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ABSTRACT

The ice shelves in the Amundsen Sea are thinning rapidly, and the main reason for their decline appears
to be warm ocean currents circulating below the ice shelves and melting these from below. Ocean currents
transport warm dense water onto the shelf, channeled by bathymetric troughs leading to the deep inner basins.
A hydrographic mooring equipped with an upward-looking ADCP has been placed in one of these troughs on
the central Amundsen shelf. The two years (2010/11) of mooring data are here used to characterize the inflow
of warm deep water to the deep shelf basins. During both years, the warm layer thickness and temperature
peaked in austral fall. The along-trough velocity is dominated by strong fluctuations that do not vary in the
vertical. These fluctuations are correlated with the local wind, with eastward wind over the shelf and shelf
break giving flow toward the ice shelves. In addition, there is a persistent flow of dense lower Circumpolar
Deep Water (CDW) toward the ice shelves in the bottom layer. This bottom-intensified flow appears to be
driven by buoyancy forces rather than the shelfbreak wind. The years of 2010 and 2011 were characterized by
a comparatively stationary Amundsen Sea low, and hence there were no strong eastward winds during winter
that could drive an upwelling of warm water along the shelf break. Regardless of this, there was a persistent
flow of lower CDW in the bottom layer during the two years. The average heat transport toward the ice
shelves in the trough was estimated from the mooring data to be 0.95 TW.
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1. Introduction

The ice shelves in the Amundsen Sea that drain the
West Antarctic Ice Sheet are thinning rapidly (e.g.,
Shepherd et al. 2001, 2004; Pritchard et al. 2009, 2012).
The main reason for their decline appears to be warm
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ocean currents circulating below the ice shelves and
melting the glacial ice from below (Jacobs et al. 2011;
Pritchard et al. 2012). Ocean currents transport warm
dense water onto the shelf, channeled by bathymetric
troughs leading to the deep inner basins, for example, in
the Marguerite Trough (Klinck et al. 2004; Moffat et al.
2009; Dinniman et al. 2011) and on the Amundsen shelf
(Walker et al. 2007, Wahlin et al. 2010; Jacobs et al.
2011). Despite the global importance of this part of the
climate system, the Amundsen and Bellingshausen Seas
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remain relatively poorly sampled and several aspects of
their general physical oceanography are still unknown.

Deep water as warm as 3°C above freezing has been
observed on the whole Amundsen shelf and as far west
as the western terminus of Getz ice shelf (Jacobs et al.
2012). The warm water on the shelf is colder, fresher,
and less dense the farther west it resides (Jacobs et al.
2012; Yuan et al. 2013, manuscript submitted to J. Geo-
phys. Res.). A significant interannual variability in tem-
perature, salinity, and warm layer thickness is evident
(Jacobs et al. 2012), making it difficult to identify trends
in the hydrography. Because of the scarcity of observa-
tions in the region, the physical mechanisms behind the
forcing of the warm deep water onto the shelf are still
basically unknown. It is also not known how the dense
water circulates on the shelf, although recent observa-
tions (H. K. Ha et al. 2013, unpublished manuscript) and
model studies (Schodlok et al. 2012; St. Laurent et al.
2013) indicate that horizontal circulation cells on the
shelf may be of importance. To address these ques-
tions, longer time series of measurements of the warm
deep currents are necessary. Model studies from the
Amundsen Sea suggest that eastward winds force flow
of warm deep water onto the shelf (Thoma et al. 2008,
hereafter TOS; Steig et al. 2012, hereafter S12). Eastward
winds at the shelf break are associated with northward
Ekman transport in the surface layer, and a compensating
southward return flow below the surface. The models
show a seasonal variation with maximum warm layer
thickness during September—November, attributed to
the seasonality of the wind field (T08; S12). A more
recent model study with higher-resolution bathymetry
(Schodlok et al. 2012) forced by an improved wind re-
analysis product (Dee et al. 2011) shows instead a sea-
sonal variation with maximum heat transport toward
the ice shelf cavities in March—May. Neither of these
models, however, has been validated with time series
data from the Amundsen Sea.

To understand the across-shelf forcing of the warm
water flow on the central Amundsen shelf, a mooring
recording velocity, temperature, and salinity was placed
on the eastern side of the submarine trough leading to
the deep shelf basins. Analysis of the first year obser-
vations (Arneborg et al. 2012) showed that warm water
was present throughout the year at the bottom of the
trough with an average transport of warm water toward
the ice shelves. Superposed on this was a fluctuating
barotropic flow that did not contribute to the long-term
heat transport. In the present study the measurement
period is extended to over two full years, permitting a
first assessment of seasonal dependence and a quantita-
tive analysis of the wind effects. Historical and newly
acquired CTD data are furthermore used to address the
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question of the origin of the warm water found on the
central shelf.

2. Methods

The data presented here were obtained from a mooring
placed at 72.46°S, 116.35°W, in one of the deep troughs
that crosses the central Amundsen shelf (Fig. 1). It was
deployed on 15 February 2010, recovered and redeployed
on 25 December 2010, and recovered again on 1 March
2012. The mooring consisted of 5 (7 during the second
deployment period in 2011) Sea-Bird Electronics (SBE)
37 Serial interface, memory, integral pump, and in-
tegrated dissolved oxygen (SMP) CTD recorders with an
accuracy of 0.003K for the deployment period, evenly
spaced between the bottom at 540- and the top buoy at
320-m depth, and an upward-looking 150-kHz RD In-
struments (RDI) Workhorse Acoustic Doppler Cur-
rent Profiler (ADCP) at the bottom. The ADCP was
configured in narrowband mode for optimal range,
using 8-m bins and 15-min ensembles of 25 pings each.
The data were processed using the WinADCP soft-
ware, filtering out data with error velocity exceeding
1.5cms ™! and beam correlation below 100. Daily av-
erages of detided velocity [using the t_tide harmonic
analysis per Pawlowicz et al. (2002)] were decom-
posed into its empirical orthogonal function (EOF;
e.g., Davis 1976) modes. Because of large error velo-
city and/or low beam correlation, the data above 340-
(360) m depth in 2010 (2011), respectively, were re-
moved. The EOF modes were calculated for the two
years of data separately, in which case data from the
bottom up to 340 (360)-m depth were used for 2010
(2011), and also as one single time series for 2010/11, in
which case only data from the bottom up to 360-m depth
were used. In addition to the mooring data, CTD data
obtained during cruises with IB Oden in 2008/09 and
2010/11 and IB Araon in 2010/11 and early 2012 were
used. In these cruises, profiles for temperature (with an
accuracy of 0.001K), conductivity (with an accuracy of
0.0003Sm™ ), and depth were collected with a Sea-Bird
911 plus system. The sensors were calibrated before
and after the cruises and corrected for any drift.

Because of the velocity of the water, heat energy is
transported past the mooring. A heat flux vector qgy
(Jm~%s™") can be calculated according to

4y = PCPU(T - TR), (1)

where p (kgm ) is the density, Cp (JK 'kg™') is the
specific heat capacity, U (ms ') is the velocity vector,
T (K) is the temperature, and Tx (K) is a reference tem-
perature. The total heat transport Q (Js~!) through
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FI1G. 1. Map of the region with the position of the mooring S1 indicated by white ellipse. The white
dashed rectangle shows the region over which the wind field is averaged in Figs. 2 and 9.

the channel is obtained by integrating Eq. (1) vertically
and across the trough

0, = ”pCPUP(T— Ty)dzdx, 2)

where Up (ms ™) is the along-channel velocity compo-
nent, z is the vertical coordinate, and x is the across-
trough coordinate. For the mooring heat flux calculations
an effective width of 80km is assumed, based on the
cross-trough CTD sections in Wahlin et al. (2010) and
Arneborg et al. (2012) that show the approximate slope of
the isotherms.

Comparisons between the mooring data and the wind
are obtained by using European Centre for Medium-
Range Weather Forecasts (ECMWF) Interim Re-
Analysis (ERA-Interim) wind data (Dee et al. 2011),
which according to Bracegirdle and Marshall (2012) is
the most accurate of the six major meteorological re-
analysis products covering the Amundsen Sea. Bracegirdle
and Marshall (2012) found generally good agreement be-
tween the ERA-Interim and independent data in the
Bellingshausen Sea. Figure 2 shows a comparison be-
tween the ERA-Interim and in situ wind data from
Lindsey Island (Lee et al. 2012). The correlation between
the two datasets is 0.89. The average eastward velocity
is —6.4ms~! for Lindsey Island, compared to the ERA-
Interim, which is —3.3ms ™ '. This difference may be due
to local wind conditions at Lindsey Island. Also shown
are average values produced from a new algorithm

processing Advanced Synthetic Aperture Radar (ASAR)
data described by Carvajal et al. (2013), which is not
hitherto included in the reanalysis. The data obtained
from the Carvajal SAR wind algorithm have temporal
resolution limited by the passage of Envisat, the activity
of the ASAR instrument, and the ice coverage. The
values shown in Fig. 2 were computed from portions of
ASAR images with coverage in the area of study (white
rectangle of Fig. 1). Since the ASAR data are restricted
to a maximum of three images per day within the area
of interest, which are nearly always incomplete, images
from a 48-h window were used so that data from up to six
ASAR images could be included. Figure 2d shows
a gridpoint scatter comparison of the Carvajal algorithm
and the reanalysis data, with the Carvajal data points
represented by the spatial average of all points lying
within the ECMWF grid square, and the ERA-Interim
data chosen at the time closest to the Envisat passage (at
most 3-h difference). In similarity with the Bracegirdle
and Marshall (2012) results, the ERA-Interim data com-
pare favorably with the two independent datasets here, in
both spatial and temporal variation.

3. Results

Figure 3 shows daily averages of temperature and
salinity, interpolated to the ADCP bin depths. As noted
in Arneborg et al. (2012) for the 2010 data, there is a
continuous presence of warm deep water near the bot-
tom of the trough. The temperature and salinity also



OCTOBER 2013 WAHLIN ET AL.

e Average Amundsen (ERA Interim)

= Lindsey Island (ERA Interim)

10p o

oF &
-10 T

(a)

-20p 1 1

Dec Jan Feb

2008/2009
T T . L]
o

(b) ]
-20F i
1 L -
Jan Apr Jul Oect Jan
Average Amundsen (ERA Interim) 2010
@ Amundsen (Carvajal)
Lindsey Island (ERA Interim) + .
Lindsey Island (in situ
10F —_— > o 0. 5 -
: (]
‘ * .l, . .
0 Y l | \ t 1
i | \ :!. \ | |
i\' ¥ ' ‘ ( it ‘ ) NN ®
-10F ' ﬂ‘ l h ' 4
12 o
c it !
20p—19) !
Jan Apr Jul Oct Jan
2011
20 T T T T T T T
15F (d) 1
10f . 4
£
g st o ;
B e A
S oot oo .
- BT R S e g
% TP =t e i P VI = *
E 51 oy S w o 1
5 ve L mmeme e :
.10k ..'.-..-.:'. .'-..".. .. l
-15f o -
20 a5 0 s 0 5 10 15 20

U (m/s) Carvajal algorithm

FI1G. 2. Daily averages of the ERA-Interim eastward wind component. Blue shows values
from 73.5°S, 103°W; green shows average wind over the area marked by the white rectangle in
Fig. 1; red shows in situ data from Lindsey Island at 73.6°S, 103°W. Green circles show velocities
derived from ASAR images according to the method described in Carvajal et al. (2013):
(a) December 2008-January 2009 (only ERA-Interim), (b) 2010, and (c) 2011. The red-shaded
regions indicate time periods of strong inflow discussed in section 4. (d) Scatterplot of data from
individual grid cells from the Carvajal et al. data and from the ERA-Interim.
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FIG. 3. Daily averages of mooring (a) temperature and (b) salinity as a function of time and
depth. The white line shows the isoline for neutral density (Jackett and McDougall 1997)
vy = 28.03 kgm 3. The contour intervals are 0.5°C in (a) and 0.1 psu in (b).

show a pronounced seasonal variation. The maximum
thickness of the warm layer, which coincides with the
warmest bottom temperature, occurs in March-May. A
thinner layer containing cooler and fresher deep water
is found in September-November, when the winter
mixed layer is also at its deepest and reaches down to
about 350 m.

Figure 4a shows a progressive vector plot of the hourly
ADCEP velocity, color coded by temperature. Also shown
is a line indicating the direction of the trough (i.e., 132°
compass direction). There is a persistent flow of warm
water toward the southeast along the trough near the
bottom. Figure 4b shows temporal averages of along-
and across-trough velocity components, U and V, re-
spectively. The average velocity in the along-trough
direction increases from 1cms ™' at about 360-m depth
to about 4cms ™! next to the bottom, with the vertical
average 2.4cms” ' (it should be kept in mind that the
velocity measurements only cover the lower 240 m, and
the currents above this depth are unknown). The cross-
trough velocity component has a comparatively small
vertical variation and a mean of about —0.5cms ™ '. The
marked reduction in velocity in the two lower bins
that can be seen in the along-trough velocity is only
presentin the 2011 data. It could possibly be caused by
local topography. Figure 4c shows the temporal aver-
age of temperature and salinity, both of which increase

approximately linearly with depth. The average tem-
perature increases from —1.5°C at 320-m depth to about
0.8°C near the bottom.

In Fig. 5, daily averages of the along-trough velocity
component have been plotted. There is an energetic
component of the flow that fluctuates on time scales
shorter than monthly. The vertical variation and mag-
nitude of this component can be obtained from EOF
analysis. Figure 5b shows the percentage of the total
variance that lies in each of the EOF modes. The first
mode (EOF1) explains about 90% of the variance, the
second (EOF2) explains about 7%, and the third and
higher modes give a negligible contribution. Figure 5c
shows the amplitude of EOF1 and EOF2 as a function
of depth. While EOF1 is nearly depth independent,
EOF?2 has a vertical structure that changes direction
with depth. The first mode (EOF1) has been plotted in
Fig. 5d. It dominates the time-varying part of the cur-
rent velocities and may be interpreted as a barotropic
mode modified by bottom friction (remembering that
less than half the water column is observed). If this
strong fluctuating component is removed from the ve-
locity field, the bottom-intensified residue flow becomes
visible. This has been done in Fig. Se, which shows the
difference between the along-trough velocity and EOF1.
The residue is dominated by the mean flow toward the
coast (Fig. 4b). It also has a fluctuating part, EOF2, which
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FIG. 4. (a) Progressive vector plot of ADCP velocity, color coded by temperature according to legend. The red circle
indicates the starting point for the vectors. (b) Temporal average of along-trough U and across-trough V velocity
components according to legend. (c) Temporal average of salinity S and temperature 7" according to legend.



2060 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 43
350
=, z
£ 400 g
g £
< 450 ' )
= | <
Ll | ) -
500 ’
i |
Apr Jul Oct Jan Apr Jul Oct Jan
2010 2011
100 T r v - 300 T T
I 2010
oo} I 2011
sof (b) 1 350
TOF -
-
2
o
T 60f 1 400} /
= —_—
Z E
= —
s S0F 1 £
- 5
g 4o - 450
&
30f .
20p : S00F
10f A
550 " . i i
1 2 3 4 5 0.4 -0.2 0 0.2 0.4 0.6
Mode number Amplitude

FIG. 5. (a) Daily average of the along-trough velocity (positive values indicating southeastward flow) as a function
of time and depth. (b) Percent of total variance that is explained by the first five EOF modes for the two years 2010
and 2011. (c) Shape of the first (red) and second (blue) EOF modes as a function of depth for 2010 (dashed), 2011
(dotted), and for the whole measurement period (solid). (d) The first EOF mode for the whole measurement period.
(e) Along-trough residue current, that is, velocity minus the first EOF mode, with positive values indicating

southward flow. Black line is the 0°C isotherm.

strengthens and weakens the bottom-intensified mean
flow. The results of the EOF analysis will be used for
examining the correlation between along-trough ve-
locity and other parameters, such as the wind and the
bottom temperature. According to Fig. 5b, 97% of the
variance is contained in the two time series EOF1 and
EOF2. This is sufficient for our purposes and greatly
simplifies the analyses. Since the vertical structure is so
different between EOF1 and EOF2, it is expected that
the two modes may correlate to different forcing
mechanisms. For example, EOF1 may be coupled to
a physical forcing giving a barotropic response in the

water column and EOF2 to processes giving a baroclinic
response.

In Fig. 6, daily and monthly averages of EOF1 and
EOF?2 are plotted together with bottom temperature
and salinity. In similarity with temperature and sa-
linity, EOF2 also has high values in March-May, and
the temperature and salinity covary to some extent
with EOF2. A similar behavior can be seen in Fig. Se
where the 0°C isotherm, indicative of the warm-layer
thickness, follows the thickness of the residue inflow.
This is confirmed by the correlation between the EOF
modes and bottom temperature. The maximum correlation
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coefficient between bottom temperature and EOF2 has
been calculated based on daily (R = 0.38), weekly (R =
0.48), and monthly (R = 0.71) averages, and these were
found to be statistically significant [using 99% confi-
dence interval and the large-lag correlation method
outlined in Sciremammano (1979)]. The correlation
between EOF1 and bottom temperature was not sta-
tistically significant for any of these time scales. The fact
that the variance of the bottom-intensified flow corre-
lates with bottom temperature indicates that it can be
baroclinically forced. The depth-independent EOF1 does
not correlate with temperature, which it would have if
there were a fluctuating barotropic current moving warm
water onto the shelf and cold water off the shelf creating
a net heat transport toward the coast. Along-trough sec-
tions from the shelf break to the inner shelf have shown
previously that isopycnals follow the downhill sloping
bathymetry (Jacobs et al. 2011, 2012; Yuan et al. 2013,
manuscript submitted to J. Geophys. Res.), supporting
the idea that the bottom-intensified flow is density driven.

a. Heat fluxes

Equation (1) was integrated forward in time, using the
freezing temperature 7Tr at the observed salinity and

pressure as reference temperature, to give a progressive
vector plot of the heat flux (Fig. 7a). As can be seen, the
dominating heat flux is in the bottom layer and directed
along the trough. Estimates of the heat transport were
obtained by assuming that 7 = TF in Eq. (2) and mul-
tiplying with the effective width of the channel 80 km
[an estimate based on the cross-trough CTD sections in
Wahlin et al. (2010) and Arneborg et al. (2012)]. The
parts induced by the total velocity, EOF1, and the resi-
due current (i.e., the total velocity minus EOF1) are
shown in Fig. 7. The result is similar to that from the first
year of data (Arneborg et al. 2012). EOF1 causes large
fluctuations in the daily heat transport (Fig. 7c) for
which it accounts for 89% of the variability; however, it
does not contribute to the temporal average (Fig. 7b).
This is to be expected since EOF1 represents the time-
varying part of the barotropic flow and has zero mean.
That EOF1 does not contribute to the average heat flow
is therefore a direct consequence of the lack of corre-
lation between this mode and the temperature, de-
scribed above. The residue is comparatively steady and
gives the dominant contribution to the temporal aver-
age. Also shown (Fig. 7d) is the monthly averages of
the heat transport. The monthly averages have smaller
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variability than the daily averages, and nearly all of this
variability is caused by EOF1. Although the monthly
averages of total heat transport are always positive (i.c.,
toward the ice shelves), the part induced by EOF1 is
positive in some periods and negative in others.

The integrated heat transport through the deep troughs
has previously been estimated based on snapshots of the
cross-trough sections (Wahlin et al. 2010; Walker et al.
2007). Since no time series were available, these studies
were forced to assume that only water found off shelf,
that is, water denser than neutral density (Jackett and
McDougall 1997) vy, >28.03, contributed to the long-
term mean. With the present dataset, we are now in a
position to arrive at a temporal average using the actual
recorded velocity and temperature. During the two years
itintegrates to 3.4 TW, using Eq. (2), the assumption of an
effective width of 80 km, and that T = Tr. This number
is likely an overestimate in relation to the heat available
for melting the glacial ice. It was noted in Wahlin et al.
(2010) that water as warm as 0°C shows a meltwater sig-
nature, suggesting that at least some of the water only
cools to about 0°C before it loses contact with the ice
shelves, in which case the reference temperature should
be higher than Tr. Using 0°C as reference temperature in
Eq. (2) (and integrating only over depths with water
warmer than 0°C) gives a significantly lower estimate of
0.95 TW. The mooring data show that the maximum

bottom temperature 1.1°C recorded in 2008 (Wahlin et al.
2010) was unusually warm, and the heat transport esti-
mated in that paper (1.2 TW, from a cross-trough sec-
tion) is likely larger than the long-term average.

b. Origin of water found on the shelf

Figure 8 shows TS plots of CTD stations occupied
during the Oden and Araon cruises 2008-12 as well as
historical data from the National Oceanographic Data
Center (NODC) database (Boyer et al. 2006). Figure 8a
shows stations on the shelf (red) compared to the off
shelf stations (green). Water on the shelf warmer than
0°C aligns on the black-dashed “Gade line”” (Gade 1979)
representing the relationship between 7 and S for a
mixture between warm water and meltwater from gla-
cier ice (Gade 1979; Jenkins and Jacobs 2008).

Figure 8b shows historical off shelf data together with
Oden-Araon data color coded by depth, and Fig. 8c
shows historical off shelf data together with the mooring
data. The off shelf water has a distinct temperature
maximum at a few hundred meters depth, which is
typical for Circumpolar Deep Water (CDW; see e.g.,
Moffat et al. 2009). Water colder than 1.5°C can be
found in two different depth intervals outside the shelf,
separated vertically by at least 200m. For example,
water with temperature 1.2°C can be found at about
300-m depth, where it has salinity about 34.57 psu, and
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FIG. 7. Heat transport derived from the mooring temperature and velocity. (a) Cumulative heat flux vector
according to Eq. (1). (b) Average heat flux due to the total along-trough velocity, the first EOF mode, and the
residue (i.e., velocity minus the first EOF mode) according to legend. (c) Daily values of total heat transport as
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shelf water, derived by extrapolating the observed meltwater mixing lines on the shelf to the observed the off shelf

water T and S.

also at about 1000-m depth, where it has salinity about
34.71 psu. Using the salinity, it is possible to determine
whether the shelf water originated above (upper CDW)
or below (lower CDW) the temperature maximum,
which has consequences for how we assess the forcing
mechanisms. Both the upper and the lower water types
can be modified by subsurface melting processes, in
which case the modified water products should align on
their respective Gade lines (indicated by dashed red
and black lines, Fig. 8). Since the on shelf water in the
T-S diagrams falls well below the blue line there is no
upper CDW, or meltwater mixtures thereof, in any of
the data collected on the shelf.

A noteworthy difference between the Amundsen
shelf and Marguerite Trough is the complete lack of
upper CDW on the Amundsen shelf, while it is

frequently observed on the outer shelf in the Marguerite
Trough (Klinck et al. 2004; Moffat et al. 2009; Martinson
and McKee 2012). Instead, the water found on the
Amundsen shelf appears to be a mixture between glacier
meltwater and source water with temperature and sa-
linity bounded by the gray shaded square in Figs. 8b
and 8c, that is, source water found below the temper-
ature maximum outside the shelf. The deepest shelf
water, found at 500-600 m, comes from depths of at
least 1000m off the shelf. This indicates that some
physical mechanisms force the deep water up onto the
shelf. Processes that could cause such an uphill move-
ment of the deep water include upwelling induced by
along-shelf wind (TO08; S12), and an upslope benthic
Ekman transport (Wahlin et al. 2012) induced by east-
ward currents at the shelf break. We will now proceed to
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FIG. 9. (a) Daily (thin lines) and monthly (thick lines) values of 10-m wind, averaged over the

area indicated by the white rectangle in Fig. 1.

Correlation-lag plot between (b) daily and

(c) monthly average eastward pseudostress and mooring parameters. Solid lines indicate cor-
relation; dashed lines indicate significance level (Sciremammano 1979), using 99% confidence
interval. The investigated parameters are the first EOF mode in the along-trough direction
(EOF1), the first EOF mode in the across-trough direction, maximum temperature, heat
transport Qy induced by EOF1 and heat transport O induced by the residue velocity, ac-

cording to legend.

examine the effect of wind forcing on the flow in the
channel. A quantitative examination of the effect of
deep shelfbreak currents is not yet possible because of
the lack of data from this region but is an important
goal for future studies.

4. Wind correlation

Daily and monthly averages of wind, current, and
temperature were used to examine the correlation be-
tween the mooring data and the wind. Figure 9 shows
daily and monthly averages of the eastward wind com-
ponent from the ERA-Interim data (averaged over the
area indicated by the white square in Fig. 1). There is no
pronounced seasonal variation in the wind, as noted in
the temperature and salinity at the mooring location
(Fig. 3), and there is no wintertime maximum as was the
case with the National Centers for Environmental

Prediction (NCEP) wind during 1990-2004 (T08). Fig-
ures 9b and 9c show correlation-lag plots between the
eastward pseudostress (i.e., the product of the wind speed
and the wind vector), averaged over the white square in
Fig. 1, and (black) the EOF1 of along-trough velocity,
(blue) the EOF1 of across-trough velocity, (red) bottom
temperature, and (green and yellow) the two compo-
nents of the heat transport caused by the EOF1 and the
residue flow (see Fig. 7). For daily values (Fig. 9b), there
is a statistically significant correlation between eastward
pseudostress and both the EOF1 of along-trough ve-
locity and the heat transport caused by the EOF1 (black
and green lines). The maximum correlation is obtained
for a time lag of 2.0 days, comparable to the model
studies by Dinniman et al. (2011), in which along-shelf
wind at the Marguerite Bay correlated positively with
flux of warm deep water at a lag of 2.5 days. The ob-
tained correlation indicates that the energetic, short
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FIG. 10. (Continued)

time-scale fluctuations in EOF1 are driven by the wind.
The sign of the correlation agrees with standard wind-
driven upwelling: eastward winds force an Ekman trans-
port away from the coast, which is compensated by a
return flow toward the coast in the deeper water. How-
ever, neither the maximum temperature nor the heat
transport induced by the residue current is correlated
with the wind. This is not surprising since these parame-
ters do not have the energetic daily fluctuations present in
EOF1. For the monthly averages (Fig. 9b), none of the
examined parameters shows a statistically significant cor-
relation with the along-shelf pseudostress. This means
that the seasonal variation of the heat transport evident in
Figs. 7d and 7e cannot be shown to be caused by the wind
with the present dataset. To examine the correlation on
seasonal or longer time scales it is however necessary to
have a longer time series.

To examine the spatial variation, maps were con-
structed showing the strongest significant correlation (at
99% confidence interval) between daily pseudostress
at different locations and EOF1 of the along-trough
velocity (Figs. 10a,b). White areas indicate that the cor-
relation was not statistically significant. The strongest
signal is a positive correlation between EOF1 and east-
ward wind on the shelf and shelf break (Fig. 10a), but

there are areas of significant correlation also with north-
ward wind (Fig. 10b) and an area of negative correlation
north of the shelf (Fig. 10a). This reflects the fact that
zonal winds at the shelf break are associated with the
clockwise circulation in the Amundsen low (T08), vis-
ible in the isobars on the maps. Westward winds at
the shelf break frequently occur simultaneously with
eastward winds at 60°S, northward winds at 130°W, and
southward winds at 100°W. No significant correlations
were found between the wind and any of the variables
bottom temperature, warm-layer thickness, EOF2, and
heat transport induced by the residue current.

It can be pointed out that we observe a strong inflow
of warm deep water also in the absence of eastward
winds. For example, in March-April 2011 there was a
150-m-thick inflow with maximum temperature 1.2°C
(Fig. 3), that is, nearly unmodified lower CDW. This
inflow was preceded by westward rather than eastward
winds (red shaded period in Fig. 2c). A similar maximum
in March 2010 was preceded by highly fluctuating winds
(red-shaded period in Fig. 2b). In December 2008, a
strong inflow of 1.1°C water was recorded along a tran-
sect across the channel (Wahlin et al. 2010), and this was
preceded by weak winds that shifted between westward
and eastward (red shaded period in Fig. 2a). An inflow
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that was weaker than average but occupied the whole
width of the channel was recorded in December 2010
(Arneborg et al. 2012), and this was preceded by weak
westward winds (Fig. 2b). Figure 10c shows the surface
pressure averaged over the seasons. The southward
migration of the Amundsen low that is expected in
wintertime (e.g., T08) was nearly absent during 2010 and
2011 (ct., e.g., Fig. 10c to Fig. 4 in T08), and as a conse-
quence the winds at the shelf break were westward
rather than eastward (Fig. 9a). It is possible that strong,
prevailing eastward winds at the shelf break, absent
during the present measurement period, would change
the correlation results obtained here.

5. Discussion

A 2-yr time series of the flow of warm deep water in one
of the deep troughs on the Amundsen shelf has here been
presented for the first time. During these two years there
was a constant presence of warm water with monthly
average above 0.6°C in the trough but also a marked
seasonal variation with warm-layer thickness and bottom
temperature peaking in late summer and early fall. Ob-
servations from the inner shelf near the Dotson glacier
during a 10-month period in 2006 (Jacobs et al. 2012) show
a similar degree of variability in temperature, but cooler
water (0.3°-0.8°C) and no pronounced maximum in
March-May. This discrepancy could be due to the fact
that the 2006 mooring was located in the center of one of
the deep basins, where mechanisms such as internal waves
and basin-scale eddies can affect the time variability. This
fits well with the model results of Schodlok et al. (2012)
who find no direct coupling between the inner and outer
shelf dynamics.

The velocity below 360-m depth as covered by the
observations is characterized by energetic fluctuations,
nearly barotropic in nature, and a more slowly varying
inflow of warm water next to the bottom (Fig. 5). A
qualitative examination of the barotropic fluctuations
shows that eastward (westward) wind along the shelf
break sets up a southeastward (northwestward) velocity
in the along-trough direction, as expected from wind-
driven Ekman upwelling (downwelling). The time lag
for the maximum correlation between along-shelf winds
and along-trough flow is 2 days (Fig. 9b), similar to
model results from Marguerite Trough (Dinniman et al.
2011). Unlike in the Marguerite Trough, however, there
is no middepth warm water (upper CDW) advected
across the shelf with the barotropic flow (Klinck et al.
2004; Dinniman and Klinck 2004; Moffat et al. 2009;
Martinson and McKee 2012). The fact that there are no
historical observations of upper CDW on the Amundsen
shelf (Fig. 7) indicates that the wider continental shelf
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effectively blocks the ice shelves from contact with this
water mass. The effect of wind on the transport of oce-
anic heat to the ice shelves is thus likely fundamentally
different in the two shelf regions. Process-oriented ex-
periments with an eddy-resolving ocean model (St.
Laurent et al. 2013) identified topographic interactions
with the shelfbreak currents as a key mechanism for cre-
ating on-shore flow of warm water in the troughs. Further
model studies capturing these dynamics would be useful.

The present results together with previous studies
indicate that the near-bottom flow is forced by gravity as
the relatively dense warm water descends from the shelf
break to greater depths in the inner shelf basins. How-
ever, the water that enters at the shelf break originates
from depths greater than the trough sill outside the shelf
(Fig. 8). It is easy to be misled by only looking at tem-
perature sections, to assume that the water that crosses
the shelf break originates from above the temperature
max and flows from 200-300-m depth outside the shelf
all the way to the inner shelf basins. The water in the
eastern inner shelf basin has temperature 1°-1.2°C (e.g.,
Jacobs et al. 2012; Yuan et al. 2013, manuscript submitted
to J. Geophys. Res.) and salinity of about 34.7 psu (e.g.,
Yuan et al. 2013, manuscript submitted to J. Geophys.
Res.; Wahlin et al. 2012). The warm water on the shelf
can hence be traced to depths below 500 m outside the
shelf. A physical mechanism is needed to force the
deep water up the slopes before it can flow down into
the inner shelf basins aided by gravity. It was shown in
Wahlin et al. (2012) that water is at least occasionally
forced along the bottom up from 1000- to 1200-m depth
onto the top of the shelf break. This can also be seen in
the outer part of section (b) in Jacobs et al. (2012).

One possible forcing mechanism for upslope flow is
wind-driven upwelling. The results presented here show,
however, that the wind is not of primary importance for
the warm-layer thickness or temperature in this region.
The wind does, however, give rise to energetic short-
term variability in the whole sampled water column.
This is evident because of a strong positive correlation
between daily eastward wind and EOF1—the most en-
ergetic mode, which is nearly depth independent. On
longer time scales the correlation disappears and the
monthly averages of wind and EOF1 have nonsignificant
correlation. However, the present dataset is rather short
for quantitative studies of seasonal variation. It could
well be that a significant correlation would be found with
alonger dataset—with 4 yr of data the significance level
is reduced to about 0.3 provided the variance in the
time series remains on the same level.

The only existing model studies for the Amundsen
shelf have a strong focus on the region farther east,
in the vicinity of Pine Island Bay (PIB) (T08; S12;
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Schodlok et al. 2012). The observational data contradict
the model results of TO8 and S12 in two aspects. First, the
modeled seasonal variation of the warm-layer thickness
has a pronounced maximum in September-November
(T08; S12). A seasonal variation of bottom temperature is
present in the observational data but the maximum oc-
curs in March-May instead. In Schodlok et al. (2012) the
heat transport was examined, based on the stream-
function and temperature, and this was found to have
seasonal maximum at the same time as the observations.
Second, the modeled warm-layer thickness correlates
with eastward winds (S12), but no such correlation was
found in the data. The positive correlation between the
daily wind and the energetic barotropic fluctuations
(EOF1) found in the data is expected from wind-driven
upwelling theories. This correlation was statistically sig-
nificant for daily averages. However, for longer time
scales (monthly averages) as used in the models (TOS;
S12) the correlation was not statistically significant. The
short-term variability in EOF1 does induce a short-term
variability in the heat transport, which also correlates
with eastward winds. This component does not give any
contribution to the long-term heat transport. There is
a variation in the heat transport also on monthly and
longer time scales (Fig. 7d), coupled to EOF1, but this
variation cannot be said to correlate with the wind. The
calculated correlation was not statistically significant.
However, it should be stressed that the time series is
most likely too short to draw robust conclusions about
seasonal variations of velocity or heat transport. It
should also be pointed out that the years 2010 and 2011
had wintertime eastward winds that were considerably
weaker than average climatology (e.g., TO8; S12), and
that the model studies TOS and S12 focus on the eastern
trough, which may have other forcing mechanisms than
the central [as suggested, e.g., in Wahlin et al. (2012)].
An alternative forcing mechanism other than wind is
upslope benthic Ekman transport induced by deep-
reaching currents along the continental slope. The phe-
nomenon has been observed in the eastern part of the
shelf break (Wahlin et al. 2012). A recent study suggests
that the deep-reaching currents are baroclinically forced
and are an inherent feature of the shelf slope current
system in the east (Walker et al. 2013), which would in-
dicate that upslope benthic Ekman transport is regularly
occurring there. We hypothesize that Ekman pumping is
indeed a primary factor forcing lower CDW over the shelf
break in the east and into PIB. After interacting with the
shelf ice and icebergs in the eastern basin, the then
slightly colder and fresher warm water flows northward
along the midshelf ridge and follows the topography
west and then turns into the central trough. Supporting
this hypothesis are recent studies (Yuan et al. 2013,
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manuscript submitted to J. Geophys. Res.; Wahlin et al.
2012; Jacobs et al. 2012) showing that the deep water is
substantially fresher and cooler on the central shelf
than on the east, a property that is also seen in the
mooring data and the historical data presented here
(Fig. 8). While pure lower CDW of temperature 1.1°C
and warmer is commonly found in the eastern basin
(e.g., Jacobs et al. 2012 and references therein), only
the fresher and colder “Gade water’ derivatives of it
can be found in the central shelf region. Water as cold
as 0°C has an average velocity toward the ice shelves in
the central trough (Fig. 4b), indicating that subsurface
modification by icebergs or ice shelves has already
taken place when the water enters the central shelf and
flows toward the Dotson and Getz ice shelves (see also
Yuan et al. 2013, manuscript submitted to J. Geophys.
Res.). Synoptic measurements from the eastern and
western shelf and continental slope are needed to test
this hypothesis.
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