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A B S T R A C T

Temperature and salinity measurements obtained from sensors deployed on Weddell seals (Leptonychotes wed-
dellii) between late austral summer and the following spring for 2010–2012 were used to describe the temporal
and spatial variability of hydrographic conditions in the western Ross Sea, with particular emphasis on the inner-
shelf region off Victoria Land and McMurdo Sound. Potential temperature-salinity diagrams constructed for
regions where the seals remained for extended periods showed four water masses on the continental shelf:
Modified Circumpolar Deep Water, Antarctic Surface Water, Shelf Water and Modified Shelf Water. Depth-time
distributions of potential density and buoyancy frequency showed the erosion of the upper water column
stratification associated with the transition from summer to fall/winter conditions. The within-year and inter-
annual variability associated with this transition was related to wind speed. Changes in upper water column
density were positively correlated with cross-shelf wind speeds> 5.5m s−1 with a 3–4 day lag. A range of wind
speeds was required to erode the density structure because of different levels of stratification in each year. A
comparison of wind mixing potential versus stratification (Wedderburn number) showed that synoptic scale
wind events during 2012 with speeds of 5.5 and 6.5 m s−1 were needed to erode the summer stratification for
Ross Island and Victoria Land regions, respectively. Stronger winds (> 8.5m s−1) were required during 2010
and 2011. The interannual variability in total heat content accumulated during summer (about 20%) was related
to the duration of open water, with the largest heat content occurring in 2012, which was characterized by a
summer sea ice minimum stronger than other years and relatively higher mCDW influence over the mid and
outer-shelf regions. The heat content was lost after mid-April and reached a minimum in winter as a result of
deep winter convection. The quantitative analysis of hydrographic variability of the inner-shelf region of the
western Ross Sea obtained from the seal-derived measurements provides a baseline for assessing future changes.

1. Introduction

The Antarctic continental slope and shelf are regions where tradi-
tional shipboard, short-term mooring, satellite, and Argo float coverage
is limited or absent due to relatively heavy ice cover. As a result, un-
derstanding of basic hydrographic properties, such as the seasonal
progression of the thermohaline structure and heat content variability
of the upper ocean mixed layer, is limited. The advent of small

electronic tags and associated sensors that can be placed on a variety of
marine animals provided an approach for obtaining physical oceano-
graphic data from areas that are difficult or even impossible to sample
(Charrassin et al., 2008; Roquet et al., 2009, 2013; Fedak, 2013). These
instruments also provided increased understanding of animal move-
ment patterns and habitat use (Bost et al., 2009, 2015; Costa et al.,
2012).

Conductivity-temperature-depth satellite data relay loggers (CTD-
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SDRL) deployed on animals that dive, such as seals, offer a significant
advantage in that they provide vertical profiles of temperature and
salinity (Biuw et al., 2007) over regional scales, as well as repeated
profiles that provide localized time series (Costa et al., 2008). Several
species of seals are residents of Antarctic shelf and slope regions for
some or all the year, and as such provide opportunities for collection of
hydrographic data that otherwise would be unavailable (Costa et al.,
2008; Roquet et al., 2013).

The Ross Sea (Fig. 1) overlies the largest continental shelf in the
Southern Ocean and is one of a few locations that forms and exports
Antarctic Bottom Water (Orsi et al., 1999; Gordon et al., 2009, 2015;
Budillon et al., 2011). The Ross Sea is experiencing increased sea ice
extent (Comiso et al., 2011), decreased duration of the summer ice-free
period (Parkinson, 2002; Stammerjohn et al., 2008, 2011), decreased
sea surface temperature (Comiso, 2010, Comiso et al., 2017), and
stronger southerly winds (Turner et al., 2009, 2016; Holland and Kwok,
2012); all of which affect the upper ocean thermohaline properties.
Understanding of Ross Sea water masses, thermohaline properties, and
hydrographic variability is derived mostly from summer measurements
during ice-free conditions. The changes in the upper ocean thermoha-
line properties in winter, which set up conditions that influence sub-
sequent sea ice cover and water mass formation, are poorly understood
and resolved in Ross Sea hydrographic measurements.

Weddell seals (Leptonychotes weddellii) are the southernmost occur-
ring seal species and are residents of the high latitudes in the Ross Sea,
extending throughout the inner-shelf fast ice and pack ice regions over
the continental shelf (Castellini et al., 1992; Testa, 1994; Burns et al.,
1999; Burns and Kooyman, 2001). Weddell seals have high site fidelity
(Testa, 1994), which supports a consistent sampling region. Weddell
seals are capable of long (> 60min) and deep (> 600m) dives, but

most of their diving activity is focused at midwater depths of
150–300m during summer, although benthic dives are common in
winter months (Castellini et al., 1992; Testa, 1994; Burns et al., 1999;
Goetz, 2015). As a result, Weddell seals provide vertical profiles that
capture the upper ocean variability and multiple dives in the same re-
gion provide time series that allow the seasonal progression of this
variability to be characterized and compared. Thus, this species can
provide extensive coverage of specific regions of the Ross Sea.

As part of a study of predator winter foraging behavior and habitat
utilization in the Ross Sea, CTD-SRDL tags were deployed on Weddell
seals in and around McMurdo Sound in the southwestern Ross Sea from
2010 to 2012 (Goetz, 2015). The tagging in January and February
followed completion of summer molting, coincided with fall foraging,
and extended through the winter into the following spring (Goetz,
2015).

Seasonal changes in the upper ocean thermohaline characteristics
result from interactions of complex dynamical processes. The summer
upper ocean in the Ross Sea is stratified by heating from solar radiation
and melting of sea ice (Fig. 2). During the fall/winter transition this
stratification is eroded by wind mixing and heat loss to the atmosphere.
The fall/winter cooling sets up formation of sea ice that leads to brine
rejection and deep water convection, which also erodes summer stra-
tification. In the mid and outer-shelf regions intrusions of modified
Circumpolar Deep Water (mCDW) provide heat and salt, which are
exchanged with the upper water column (Fig. 2). The objective of this
study was to resolve the spatial and temporal variability associated with
this summer to fall/winter transition using three years of measurements
provided by tagged Weddell seals, allowing quantitative assessment of
processes affecting seasonal and interannual variability in the thermo-
haline properties of the upper ocean in the southwestern Ross Sea.
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Fig. 1. (a) Map of Antarctica showing the location of the western Ross Sea (red box). (b) Region 1 (dashed box) indicates the larger area that was sampled by the
seals. The areas around Ross Island (Region 2, solid line box) and off Victoria Land (Region 3, solid line box) included extensive sampling by seals. The inset plot
(upper left) shows the rotated maximum axis of variability (red arrows) for the wind data (blue dots) near Ross Island. The across-shore wind component is positive
offshore; the along-shore wind component is positive from the eastern to the western Ross Sea. The Ross Ice Shelf is indicated and bathymetry (m) is shown.
Geographic features are indicated as: Pennell Bank – PB, Pennell Trough – PT, Joides Trough – JT. (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. Methods

2.1. Seal tags

Between February to November 2010, January to October 2011,
and February to November 2012 a total of 68 CTD-SRDL tags were
deployed on Weddell seals in the southwestern Ross Sea (Table S1,
supplementary material), The time gaps at the start of the austral
summer and at the end of the year are from completion of molting and
sensor loss due to molting, respectively. The precision of the con-
ductivity, temperature and pressure (depth) sensors is± 0.003
mS cm−1,± 0.001 °C, and± 5 dBar, respectively. The tags were opti-
mized to collect oceanographic data relative to seal ascent speeds
(∼1m s−1). The CTD data were collected at 0.5 Hz. Prior to ARGOS
transmission, the dive profiles were summarized into 20 points in-
cluding 10 fixed pressures adaptively selected based on the maximum
pressure of the dive, and augmented by 10 points selected by a broken-
stick algorithm (Rual, 1996; Fedak et al., 2001, 2002; Boehme et al.,
2009). A pseudo-random method was used to transmit an unbiased
sample of stored records. The tags were calibrated prior to deployment
and comply with ITS-90 (International Temperature Scale 1990) and
PSS-78 (Practical Salinity Scale 1978) specifications. Additional details
of seal tagging procedures were provided by Goetz (2015).

2.2. Temperature and salinity data

The tagged seals moved throughout the western region of the Ross
Sea (Region 1, Fig. 1). The location estimates for individual seals were
adjusted for accuracy as described in (Roquet et al., 2014). The adjusted
CTD data have an estimated accuracy of 0.02 °C in temperature and
0.05 in salinity (Roquet et al., 2011, 2014). For this analysis, the areas
where the dive data were concentrated were binned into
10 km×10 km cells and the number of dives that provided tempera-
ture and salinity vertical profiles was tallied (Fig. 3), similar to the

approach used by Costa et al. (2008). More than 79% of seal dives that
returned temperature and salinity data were from the inner-mid shelf
region between Victoria Land and around Ross Island (Fig. 3); regions
that were consistently sampled in all three years. The temperature and
salinity measurements in the three regions covered by the seals (iden-
tified on Fig. 1) were binned at 10-m (from 0 to 200m) and 20-m (from
200 to 400m) and 1-day intervals and an average calculated for each
bin (Fig. 3).

The data from Region 1 (inner-mid shelf, Fig. 1) were used to
construct potential temperature-salinity diagrams (Fig. 4), across-shelf
temperature distributions (Fig. 5), and time-depth distributions of
density (Fig. 6a). Buoyancy frequency (Fig. 6b) for 2010, 2011, and
2012 was calculated as:
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∂

∂
N

g
ρ

ρ
z

2

(1)

where g is gravity (9.8 m2 s−1) and ∂ ∂ρ z/ is the change in potential
density (ρ) with depth (z). Time-depth distributions of density were also
calculated for Region 2 (Fig. 7a–c, Ross Island) and Region 3 (Fig. 7g–i,
Victoria Land). For the time-depth distributions, gaps of 3 days or less in
the seal dive data were filled by linear interpolation.

2.3. Wind and sea ice fraction distributions

Winds for the Ross Sea region for 2010–2012 were obtained from
the ERA-Interim reanalysis dataset (Dee et al., 2011). Winds were ex-
tracted from the two grid points closest to Victoria Land and Ross Island
at 6-hour intervals and daily averages were calculated. The daily winds
were rotated to the major axis of variability, which corresponded to the
across-shore direction. After rotation, the main axis of variability cor-
responded to winds blowing from land to over the ocean, i.e. positive
offshor, and the minor variability axis corresponded to winds blowing
along the shore, positive from the eastern to the western side in the case
of Ross Island (see inset Fig. 1b) and positive from southern to the
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Fig. 2. Conceptual diagram of the dyna-
mical processes occurring in the upper
ocean on the Ross Sea continental shelf in
summer (upper panel) and fall/winter
(lower panel). The summer to fall/winter
transition is characterized by changes in
sea ice distribution, and upper ocean
stratification and heat content. The pre-
sence of modified Circumpolar Deep
Water at depth provides heat and salt to
the subsurface layers of the mid and
outer Ross Sea continental shelf. External
forcing is provided by solar radiation and
winds. Tagged Weddell seals transit the
water column (triangles denote seal dive
locations) in summer and fall/winter
measuring the temperature and salinity
of the upper water column, capturing the
changes in water column properties.
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northern side in the case of Victoria Land. Time series of the across and
along-shore wind components were then constructed for an area in the
southwestern Ross Sea (Fig. 6c) consistent with box 1 (Fig. 1) and for
Ross Island (Fig. 7d–f) and Victoria Land (Fig. 7j–l).

Daily sea ice fraction time series for the Ross Island (Region 2) and
Victoria Land (Region 3) regions for 2010, 2011 and 2012 were ob-
tained from the NOAA/National Snow and Ice Data Center Climate Data
Record of passive microwave sea ice distributions. These time series
were smoothed using a triangular moving average filter to remove high
frequencies (< 3 days).

2.4. Analysis methods

Cross-correlations and coherence and phase spectra (Emery and
Thomson, 1998) were used to determine relationships between wind
and water column vertical density structure. Coherence or cross-spec-
tral analysis identifies signals in different time series with similar
spectral frequency bands. The phase lag provides information about the
timing of one spectral signal relative to the other. Cross-correlations
were estimated between the daily-averaged across-shore wind compo-
nent and water column density (from surface to 300m). Coherence
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Fig. 3. The total number of CTD vertical profiles obtained from the tagged seals in 10 km×10 km bins in each year (2010–2012) for (a–c) Fall-Winter (15 March–15
September) and (d–f) Summer (January–15 March). Only regions with 10 or more available CTD profiles per unit area are shown (color scale). The 500-m and 1000-
m isobaths are shown (grey and black contours, respectively). (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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Fig. 4. Salinity and potential temperature
diagrams constructed from the seal-derived
CTD measurements for (a–c) fall-winter (F-
W) and (d–f) summer (S) for the inner-mid
shelf region for 2010, 2011 and 2012. The
depth (m) of the temperature-salinity mea-
surements is shown by the color scale. The
main water masses observed in the study
region are indicated as: Antarctic Surface
Water (AASW), modified Circumpolar
Water (mCDW), modified Shelf Water
(mSW) and Shelf Water (SW). Neutral den-
sity contours (28.00 and 28.27 kgm−3) and
the freezing point (dotted line) are in-
dicated. (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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Fig. 5. (a–c) Depth-longitude sections of temperature (°C) from the inner- to the mid-shelf constructed from seal-derived measurements in winter 2012. (d) Spatial
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Fig. 6. (a) Composite time-depth distribu-
tions of density (kgm−3) and (b) buoyancy
frequency (s−2) constructed using the seal-
derived CTD measurements from the inner-
mid shelf region from February to
November 2010 (left panels), January to
October 2011 (middle panels) and February
to November 2012 (right panels). (c) Time
series of rotated across-shore and along-
shore wind speed (m s−1) derived from the
ERA-Interim reanalysis dataset for
2010–2012 with wind pulses> 8m s−1 in-
dicated (dashed line) for a region between
Ross Island and Victoria Land.
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spectra between wind and water column density and across- and
alongshore wind and water column density were estimated for Regions
2 and 3 at a range of depths (5, 50, 100, 200, 400m) using 10 degrees
of freedom (Fig. 9a, c, e). The phase lag (days) was estimated for each
depth and year and values for coherences above the significance level of
90% were retained (Fig. 9b, d, f).

The interaction of wind events with summer stratification was
quantified using the Wedderburn number (W) (Fig. 10), which provides
a measure of mixed layer stability (W > 1) or instability (W < 1)
based on the balance between wind forcing and the pycnocline tilt
(Imberger, 1985), and is calculated as:

= ∗W g h u L( ' )/( )2 2 (2)

where =g g ρ ρΔ /' is the reduced gravity due to a vertical density gra-
dient ρΔ , h is depth of the summer mixed layer, =∗u τ ρ/ is the surface
shear velocity due to wind stress (τ) and L is the length of the inner-
shelf area in the direction of the wind (L= 40 km, determined by size of
subregions 2 and 3, Fig. 3). Wind stress was estimated from the winds
using a drag coefficient of 1.3× 10−3 and air density of 1.2 kgm−3.
The seasonal mixed layer depth (h) was estimated using a density
threshold defined by the shallowest depth at which density differed
from the value at 15m by 0.01 kgm−3 (Smith et al., 2011; Kaufman
et al., 2014).

2.5. Heat content estimates

The total heat content (HC) of the upper ocean was estimated from

the time-depth distributions of potential temperature (θ) (Fig. 11). The
heat content was calculated relative to the surface freezing temperature
(Tf =−1.9 °C) at a salinity of 34.5 and surface pressure (0 dbar) as:

∫= −HC ρc θ T dz( )
zp

p f0 (3)

where zp is the depth of integration (300m), ρ is density of seawater
and cp is the specific heat of seawater (3994.6 J °C−1 kg−1).

3. Results

3.1. Temperature-salinity distributions

The seasonal progression in temperature and salinity from fall-
winter (Fig. 4a, b, c) to summer (Fig. 4d, e, f) in Region 1 indicated in
potential temperature-salinity (T-S) diagrams shows the water masses
expected for this part of the continental shelf but also shows the in-
terannual variability in the properties of the water masses. The fall-
winter seal observations were primarily from the inner and mid-shelf
regions; summer observations were from the inner shelf (Fig. 3). The
seals provided few observations from the outer shelf (Fig. 3, Table 1).
Antarctic Surface Water (AASW), characterized by low salinities (∼34),
cold temperatures (−0.5 °C to −1.6 °C), and neutral density (γn) less
than 28 kgm−3, was present in the upper water column in each season
and year. Below AASW and above modified shelf water (mSW,
θ > −1.85 °C, γn > 28.27) was mCDW (> 34.4, −1.5 to 0.5 °C,
28 < γn < 28.27). The winter T-S distributions show mSW and Shelf
Water (SW, θ < −1.85 °C, γn > 28.27) in all years (Fig. 4a, b, c). The
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depth associated with mSW is in the range of 200–300m and that for
SW is in the range of 500–800m (Fig. 4).

The summer seal observations show the same four water masses
(Fig. 4d, e, f). The signature of AASW was fresher (< 34) and colder in
2011. In all years, mSW was present and SW was seen in 2010 (Fig. 4d,
e, f). The seasonal formation and erosion of AASW from fall-winter
2011 to summer 2011 produced two branches with differing char-
acteristics which persisted into 2012.

The mid-shelf was mostly occupied by mCDW, which was well de-
fined in the three years (Figs. 4 and 5). Across-shelf temperature sec-
tions that extend from the inner continental shelf offshore along Joides
Trough (Fig. 5a) and Pennell Bank (Fig. 5b) show the extension of
mCDW (>−1.3 °C, salinity 34.6 Fig. S1) from the outer shelf onto the
mid-shelf. The signature of this water mass is eroded towards the inner
shelf where AASW (>−1.6 °C) is observed throughout the water
column. At 200m mCDW (>−1 °C, salinity 34.6 Fig. S1) is present
over Pennell Bank and its signature is eroded inshore, consistent with
the across-shelf temperature sections (Fig. 5c). This water mass floods
the continental shelf below 200m over Pennell Bank (Fig. 5c).

dnaLairotciVdnalsIssoR

a b

Fig. 10. Wedderburn number estimated for (a) Ross Island and (b) Victoria Land for two mixed layer depths (MLD).

Fig. 11. Total heat content of upper 300m
calculated for the (a) Ross Island (RI) and
(b) Victoria Land (VL) regions for 2010
(blue), 2011 (black) and 2012 (red) from the
seal-derived temperature data. Sea ice frac-
tion was obtained from Special Sensor
Microwave Imager measurements, which
provide daily sea ice for January 2010 to
December 2012. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

Table 1
Summary of the CTD profiles obtained from tagged Weddell seals for the inner-
mid shelf region, outer shelf region, Ross Island and Victoria Land in 2010,
2011 and 2012. The CTD profiles are separated into summer (1 January–15
March) and fall-winter (16 March–15 September) periods.

Region 2010 2011 2012

Inner-mid shelf
Summer 1739 1508 1871
Fall-Winter 2410 2503 3354

Outer shelf
Summer 90 59 27
Fall-Winter 1105 558 348

Ross Island
Summer 458 493 715
Fall-Winter 204 676 223

Victoria Land
Summer 932 703 1050
Fall-Winter 1230 633 1139
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The horizontal distribution of temperature at 200m constructed
from individual seal dives provides a view of the spatial variability of
mCDW in the western Ross Sea (Fig. 5d). This water mass moves onto
the continental shelf around Joides Trough and Pennell Bank and ex-
tends to the mid-shelf region.

3.2. Water column characteristics in the inner and mid shelf regions

The time-depth distributions of density in the inner-mid shelf region
show the progression from a stratified to a well-mixed water column,
starting in mid-summer (February) and continuing into spring (end of
November) (Fig. 6a). Surface densities remain low (< 1027.3 kgm−3)
until the end of March-early April (early winter) in each of the three
years. Densities greater than 1027.7 kgm−3 occurred throughout the
upper 300m in August 2010 and June 2011 and 2012. Densities in
excess of 1028 kgm−3 occurred in September and October 2012. The
only modification to this pattern was associated with high frequency
variability that occurred in the upper water column (< 50m) in August
to September of 2012 (late winter).

The time-depth distributions of buoyancy frequency show that va-
lues of order ∼10−4 s−2 (i.e. log10(N2)≈−4) were frequent during all
years and observed in the upper 50m consistently until the end of
February in 2010 and 2011 and until mid-March in 2012 (Fig. 6b). The
buoyancy frequencies during winter were one order of magnitude less
than during summer (2×10−5 s−2 or log10(N2)≈−8). At depth, the
strong surface stratification disappeared below ∼150m (Fig. 6b).

The temporal variability of wind conditions over the inner-mid shelf
region showed wind pulses in excess of 10ms−1 during all years, but
more pulses were observed during 2011 and 2012. Larger pulses ob-
served between August and September 2012 were consistent with high
frequency variability that occurred in the upper water column (Fig. 6c).

The time-depth distributions of density constructed for the Ross
Island (Fig. 7a, b, c) and Victoria Land (Fig. 7g, h, i) regions in each
year show the presence of less dense water at the surface in summer, as
expected, and the erosion of this layer into fall. However, the pattern of
density progression varies between the two regions. The near surface
vertical density gradient in the Ross Island region persisted until the
end of February during 2010 and 2011, and until mid-March during
2012. The vertical density gradient in the surface layer (< 50m) in the
Victoria Land region showed a similar pattern, was largely eroded by
late February in 2010 and 2011, and also persisted until mid-March in
2012. The vertical density gradient over the top 300m at Ross Island is
eroded by mid-March during 2010 and 2012, and by late February in
2011. The vertical density gradient was stronger in Victoria Land
(Fig. 7g, h, i), as a result of a shallow and fresh surface mixed layer that
extended to 25–35m. The pycnocline was deeper during 2010 and
2011 (∼60m) and shallower during 2012 (∼40m); stronger vertical
gradients were observed for 2011 and 2102. The vertical gradient over
the entire 300m is generally much weaker by April in Victoria Land
compared to Ross Island.

3.3. Relationship with wind conditions

The across-shore wind (rotated U-component, positive offshore, see
Fig. 1) during summer at Ross Island (Fig. 7d, e, f) and Victoria Land
(Fig. 7j, k, l) was stronger in 2010 and 2011 than in 2012. The across-
shore wind in the Ross Island region was dominated by pulses of 3–6-
day duration at 12–22-day intervals (Fig. 7d, e, f). The strongest wind
pulses occurred in February 2010 and 2011. In 2012, the wind pulses
were reduced in intensity during the transition from fall to winter
(Fig. 7f). The strong off-shore wind pulses (> 8m s−1) observed in
summer 2010 and 2011 in the Ross Island region (Fig. 7d, e) produced
upwelling favorable conditions and coincided with the rise of the iso-
pycnals (Fig. 7a, b, c). Winds with speeds of about 5m s−1 (directed off-
shore) also occurred and coincided with deepening of the isopycnals
and downward mixing of lower density surface waters. The frequency

and timing of the across-shore wind pulses in the Victoria Land region
were similar, but the strongest wind events (Fig. 7j, k, l) were on-shore
(negative direction) and associated with deepening of the isopycnals
below 50m, which mixes low-density surface waters deeper in the
water column (Fig. 7g, h, i).

The relationship between wind events and the erosion of summer
stratification was investigated further by calculating cross-correlations
between wind and density at depth for the inner-mid shelf region in the
three years (Fig. 8). For 2010, significant negative correlations obtained
in the upper 200m associated stronger winds with a decrease in surface
density; positive correlations were associated with a density increase
below 400m (Fig. 8a). During 2011 the same pattern was observed
below 100m with an increase in wind magnitude leading by 4–5 days a
decrease in subsurface density and an increase in density at 500m
15 days later (Fig. 8d). During 2012 this pattern was observed only at
depth with the increase in wind magnitude leading by 15 and 20 days
an increase in density (Fig. 8d, g).

Significant positive correlations were found between the offshore
directed across-shore wind (positive wind) and increase of surface
density for the inner-mid shelf region (Fig. 8b, e, h). This pattern was
stronger during 2012, where high positive correlations extended
throughout the upper 500m (Fig. 8h). During 2010 and 2011, only the
upper 200–300m were influenced by offshore wind pulses (Fig. 8b, e).
The alongshore wind component was also correlated with changes in
density structure. The negative along-shore wind (from the western to
the eastern along Ross Island and from north to south along Victoria
Land) was negatively correlated above 200m with the increase in
surface density and a decrease of density below 300m (Fig. 8c, f, i).

Coherence and phase spectra calculated for across-shore wind and
water density at different depths along the inner-mid shelf region in the
three years showed significant coherences within the synoptic weather
band (4–13 days) above 200m (Fig. 9). Significant coherences were
obtained between offshore wind and density distribution at a 10-day
frequency during 2010 above 100m (Fig. 9a, b) and at 50 and 100m
during 2011, although reduced in magnitude (Fig. 9c, d). During 2012,
this same pattern was observed at higher frequencies (4 and 6 days)
(Fig. 9e, f). Wind variability leads density variability by 4–6 days
(Fig. 9b, d, f). Significant coherences were also observed at higher
frequencies (∼0.25–0.32 cpd, 3.1–4 days), during 2011 and 2012.

The Wedderburn number (equation (2)) provides a measure of the
interaction of wind events, with scales of 5–10 days, with the summer
stratification for the Victoria Land and Ross Island inner-shelf regions
(Fig. 10). These regions were most sampled by the seals and provide a
representation of the higher frequency variability present during
summer and early fall when the strongest wind events were observed.
Winds in excess of 9m s−1 and 11m s−1 are required to mix across the
pycnocline (Wedderburn number< 1) and erode the summer stratifi-
cation observed for the Ross Island (Fig. 10a) and Victoria Land
(Fig. 10b) regions, respectively, in 2010 and 2011. Stratification was
stronger in the Victoria Land region (Δρ=1.5 kgm−3) relative to the
Ross Island region (Δρ=1.1 kgm−3), requiring stronger winds to mix
the water column. The estimated mixed layer depth was shallower in
2012 in both regions, and the wind required to erode the summer
stratification was 6 and 7m s−1 for Ross Island and Victoria Land, re-
spectively.

3.4. Heat content estimates

Heat content of the upper 300m for the two inner-shelf regions that
were most sampled by the seals during 2010 and 2011 shows that the
Ross Island region reached maximum heat content earlier than Victoria
Land (Fig. 11a, b). During 2012 the heat content maximum occurred in
Victoria Land prior to that at Ross Island. The observed sea ice fraction
after April in both regions was larger than 0.5 and showed only minor
interannual differences (Fig. 11c). The minimum in sea ice fraction
occurred in February, but the magnitude of the minimum differed
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between years for the two regions.
The Victoria Land region had the largest interannual differences in

minimum sea ice fraction. The January 2012 sea ice fraction was
comparable with fall and winter values, but rapidly reached a minimum
at the end of February (about 0.3). The decrease was consistent with a
peak in heat content (Fig. 11b). The sea ice fraction was minimum in
mid-January 2011 (< 0.2) and late February 2012.

Ross Island sea ice fraction showed less interannual differences.
During 2010 and 2011 the minimum sea ice was reached at the end of
February (< 0.2). The 2012 minimum occurred at the end of February,
and rapidly increased after the first week of March (Fig. 11c). The
minimum sea ice fraction during 2012 was out of phase with the in-
crease in heat content observed during mid-March in Ross Island
(Fig. 11a).

The two regions showed interannual differences in total heat con-
tent of about 20%, with Victoria Land having the higher heat content.
The averaged heat content in both regions was lower (28% in Ross
Island and 16% in Victoria Land) in 2011 and heat loss occurred earlier
in the season. The largest accumulated heat content occurred in 2012,
with heat accumulation persisting later into the summer and heat loss
occurring later in the fall.

4. Discussion

4.1. Temperature-salinity characteristics

The T-S diagrams from the inner-mid shelf region allow inferences
to be made about the seasonal formation and erosion of thermohaline
properties, interannual variability, and dynamical processes (see con-
ceptual diagram, i.e. Fig. 2). The relative contributions of surface
heating, sea ice cover extent, and winds in the three years produce a
range of responses in T-S properties. The mid-inner shelf was essentially
ice free from February to March 2010 and which allowed the AASW
present in the fall-winter to undergo heating and freshening from solar
radiation and ice melt, respectively, producing warm and fresh AASW
typical of summer conditions (Orsi and Wiederwohl, 2009). The strong
winds during summer 2010 contributed to uniform T-S properties in the
upper ocean over the area sampled by the seals. The fall-winter freeze
in 2011 produced cold, saline AASW and converted the nearly freezing
AASW to SW (Orsi and Wiederwohl, 2009). Sea ice remained in the
inner-mid shelf region the following summer, reducing the period of
open water and producing colder surface conditions. The strong along-
shore winds during this time contributed to cooling and sea ice for-
mation.

The two branches of AASW present in summer 2011 showed dif-
ferent levels of cooling and are consistent with regions of ice cover
(colder branch) and open water (warmer, fresher branch). The two
branches of AASW remained distinct in the 2012 fall-winter transition,
suggesting regional variability in the rates of conversion of summer
conditions to winter conditions. The upper fresher warmer branch of
AASW persisted into the winter and the conversion of AASW seen in
2011 did not occur. The two branches of AASW remained during the
2012 summer transition, with both becoming warmer and fresher. The
summer AASW in 2012 was the warmest of the three years. The lower
AASW branch in 2012 was similar to the upper branch that formed in
2011 and the single branch in 2010. The different T-S properties of
AASW in the three years illustrate the effect of early ice breakup (2010),
partial ice coverage (2011) and persistent ice cover into the summer
(2012). The differences in AASW properties were reflected in the pro-
duction of SW, which occurred only in 2011 with partial ice cover and
strong winds.

Changes in the inner-mid shelf vertical density structure in the three
years showed a progression that is consistent with the T-S diagrams.
The general pattern of a lens of low surface density in the summer
(produced by ice melt), mixing of less dense water to depth and erosion
of stratification in fall-winter (produced by wind, ice formation), and

production of more dense water throughout the upper 200m in winter
(produced by ice formation) occurred in each year. However, in 2010
the summer-like stratification of the upper 200m persisted into the late
winter. The early open water in 2010 and extended period of surface
heating required more time for the inner-mid shelf to transition to a
winter vertical density distribution. In 2011 the summer stratification
was reduced, reflecting the persistence of partial ice cover into the
summer and higher winds, and the transition to winter conditions oc-
curred in June-July. In 2012 stratification was shallower and was
eroded sooner. This year had the densest winter water at the end of
winter. The 2011 stratification was intermediate between the fresher
deeper conditions in 2010 and the shallow denser conditions in 2012.
This progression suggests that it took two years for the mid-inner shelf
to adjust from the 2010 conditions to the more typical conditions in
2012.

The thermohaline properties at smaller regional scales can be
modified by inputs of water with differing characteristics. For example,
advective inputs from other regions could account for the observed heat
content changes of the upper water column in the Ross Island region in
2012. Stern et al. (2013) showed that a warm signature observed in
McMurdo Sound originated west of the Ross Sea polynya, and was
produced by solar heating following ice-free conditions in the polynya.
This warmer, fresher and therefore less dense surface water flowed west
along the western Ross Ice Shelf font creating a coastal current along
the north side of Ross Island and into McMurdo Sound (Robinson et al.,
2010).

Observational and modeling studies show that mCDW intrudes onto
the Ross Sea continental shelf below 200m at specific sites that are
associated with troughs and shallow banks (Dinniman et al., 2003; Orsi
and Wiederwohl, 2009; Kohut et al., 2013). The seal-derived observa-
tions from 2012 showed this water mass intruding onto the shelf along
Joides Trough (Fig. 5) and extending to the mid-inner-shelf region. The
mCDW mixes with the near freezing SW to produce mSW (Orsi and
Wiederwohl, 2009). The latter water mass was observed in the T-S
distributions from the Victoria Land and Ross Sea regions in fall and
winter, highlighting the linkage between onshelf intrusions of mCDW
and the inner shelf of the Ross Sea. The seal-derived across-shelf tem-
perature sections show that mCDW reaches the inner shelf where it
provides heat to the continental shelf waters and underneath the Ross
Ice Shelf. Modeling studies suggest that this input of mCDW contributes
to the basal melt rate of the Ross Ice Shelf (Dinniman et al., 2011; Stern
et al., 2013).

4.2. Wind forcing and stratification

The ERA-Interim winds used in the correlation analysis accurately
represent temporal variability but underestimate maximum wind
speeds by about 25%, based on a comparison between shipboard ob-
servations and modeled winds (Mack, 2017; Mack et al., 2017). The
significant cross-correlations between wind and upper ocean density
and across-shore winds and surface density in the Victoria Land and
Ross Island regions, depend on the timing of wind events and therefore,
represent upper ocean responses to wind forcing (see conceptual dia-
gram). Surface winds in the inner portion of the Ross Sea result from
katabatic and synoptic wind events (Murphy and Simmonds, 1993;
Parish and Cassano, 2001, 2003). Katabatic winds with speeds of
10–25m s−1 occur in the Victoria Land and Ross Island regions (Parish
and Bromwich, 1991; Colacino et al., 2000; Parish and Cassano, 2003),
with a main wind direction axis that is across the coastline (Colacino
et al., 2000). The coastal regions of the western Ross Sea also experi-
ence frequent cyclone activity that influences surface winds (Cassano
and Parish, 2000). These synoptic scale events occur with a frequency
of 3–10 days and are characterized by wind speeds of 15–35m s−1

(Bromwich, 1991; Parish and Cassano, 2003).
Each wind event produces mixing in the upper ocean (< 200m)

that incrementally erodes the surface summer stratification, which is
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dominated by a low-density shallow surface mixed layer above a sharp
pycnocline. Entrainment of high-density water in the surface layer oc-
curs during the summer-fall-winter progression of the upper ocean. The
observed interannual variability in the erosion of the seasonal stratifi-
cation is related to the frequency and strength of the wind events. Even
with underestimation of the strength of the ERA-Interim winds, there is
a clear correspondence between wind events and stratification. The
more stratified inner shelf during 2012 was associated with less intense
wind events (∼<5m s−1); strong (> 6–10m s−1) wind pulses des-
tratified the water column earlier during 2010 and 2011. The im-
plication is that erosion of the seasonal stratification is an incremental
process that is moderated by the frequency of wind events with speeds
above a particular threshold. However, the wind speeds associated with
destratification should be taken as a guide because regions of the inner
Ross Sea continental shelf are covered with fast ice, which modifies the
effective wind stress.

4.3. Heat content

The seal-derived temperature measurements provided the first
characterization of seasonal and interannual variability in upper ocean
heat content for the inner-shelf region of the western Ross Sea. The heat
loss expected from seasonal cooling is influenced by strong wind events,
such as the one in early March 2010 for the Ross Island region and the
one in late February-early March 2011 for the Victoria Land region. The
persistence of heat in the upper water column into late March 2012 in
both regions coincided with an extended period of weaker winds.

The evolution of the heat content for the inner part of the Ross Sea
can be compared to that calculated for the western Antarctic Peninsula
(WAP), also based on temperature time series obtained from seal-de-
rived measurements (Costa et al., 2008). The integrated heat content
for the upper 200m for the inner-shelf regions of the Ross Sea is about
50% of the heat content along the WAP and reaches its minimum value
about 2.5 months earlier. These differences are consistent with the
higher latitude and the colder form of mCDW that occurs in the Ross
Sea. The winter heat content of the Ross Sea is near zero whereas that of
WAP continental shelf waters remains around 50% of the late fall value.
The implication is that the water column in the inner Ross Sea is es-
sentially well mixed throughout the upper 300m in winter as a result of
convection, as shown in other parts of the western Ross Sea (e.g.
Gordon et al., 2000). Winter mixing on the WAP continental shelf is
shallower (Prézelin et al., 2004) and mixes warm mCDW (1–1.5 °C) into
the upper water column (Klinck et al., 2004), thereby providing a
continual source of heat. The quantitative comparisons of seasonal
differences in heat content properties of the Ross Sea and WAP regions
provided by the seal-collected measurements highlight the differences
in cold (limited influence of CDW) versus warm (strongly influenced by
CDW) Antarctic continental shelves.

4.4. Implications for the future state of the western Ross Sea

The Ross Sea is experiencing changes in atmospheric conditions.
Cold southerly winds blowing seaward from the Ross Ice Shelf have
strengthened (Turner et al., 2009; Smith et al., 2014), potentially in-
creasing vertical mixing. However, projections of future winds over the
Ross Sea suggest slight weakening of the westerly component relative to
current conditions (Bracegirdle et al., 2013). Modeling studies of the
effects of these projected changes (Smith et al., 2014) suggest that by
2100 winds near the Victoria Land coast will be weaker, while winds
will be stronger near the continental shelf break. As a result, mean
summer mixed layer depths will decrease, and the duration of shallow
mixed layers over the continental shelf will increase. Other potential
changes by 2100 include a summer expansion of the Ross Sea polynya,
which will increase heat to the upper ocean and also support an ex-
tended phytoplankton growing season (Smith et al., 2014). Expansion
of the Ross Sea polynya will modify inputs of less dense surface waters

that form along the inner shelf of the western Ross Ice Shelf (Stern et al.,
2013; Arzeno et al., 2014) and flow into the Ross Island region. In-
creased inputs of surface fresh water will require stronger winds to
erode the enhanced stratification.

A reduction in wind strength over the next century may contribute
to a more stratified coastal ocean. This analysis shows that a threshold
exists for wind events with speeds sufficient to breakdown stratifica-
tion. This wind speed threshold may increase should the Ross Sea
continue to freshen (Smith et al., 2014; Dinniman et al., 2017). Wea-
kened winds may still have synoptic scale events that exceed this
threshold, but the number and frequency of these is unknown. Seal-
derived hydrographic measurements are adequate for providing reali-
zations of the ocean state, but these measurements need to be combined
with simultaneous atmosphere measurements to adequately describe
changes.

The projected changes in the atmospheric conditions have im-
portant consequences for the thermohaline and sea ice properties of the
coastal ocean along the inner shelf of the western Ross Sea. The use of
seals as platforms to measure and monitor the hydrography of the Ross
Sea will allow near synoptic views of environmental changes that can
also be related to changes in seal ecology, behavior, and habitat use.
The ability to measure evolving environmental conditions and pro-
cesses provides a strong constraint for implementing and evaluating
circulation and ecological models designed to assess responses to pro-
jected changes in the Ross Sea.
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