sea ice velocity data were
taken from the Polar Pathfinder Daily 25 km EASE-Grid Sea Ice
Motion Vectors Version 3 (Tschudi et al., 2016), which has hori-
zontal resolution of 25 km.

In order to understand the dynamics of the AACC, we divided
the baroclinic component from the current velocity, despite only
having observations from three layers, using a similar method to
Nú~nez-Riboni and Fahrbach (2009). The barotropic component
was calculated as the vertical mean velocity of a spline-fitted
vertical profile using the time series data from the three layers
recorded by the moored stations. The baroclinic component
for each level was considered by subtracting the barotropic
component from each time series. Although this method for
separating the barotropic component from the coastal current
has some uncertainty, the calculated baroclinic component was
sufficient to establish the cause of the seasonal variation of the
AACC.

We conducted two analyses of the time series data to determine
the seasonal and non-seasonal variations. To understand the sea-
sonal cycle of the AACC, we subtracted the seasonal cycle of the
local wind, SIC, wind stress curl, and moored hydrographic data
using Butterworth low-pass filter lines with a cut-off period of 90
days, similar to Nú~nez-Riboni and Fahrbach (2009). To compare the
short-term fluctuations, we calculated the time series of wind
stress, density, and current velocity anomalies, which were subse-
quently reprocessed using the Butterworth band-pass filter with
cut-off periods of between 7 and 90 days, to remove micro- and
macro-scale (tides and seasonality) variations.
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Fig. 1. Study area showing the CTD and moored stations. Red circles indicate the
moored stations. Thick dashed line and inverted blue triangles indicate the section
selected for the vertical hydrographic survey in the Dotson Trough during the R/V
Araon expeditions. Labels: DIS e Dotson Ice Shelf, GIS e Getz Ice Shelf, MP e Martin
Peninsula, and BP e Bear Peninsula. White hachured lines indicate uphill side of sea ice
concentration and boundary of seasonal ice zone (SIZ) during the observation period of
January 12e16, 2012 in the Dotson Trough and Amundsen Sea Polynya. Yellow rect-
angle indicates the area of the spatially averaged 10 mwind field. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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2.2. Ocean surface stress and Ekman vertical velocity calculation

The ocean stress that acts on the surface of the ice-covered polar
ocean is defined by both wind and ice motion. Under a homoge-
neous wind field, the difference between the iceeocean and air-
eocean drag coefficients generates the spatial variation of ocean
surface stress at the ice margin (H€akkinen, 1986). In addition, the
iceeocean drag coefficient depends on sea ice properties such as
roughness, length, thickness, and ice concentration (Lu et al., 2011).
Therefore, the horizontal difference of ocean surface stress might
increase or decrease depending on the upwelling (downwelling) at
the ice margin (H€akkinen, 1986; Carmack and Chapman, 2003;
Yang, 2006; Schulze and Pickart, 2012). Ekman transport and
pumping are important factors for ocean general circulation and its
variability. In particular, Ekman pumping drives basin-scale circu-
lation in the subpolar oceans (Yang, 2006). Yang (2006) calculated
the total stress forced by wind stress in open-water areas and
established that surface momentum flux comes from both aire-
water and iceewater stresses in the ice-covered areas. Therefore,
we used the following equation for ocean surface stress ðtocnÞ:

tocn ¼ ð1� AÞ taw þ A tiw; (1)

where taw is the ocean surface stress at the aireocean boundary
layer calculated by Large and Pond (1981), tiw is the ocean surface
stress at the iceeocean boundary layer, and A is the SIC.

taw ¼ ra caw jUajUa; (2)

tiw ¼ rw ciw jUi � Uwj ðUi � UwÞ: (3)

In these equations, Ua, Ui, and Uw are the velocity vectors of
wind 10 m above the sea surface, ice, and seawater, respectively, ra
and rw are the densities of air (1.29 kg m�3) and seawater
(1027 kg m�3), respectively, and caw and ciw are the aireocean and
iceeocean drag coefficients, respectively, with approximate values
of 1.6 � 10�3 and 4.5 � 10�3, respectively (Koentopp et al., 2005).
These drag coefficients were defined in the Weddell Sea but we
used them in this study because of the dearth of data for the
Amundsen Sea.

Ekman transport was calculated from the ocean surface stress as
follows:

UE ¼ 1
rw f DE

ty ocn ; VE ¼ � 1
rw f DE

tx ocn; (4)

where UE and VE are the zonal and meridional components of the
Ekman transport, respectively, f is the Coriolis parameter, DE is the
depth of the Ekman layer with the 30 m, and tx ocn and ty ocn are
ocean surface stresses calculated using Eq. (1).

The Ekman vertical velocity ðWEÞwas calculated from the ocean
surface stress as follows:

WE ¼ 1
rw f

V� tocn; (5)

where f is the Coriolis parameter and V � tocn is the curl of the
ocean surface stress.
3. Results

3.1. Westward coastal current and hydrographic condition

Fig. 2a shows the horizontal baroclinic current distribution
based on LADCP data, which reflects the vertically averaged ocean
current of the upper 200 m in the ASP in 2012. A strong westward
flow can be seen along the coastline near the Dotson Ice Shelf
(southern part of the Amundsen Sea Polynya) and the maximum
current velocity appears in front of the ice shelf where the west-
ward flow is dominant. However, a dominant northwestward cur-
rent flows along the isobaths to the north of the Martin Peninsula
(MP; Fig. 1). The vertical profiles of the velocity components from
the LADCP data indicate a strong westward upper-layer flow near
the ice shelf (Fig. 2b). The zonal component of the coastal current is
clearly distinguishable from the meridional component by its ve-
locity magnitude. The maximum speed of the westward current
exceeds 40 cm s�1 at 70 m depth and it decreases steadily with
increasing depth.

The seawater in the Amundsen Sea is composed of three distinct
water masses. A shallow halocline near the surface separates the
fresher Antarctic Surface Water (AASW) from the colder and saltier
Winter Water (WW), which in turn, is separated from the
Circumpolar Deep Water by a broad thermocline near the bottom,
especially on the eastern flank of the Dotson Trough (Assmann
et al., 2013; Ha et al., 2014). Solar heating and meltwater input
(i.e., glacial and sea-ice) generate a relatively warm and fresh water
mass as the AASW in summer (Randall-Goodwin et al., 2015).
During the cold season, WW is generated from surface cooling,
which accompanies sea ice formation (Fahrbach et al., 1992). Fig. 3
shows the distributions of potential temperature, salinity, and
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density along the Dotson Trough. The observed property of the
potential temperature of theWW in the Amundsen Sea agrees with
previous studies (<-1.6 �C; Bindoff et al., 2000; Wåhlin et al., 2010),
and it remains preserved below the AASW until summer.

The surface mixed layer in the coastal area is thicker than in the
region of the continental shelf break. In the surface mixed layer,
between 73.2�S and 73.5�S, a relatively high temperature and an
area of minimum salinity distribution was observed (Fig. 3aeb).
Moreover, the surface salinity in the coastal area is higher than in
the continental shelf region. The minimum-density water mass is
distributed in the surface layer at 73.5�S, which is located at the
northern boundary of the Amundsen Sea Polynya, as shown Fig. 1.
This distinguishing feature of a minimum-density core (Fig. 3c) in
the surface mixed layer appears to be related to the distribution of
the SIZ (boundary of the polynya), which shows relatively lower
salinity than the coastal area. Fig. 3d shows a potential temper-
atureesalinity (qeS) diagram of the Dotson Trough; the tendency
shown in the diagram is comparable with Fig. 3 in Randall-
Goodwin et al. (2015).

The density distribution corresponds well with the salinity
distribution (Fig. 3bec). From the surface down to 50 m depth, the
density is relatively high near the ice shelf compared with the
continental shelf. However, at the 200 m layer, lower density ap-
pears near the ice shelf. It increases slightly to the north and the
27.45 kg m�3 isopycnal rises from the Dotson Ice Shelf to the con-
tinental shelf. The vertical structure of density in the Dotson Trough
is comparable with previous research on frontal structure
(Sverdrup, 1953; Heywood et al., 1998). Heywood et al. (1998)
investigated the vertical structure of the geostrophic velocity and
found that strong baroclinicity of the coastal current existed at
600 m depth in the Weddell Sea. Similarly, the variability mecha-
nism of the westward coastal current in front of Dotson Ice Shelf
can be found from the spatial variation of the isopycnals along the
trough perpendicular to the coastline. The possibility of the iso-
pycnal variation appears could be considered as follows: the in-
fluence of meltwater increases the mixed-layer depth near the
Dotson Ice Shelf, and the deepening of isopycnals by Ekman
downwelling near the ice shelf.

Fig. 4a is a schematic of the moored instrument system
deployed at K3 station. Fig. 4bee shows the time series of the
reanalysis wind and current vectors observed using RCM
Fig. 2. a) Snapshot of baroclinic ocean surface current using LADCP data averaged over th
velocity (black cross in Fig. 2a) in front of the Dotson Trough.
instruments for the two studied years. Fig. 4f shows progressive
vector diagrams of the current velocities in the three layers, indi-
cating a persistent flow of the coastal current at K3. A southeasterly
wind is dominant around the Dotson Ice Shelf during this period
(yellow rectangle in Fig. 1). The currents in the near surface and
middle layers show a northwestward flow that moved about 7470
and 3260 km, respectively, during the observation period of 692
days. The bottom layer flow moved 1320 km in a prevailing
northward direction, except for a short period when it moved
northwestward. In this study, only the zonal components were
used because a strong AACC was observed along the Antarctic coast
(in particular, in front of the ice shelves). Moreover, the current
vectors show strong seasonal variation, especially in the near sur-
face layer. Therefore, to investigate the seasonality of the coastal
current and its driving forces, we focused on the near surface layer
at 220 m.
3.2. Seasonal variation of the AACC

To understand the dynamics of the AACC, we quantified the
effects of the local wind, SIC, wind stress curl (Sverdrup transport),
and thermohaline forcing related to warming/cooling and ice
melting/freezing on the seasonal variability of the AACC, as in
Nú~nez-Riboni and Fahrbach (2009). Fig. 5 shows the time series of
wind forcing, SIC, zonal current velocities, potential temperature,
salinity, and density (thin gray solid lines) with their low-pass filter
lines with a cut-off period of 90 days (thick black solid lines). In this
study, strong AACC indicates westward flow and related to negative
amplitude (negative is westward flow). These time series show that
the seasonal cycle of the AACC of the Amundsen Sea is different
from that of the Weddell Sea (Nú~nez-Riboni and Fahrbach, 2009).
In particular, in 2013, the barotropic westward flow was a mini-
mum (nearly zero) in June and a maximum (negative value) in
October in the Amundsen Sea (Fig. 5e), whereas it was a minimum
in December and a maximum in May in the Weddell Sea. The
baroclinic westward flow increases in austral winter and early-
spring (from July to October) and decreases in austral summer
and autumn (from January to June), particularly in 2013 (Fig. 5f).
Thus, the barotropic and baroclinic components of the AACC in the
Amundsen Sea show similar annual phases (minimum in June and
July and maximum in October and November) comparable with
e upper 200 m in front of the Dotson Ice Shelf in 2012. b) Vertical profiles of current
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Fig. 3. Vertical section of a) potential temperature, b) salinity, and c) sigma density in the Dotson Trough. The x-axis and y-axis scales indicate the distance from the Dotson Ice Shelf
to the continental shelf and water depth, respectively. Circles and cross symbols indicate long-term hydrographic and moored current meter positions. Bold gray ticks indicate
latitudes per 0.5� . d) q-S diagram for the Dotson Trough based on data from the 2012 cruise of the R/V Araon. The y-axis indicates the potential temperature.
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studies of the Weddell Sea, but the maximum and minimum sea-
sonal cycle is different. The SIC (Fig. 5d) and salinity (black line in
Fig. 5g) in the near surface layer of K3 show distinct seasonal var-
iations. However, no seasonal signals were detected from the local
wind stress (Fig. 5aeb), suggesting that the direct effect of atmo-
spheric forcing on the coastal current is relatively insignificant
compared with the variability of salinity and density (Fig. 5i, k).

In order to understand the temporal variation of thermohaline
forcing driven by the baroclinic pressure gradient, we compared
the long-term density variations observed K3. Although we used
the data observed between 245 and 845 m depths, the time series
of the density variation showed distinct differences between the
near surface and bottom layers near the ice shelf (Fig. 5gel). Near
surface sigma density variation (250 m) at K1 station from March
2012 to December 2013, no significant seasonal variationwas found
in the continental shelf region (not shown in here;
mean ¼ 27.497 kg m�3, standard deviation ¼ 0.014), whereas
strong seasonal variation was shown near the ice shelf. The tem-
poral variation of isopycnals (Fig. 5k) near the ice shelf was deter-
mined from the isohaline (Fig. 5i) than the isotherm (Fig. 5g). We
suggest the possibility that seasonal variation of density near the
ice shelf induces a horizontal baroclinic pressure gradient.
Furthermore, such seasonal varying of baroclinic pressure gradient
can lead to a variability of the coastal current.

The density distribution along the Dotson Trough in austral
summer is determined mainly by salinity distribution (Fig. 3).
Specifically, the sharp vertical density gradient between the surface
and the depth of 200 m appears caused primarily by the vertical
salinity gradient. In addition, the long-term observations of salinity,
Fig. 4. a) Moored system at station K3 and time series of b) wind vectors on the Dotson
Progressive vector diagrams of the three layers at K3. The x-axis and y-axis indicate the ea
temperature, and density at K3 indicate that near surface density
variability (seasonal and non-seasonal) is highly dependent on
salinity rather than on temperature variation (bold line in Fig. 5g, i).

Although the seasonality of the coastal current was slightly
different from the variations of salinity and density, particularly in
austral autumn 2012, most of the seasonality of the coastal current
corresponded well with salinity and density. During the observa-
tion period, the baroclinic zonal current showed strong negative
correlation (R ¼ �0.52) with salinity variation, indicating that a
strong/weak westward current coincides with a period of high/low
salinity. Interestingly, this seasonal variability of salinity showed a
phase difference with that of the SIC. During austral summer
(February to March), near-surface salinity decreased despite the
increasing of sea ice concentration, whereas salinity increased
during austral winter (May to August). The phase difference be-
tween salinity and SIC suggested that the supply of freshwater by
sea ice melting might be limited at sea surface.

The seasonal variation of salinity showed no significant corre-
lation with temperature variability (Fig. 5g, i). Contrary to the
temporal variation of temperature near-bottom, the amplitude of
temperature variability near-surface was extremely small. Rela-
tively small temporal fluctuation of temperature near surface
suggests it is reasonable to suppose that seasonal variation of water
density near the ice shelf is dependent on the vertical change of the
mixed-layer depth induced by relative vertical motions of thewater
mass rather than changes of water mass by meltwater input from
ice. Moreover, the fluctuation of salinity to depths of 400 m is larger
than that of temperature in the well-conserved WW (Fig. 3). The
vertical gradient of salinity is greater than that of temperature,
Ice Shelf, current vectors in the c) near surface, d) middle, and e) bottom layers. f)
sting and northing distance, respectively, from mooring point.



Fig. 5. Time series (thin gray solid lines) of a) and b) wind stress, c) wind stress curl, d) sea ice concentration (SIC), e and f) zonal current velocity, g and h) potential temperature, I
and j) salinity, and k and l) potential sigma density near the Dotson Ice Shelf mooring station and their low-pass filter lines (thick black solid lines).
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suggesting the possibility that it is caused by relative vertical mo-
tions of the water mass rather than by vertical mixing.
3.3. Non-seasonal variation

The water mass and circulation at the sea surface can change
easily over periods shorter than seasonal time scales by changes of
local wind patterns (Fahrbach et al., 1992). Moreover, atmospheric
forcing shows strong short-term fluctuations, such as the increase/
decrease of wind stress and positive/negative wind stress curl
(Fig. 5aec). To understand the details of the non-seasonal vari-
ability, we compared the time series of wind stress, density, and
current velocity anomalies.

The upper-left panel in Fig. 6 presents time series of zonal wind
speed and density anomalies. The time series of the zonal wind is
based on spatial averaged values from near the Dotson Ice Shelf
(yellow rectangle in Fig. 1). Positive/negative values indicate the
anomaly of westerly/easterly winds. Fig. 6b illustrates the calcu-
lated cross correlation and lag analysis, which shows the strongest
significant correlation of 0.26 between the zonal wind anomaly and
the four-day lagged density anomaly. The maximum correlation in
the positive domain implies the zonal wind anomaly coincides with
the positive density anomaly (Fig. 6a). This positive correlation is
presumably caused by coastal downwelling induced by the
southward Ekman transport related to the easterly wind. Coastal
downwelling controls the decrease of near surface density in front
of the ice shelf. As mentioned in Section 3.2, the baroclinic pressure
gradient along the trough controls the variability of the westward
coastal current. The lower panels of Fig. 6 show the relationship
between the westward current and the density anomalies. It can be
seen that the two variables are well matched (Fig. 6c) with a
maximum significant correlation of 0.44 without time lag (Fig. 6d).
Similar to the seasonal variation, the non-seasonal variability of the
baroclinic coastal current corresponds well with the density vari-
ation. Thus, it can be considered that density change near the ice
shelf is one of the important factors controlling the AACC in the
Amundsen Sea.
4. Discussion

4.1. Dynamics

Fig. 7 is a schematic explaining the relationship between the
baroclinic pressure gradient and the westward AACC in the coastal
area. The easterly wind drives the southward Ekman transport
toward the ice shelf, leading to an increase in the geopotential
anomaly at the coast, which induces downwelling of the iso-
pycnals (Heywood et al., 1998). This causes a mounding of the sea
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Fig. 6. Time series of wind, density, and current anomalies (left panels) and their time-lagged correlations (right panels). Blue lines in the right panels indicate 95% confidence
intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surface and a thickening of the pycnocline adjacent to the conti-
nent (Talley et al., 2011). The force associated with the seaward sea
surface height (SSH) gradient induces a westward geostrophic
flow, but the pycnocline (associated with the baroclinic pressure
gradient) induces a negative (eastward) flow in the sub-surface
layer, opposite to that of the AACC. This opposite flow weakens
the westward flow near the ice shelf. If the easterly wind were
stronger, it could be expected that the SSH gradient and down-
welling would be enhanced, increasing the tilt of the isopycnals
in the near surface layer. Variability of density in the near surface
layer was strongly related with the salinity variation, which was
found using austral summertime and long-term observations
(Figs. 3 and 6a). Therefore, it was found that the westward flow
and its weakening with depth associated with baroclinic effects
Fig. 7. Schematic of the relation between the easterly wind and current in the coastal
area.
are caused by changes of isopycnals, suggesting thus density
variation at the near surface is associated with thermohaline
forcing mainly salinity variation. The variability of the AACC was
coincident with hydrographic changes including seasonal and
non-seasonal fluctuations.
4.2. Weakening of the coastal current

Summer hydrographic observations were used to quantita-
tively estimate the effects of the baroclinic pressure gradient along
the Dotson Trough. Although, data from K1 and K3 can be used to
estimate the seasonality of the baroclinic pressure gradient, un-
certainty remains because of the large distance between the two
mooring points and limitations in the observed layer of temper-
ature and salinity. In order to further understand weakening the
coastal current, we calculated the cumulated vertical velocity us-
ing Eq. (5) at the two CTD stations near the ice shelf (CTD 1 and 2;
reversed diamonds in Fig. 3a), which clearly distinguishes the
features between the two points. The nearest hydrographic station
(CTD1) from the ice shelf showed downwelling at about 177 m
about a year, whereas secondary station (CTD2) showed upwelling
at about 74 m at the same time. Ekman vertical velocity difference
appears to change the coastal current.

Additionally, we calculated the baroclinic pressure gradient
along the Dotson Trough using the two CTD observations closest to
the Dotson Ice Shelf to estimate the baroclinic effect on the weak-
ening of the westward current. Although hydrographic data are
limited in the summer, they are considered sufficient for identifying
the baroclinic effect. The weakening of the westward current by
the baroclinic effect was calculated using the momentum balance
between the Coriolis force and the baroclinic pressure gradient
according to
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u* ¼ g
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Z 0
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dz; (6)

where u* is the current velocity associated with the baroclinic
effect.

In the summer observation period, the westward current was
weakened (ca. 1 cm s�1) by the baroclinic effect up to a depth of
220 m (reference with the long-term mooring depth). In autumn
and winter, the low-density area near the Dotson Ice Shelf could
exacerbate the weakening of the westward current further by
increasing the baroclinic pressure gradient.
4.3. Ekman pumping

Ekman transport in the Amundsen Sea Polynya, caused pri-
marily by the southeasterly wind (Figs. 4b and 8), increases toward
Fig. 8. Seasonally averaged ocean surface stress (red arrows), wind stress (black arrows),
(MareMay 2014), c) winter (JuneAug 2014), and spring (SepeNov 2014). Comparison of e) w
to colour in this figure legend, the reader is referred to the web version of this article.)
the ice shelf. The wind stress curl is negative in most areas of the
Amundsen Sea, whereas it is positive near the Dotson Ice Shelf and
to the south of Amundsen Sea Polynya (Fig. 8e). The strong
southwestward Ekman transport and positive wind stress curl lead
to the elevation of the SSH and to downwelling in coastal areas.
However, the spatial and temporal variations of the sea ice distri-
bution are important in evaluating the effect of local wind on the
ocean surface dynamics in Polar Regions. During austral summer,
strong northward katabatic winds and solar radiation form po-
lynyas near the coastal region. The sea ice conditions of the po-
lynyas, marginal ice zone, and ice zone influence the spatial
variation of surface stress and clearly affect the ocean surface stress.
Therefore, seasonal variation of sea ice conditions influences the
seasonality of the Ekman vertical velocity (pumping/suction) under
the relatively constant wind speed in the Southern Ocean, espe-
cially in the SIZ.

The spatial and temporal variations of wind stress, ocean
and sea ice concentration in a) austral summer (Dec 2013 to Feb 2014), b) autumn
ind stress curl and f) ocean stress curl in summer. (For interpretation of the references
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surface stress (Eq. (1)), wind stress curl, ocean stress curl (Eq.
(5)), and SIC are compared in Fig. 8. The ocean surface stress and
wind stress are distinguished in the sea ice zone. The ocean
stress curl is higher than the wind stress curl near the Dotson Ice
Shelf (Fig. 8e, f), and the strength and direction of the ocean
surface stress could be caused Ekman dynamics near the Dotson
Ice Shelf. In order to understand the relationship between the
changes in the coastal current and pycnocline in the coastal area,
we compared the Ekman vertical velocity and coastal current.
Fig. 9a represents the spatial correlation between the monthly
averaged coastal current and Ekman vertical velocity calculated
using Eq. (5), which considers the sea ice condition. High cor-
relation with the westward coastal current can be seen in front of
the Dotson Ice Shelf and the point of maximum correlation
(circle) is located slightly to the northeast of the mooring point
(cross). We calculated cross-correlation and lag analyses that
showed the maximum significant correlation between the zonal
wind anomaly and the four-day lagged baroclinic component of
the coastal current (time lag of maximum correlation from
Fig. 6b). The monthly averaged Ekman vertical velocity shows
that downwelling during the observation period, which includes
the strength of the Ekman vertical velocity, leads to the vari-
ability of the coastal current (Fig. 9b). The time series of the
Fig. 9. a) Spatial correlation between monthly averaged coastal current and Ekman
vertical velocity. Green circle is the point of maximum correlation and the cross is
point of long-term observation of the coastal current. The thick magenta line repre-
sents the 500 m isobath. b) Time series of monthly averaged coastal current (crosses
and black solid line), Ekman vertical velocity (at the green circle in (a)) calculated by
wind stress curl (green dashed line) and by ocean stress curl (green solid line). DIS:
Dotson Ice Shelf. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
coastal current and Ekman vertical velocity considering sea ice
effects correspond well, except during austral spring (green solid
line, R ¼ �0.50), but are relatively weakly correlated without
considering sea ice effects (green dashed line, R ¼ �0.34). For
these data sets, the correlation is considered statistically signif-
icant when greater than 0.42 (95% confidence interval, N ¼ 22). If
the negative Ekman vertical velocity increases, the westward
coastal current in the near surface layer will decrease because
the density distribution descends due to coastal downwelling in
the coastal area.

5. Conclusions and summary

The strong westward flow of the AACC, generated by prevailing
easterly winds, has been observed in the Dotson Ice Shelf of the
Amundsen Sea. This study examined the variability of the baroclinic
component of AACC induced by four driving mechanisms: local
zonal wind, SIC, thermohaline forcing, and Ekman vertical velocity.
The effects of these mechanisms on the seasonal and non-seasonal
variabilities of the coastal current around the Dotson Ice Shelf were
estimated. The high-frequency variation (<90 days) of the AACC
was found to coincide with the short-term density variation. Zonal
winds affect thewind-driven component of AACC, and wind-driven
downwelling in the coastal area showed negative correlation with
the density variation. The coastal downwelling changes of the
isopycnoline in front of the Dotson Ice Shelf. Additionally, the
deepening of isopycnoline in front of the Dotson Ice Shelf lead to
the eastward flow and weakening of AACC related with the baro-
clinic effects.

To understand the seasonal variability of the AACC, we
compared the westward coastal current with the Ekman vertical
velocity using the ocean surface stress, which showed high corre-
lation near the Dotson Ice Shelf. Ekman pumping had a negative
feedback on the coastal current in the near surface layer and it
changes the isopycnal in front of the Dotson Ice Shelf. These results
show that both the seasonal and the short-term variabilities of the
AACC are firstly related to the seasonality of salinity variation,
based on thermohaline forcing, and secondly to the variability of
the isopycnocline, based on Ekman pumping. Therefore, change in
the isopycnal distribution is fundamental in explaining the vari-
ability of the AACC near the Dotson Ice Shelf.
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