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 2 

Abstract  23 

Temperature and salinity measurements obtained from sensors deployed on 24 

Weddell seals (Leptonychotes weddellii) between February and November 2010, January 25 

to October 2011 and February to November 2012 were used to describe the temporal and 26 

spatial variability of hydrographic conditions in the western Ross Sea, with particular 27 

emphasis on the innershelf off Victoria Land and south of Ross Island.  Potential 28 

temperature-salinity diagrams constructed for regions where the seals remained for 29 

extended periods of time showed four dominant water masses on the shelf, Modified 30 

Circumpolar Deep Water, Antarctic Surface Water, Shelf Water and Modified Shelf 31 

Water. Depth-time distributions of potential density and buoyancy frequency showed the 32 

erosion of the upper water column stratification associated with the transition from 33 

summer to fall/winter conditions. The within-year and interannual variability associated 34 

with this transition was related to wind speed and atmospheric temperature and pressure.   35 

Changes in upper water column density were positively correlated with cross-shelf wind 36 

speeds >5 m s
-1

 with a 3-4 day lag.  A comparison of wind mixing potential versus 37 

stratification (Wedderburn number) showed that synoptic scale wind events with speeds 38 

of 5.5 and 6.5 m s
-1

 are required to erode the summer stratification for Ross Island and 39 

Victoria Land regions, respectively. The interannual variability in total heat content 40 

accumulated during summer (about 20%) was related to the duration open water, with the 41 

largest heat content occurring in 2012 which was characterized by a summer sea ice 42 

minimum.  The heat content was lost by early to mid-March and approached zero in 43 

winter as a result of deep winter convection.  The seal-derived measurements provide a 44 
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quantitative analysis of hydrographic variability of the innershelf region of the western 45 

Ross Sea and provide a baseline for assessing future changes.     46 

 47 

  48 
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Introduction 49 

 The advent of small electronic tags and their associated sensors that can be placed 50 

on a variety of marine animals has not only resulted in an amazing increase in our 51 

understanding of their movement patterns (Bost et al. 2009, Costa et al. 2012, Bost et al. 52 

2015) but has also provided invaluable insights into the physical oceanography of the 53 

regions that are otherwise difficult or even impossible to sample (Charrassin et al. 2008, 54 

Roquet et al. 2009, Fedak 2013, Roquet et al. 2013). These small electronic tags are 55 

providing oceanographic data in areas where traditional shipboard and Argo-float 56 

coverage is limited or absent, particularly in the Southern Ocean where ship time is 57 

limited (especially in the winter), the capability of satellite remote-sensing systems is 58 

often reduced due to cloud cover, and as Argo floats are unable to work in ice and have a 59 

propensity to be advected away from the Antarctic Continent. To date sensors mounted 60 

on marine animals have helped to refine the bathymetry of the Antarctic Peninsula 61 

(Padman et al. 2010), to quantify the heat flux of oceanic currents and their importance in  62 

ice formation (Nicholls et al. 2008), facilitate the understanding of the breakup of ice 63 

sheets (Padman et al. 2012), better understanding of the basic hydrographic properties of 64 

Antarctic continental shelf systems, such as the seasonal progression of the thermohaline 65 

structure and heat content variability of the upper ocean mixed layer, more accurately 66 

identify frontal systems (Meredith et al. 2011, Årthun et al. 2012) and the general 67 

hydrography and circulation patterns of the Southern Ocean (Roquet et al. 2013).  68 

 Here we report the physical oceanographic observations from CTD tags deployed on 69 

Weddell seals (Leptonychotes weddelli) in the Ross Sea.  Weddell seals are the 70 

southernmost seal and inhabit in the fast and pack ice regions, which are particularly 71 
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difficult to access using any other methodology. The Ross Sea (Fig. 1) overlies the largest 72 

continental shelf in the Southern Ocean and is one of a few locations that forms and 73 

exports Antarctic Bottom Water (Orsi et al. 1999; Gordon et al. 2009; Budillon et al. 74 

2011).  The Ross Sea is experiencing increased sea ice (Comiso et al. 2011), decreased 75 

duration of the summer ice-free period (Parkinson 2002; Stammerjohn et al. 2008, 2011), 76 

decreased sea surface temperature (Comiso 2010), and stronger southerly winds (Turner 77 

et al. 2009; Holland and Kwok 2012); all of which affect the upper ocean thermohaline 78 

properties.  However, projections for future trends are for reduced sea ice cover and 79 

longer ice-free periods (Smith et al. 2014b) and increased air temperature (Bracegirdle 80 

and Stephenson 2012).  Much of the understanding of water masses, thermohaline 81 

properties, and hydrographic variability of the Ross Sea is derived from summer 82 

measurements during ice-free conditions. The changes in the upper ocean thermohaline 83 

properties in winter, which potentially set up conditions that influence subsequent sea ice 84 

cover and water mass formation, are little known and poorly resolved in hydrographic 85 

measurements from the Ross Sea.  86 

 As part of a study of predator winter foraging behavior and habitat utilization in the 87 

Ross Sea, conductivity-temperature-depth satellite relay data loggers (CTD-SRDL) were 88 

deployed on Weddell seals (Leptonychotes weddellii) over a three-year period (2010-89 

2012) (Goetz, 2015).  The seal-collected data provide extensive coverage of the 90 

southwestern Ross Sea (Fig. 1) from the austral summer, when the tags were deployed, 91 

through the winter and into the following austral fall.  The consistent sampling region and 92 

multiple vertical profiles (seal dives) at many locations allow the seasonal evolution of 93 

the upper ocean variability to be characterized and compared over three years. The 94 
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objectives of this study are to use the seal-collected temperature and salinity data to 95 

describe seasonal and interannual changes in the thermohaline properties and heat content 96 

of the upper ocean of the Ross Sea and relate these changes to wind, atmospheric 97 

temperature and pressure variability.   This analysis provides a baseline for measuring 98 

future responses of the Ross Sea to projected changes in atmospheric forcing.   99 

 100 

Methods 101 

Seal tags. CTD Satellite Relay Data Loggers were deployed on Weddell seals from 102 

February to November 2010, January to October 2011, and February to November 2012 103 

(Table 1). The accuracy for conductivity, temperature and pressure (depth) sensors is ± 104 

0.003 mS cm
-1

, ± 0.001°C, and ± 5 dBar, respectively.  The tag is optimized to collect 105 

oceanographic data relative to the seal’s descent and ascent speeds (~1 m s
-1

).  Data 106 

collected by the tag are stored and transmitted to the ARGOS satellite system when the 107 

animal is at the surface.  .  The CTD profiles are summarized prior to ARGOS 108 

transmission by four inflection points that correspond to the most rapid changes in the 109 

time-depth trajectory (i.e. local maxima of the second derivative of the time-depth 110 

function). Data are collected at 2 Hz and summarized into 20 points including 10 fixed 111 

pressures adaptively selected based on the maximum pressure of the dive, and augmented 112 

by 10 points selected by a broken-stick algorithm (Rual 1996; Fedak et al. 2001; Fedak et 113 

al. 2002).  ARGOS cannot transmit all records so a pseudo-random method is used to 114 

transmit an unbiased sample of stored records. The tags were calibrated prior to 115 

deployment and comply with ITS-90 (International Temperature Scale 1990) and PSS-78 116 
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(Practical Salinity Scale 1978) specifications.  Additional details of seal tagging 117 

procedures are provided in Burns et al. (2004) and Gales et al. (2005).  118 

 119 

Temperature and salinity data.  The tagged seals moved throughout the western region of 120 

the Ross Sea (Fig. 1b-d) and information on quality control of the tag data and analyses 121 

of the distributional data are given in Roquet et al. (2011) and Goetz (2015).  More than 122 

79% of seal dives that returned temperature and salinity data were from the innershelf off 123 

Victoria Land, around Ross Island, and in 2010 along the outer shelf (Fig. 1b-d).  The 124 

data from Victoria Land and around Ross Island provide the basis for this study because 125 

these regions were consistently sampled in all three years.  Following the approach used 126 

in Costa et al. (2008), the areas where the dive data were concentrated were binned into a 127 

10 km x 10 km grid and the number of dives in each grid cell was counted (Fig. 1b-d).  128 

The temperature and salinity measurements in each region were binned at 10-m 129 

and 1-day intervals and an average calculated for each bin.  The temperature and salinity 130 

records from the seals provided coverage of the upper 300 m (Fig. 1b-d).  The resulting 131 

data set for each region was used to construct potential temperature-salinity diagrams for 132 

all three areas (Fig. 2) and time-depth distributions for Victoria Land and Ross Island for 133 

2010, 2011 and 2102 (Figs. 3, 4).  For the latter, gaps of 3 days or less in the seal dive 134 

data were interpolated linearly.  135 

The potential temperature and salinity distributions were used to construct time-136 

depth distributions of density and buoyancy frequency to represent the vertical structure 137 

and stratification of the water column for each region in each year. Buoyancy frequency 138 

was calculated from:  139 
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                  (1) 140 

where g is gravity (9.8 m
2
 s

-1
)  and       is the change in density (ρ) with depth (z). 141 

 142 

Atmospheric data and sea ice fraction.  Winds, atmospheric pressure and atmospheric 143 

temperature for the Ross Sea region for 2010 to 2012 were obtained from the ERA-144 

Interim reanalysis (Dee et al., 2011) dataset.  Values were extracted from the two grid 145 

points closest to Victoria Land and Ross Island at 6-hour intervals and used to calculated 146 

daily averages. The wind values were rotated to their major axis of variability, which 147 

corresponded to the across-shore direction. After rotation, the main axis of variability 148 

corresponded to winds blowing from land out over the ocean and the minor variability 149 

axis corresponded to winds blowing along the shore.  150 

Sea ice distributions were obtained from simulations done using a high-resolution 151 

coupled sea ice – ice shelf – ocean circulation model implemented for the Ross Sea 152 

(Dinniman et al., 2011; Stern et al., 2013). Sea ice distribution and fraction was simulated 153 

for 15 September 2010 to 15 March 2012. For this study, daily-averaged sea ice fraction, 154 

the area covered by sea ice relative to the total area, was calculated for the Ross Island 155 

and Victoria Land regions using simulated distributions for December 2010 to November 156 

2011 and November 2011 to December 2012. .  These distributions represent the 157 

transition from late spring to winter. Modeled sea ice concentration closely represents 158 

observed sea ice concentration during the study period, for further information please see 159 

supplementary information in McGuillicuddy et al. (this issue) 160 

 161 
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Analysis methods.  Cross-correlations and coherence and phase spectra (Emery and 162 

Thomson, 1998) were used to determine the relationship between atmospheric variables 163 

and water column vertical structure. Cross-correlations were estimated between the daily-164 

averaged across-shore wind component, atmospheric pressure and atmospheric 165 

temperature and water column density (from surface to 300 m), Coherence spectra 166 

between across-shore wind and water column density were estimated for the Ross Island 167 

and Victoria Land regions using 8 and 10 degrees of freedom, respectively. Phase (days) 168 

was obtained for coherences above the significance level of 90%.  169 

The interaction of wind events with summer stratification was explored using a 170 

Wedderburn number (W), which provides a measure of mixed layer stability (W>1) or 171 

instability (W<1) based on the balance between wind forcing and the pycnocline tilt 172 

(Imberger, 1985), and is calculated as: 173 

             
                                                                                                       (2) 174 

where          is the reduced gravity due to a density gradient   , h is depth of the 175 

summer mixed layer,         is the surface shear velocity due to wind stress (τ) and L 176 

is the length of the innershelf area in the direction of the wind (L=40km). Wind stress 177 

was estimated from wind records using a drag coefficient of 1.3×10
-3

 and air density of 178 

1.2 kg m
-3

. The seasonal mixed layer depth (h) was estimated using a density threshold 179 

defined by the shallowest depth at which the vertical density differed from the value at 15 180 

m by 0.01 kg m
-3

 (Smith et al., 2011; Kaufman et al., 2014).  181 

 182 

Heat content estimates. The total heat content (HC) of the upper 300 m (zp) was 183 

estimated from the time-depth distributions of potential temperature (  ). The heat 184 
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content was calculated relative to the surface freezing temperature (  = -1.9
o
C) at a 185 

salinity of 34.5 and surface pressure (0 dbar) as: 186 

              
  

 
                                                                                  (3) 187 

where   is density of seawater and    is the specific heat of seawater (3994.6 J 
o
C

-1
 kg

-1
). 188 

 189 

Results 190 

Temperature-salinity patterns.  Potential temperature-salinity (TS) diagrams constructed 191 

for the Victoria Land and Ross Island regions showed low interannual variability during 192 

summer (Fig. 2a, b, c).   During the summer, the seals provided only a few observations 193 

from the mid-outer shelf. The TS diagrams show primarily Antarctic Surface Water 194 

(AASW) in the upper water column, characterized by low salinities (~34) and cold 195 

temperatures (-0.5
 o
C to -1.6

o
C).  Fresh surface waters (33-33.8) were observed all three 196 

years in the Victoria Land region and only during 2012 for the Ross Island region.  197 

Modified Circumpolar Deep Water (mCDW, >34.4, -1.5-0.5 
o
C) lies below AASW and 198 

above modified shelf water (MSW, >34.5, > -1.85 
o
C).  199 

The same three water masses are present in all three regions during fall-winter 200 

(Fig. 2d, e, f).   Surface waters tend to remain fresher (<34) in the Victoria Land region in 201 

all three years. The AASW in the Ross Island region is colder than that in the Victoria 202 

Land region in all three years.  Both regions show colder AASW during 2011. The mid-203 

outer shelf is mostly occupied by mCDW.  This water mass was well defined during 2010 204 

and 2011 (Fig. 2d, e).  The signal of this water mass is not as well defined in 2012 (Fig. 205 

2f) because of the fewer number of CTD from the mid to outer shelf (Fig. 1).  The winter 206 
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TS distributions show MSW and Shelf Water (SW, >34.5, <-1.85
 o
C) in all years at the 207 

three locations (Fig. 2d, e, f). 208 

  209 

Water column characteristics.  The depth-time distributions of density constructed for the 210 

Ross Island (Fig. 3a, b, c) and Victoria Land (Fig. 4a, b, c) regions in each year show the 211 

presence of less dense water at the surface in summer, as expected, and the erosion of this 212 

layer into fall.  However the pattern of density progression varies between the two 213 

regions.  The vertical density gradient in the Ross Island region persists until end of 214 

February during 2010 and 2011, and until mid-March during 2012. The vertical density 215 

gradient in the Victoria Land region is largely eroded by late February in 2010 and 2011, 216 

and persists until mid-March in 2012.  The vertical density gradient at Ross Island is 217 

eroded by mid March during 2010 and 2012, and until late February in 2011. The vertical 218 

density gradient was stronger in Victoria Land (Fig. 4a, b, c), as a result of a shallow and 219 

fresh surface mixed layer depth that extended to 25 m.  The pycnocline was deeper 220 

during 2010 and 2011 (~60 m) and shallower during 2012 (~40 m), stronger vertical 221 

gradients were observed for 2011 and 2102.   222 

The time-depth evolution of the vertical density gradient in the two regions is 223 

reflected in the buoyancy frequency distributions (Figs. 3, 4d, e, f).  Buoyancy 224 

frequencies of the order of 10
-4

 s
-2

 were frequent during 2012 in Ross Island and observed 225 

in the upper 50 m consistently until end of February. Buoyancy frequencies of the same 226 

order of magnitude were observed for only a few days during 2010 and 2011.  In the 227 

Victoria Land region buoyancy frequencies of 10
-4

 s
-2

 were observed during 2011 and 228 

2012 in the upper 50 m and only 2-3 days during 2010.  The buoyancy frequencies 229 
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calculated for the Victoria Land region were overall higher than those for the Ross Island 230 

region.  This strong stratification disappeared in early March 2011 but remained until 231 

mid-March in 2012 (Fig. 4f). 232 

 233 

Relationship with atmospheric conditions.  The temporal variability of the upper water 234 

column can be related to wind events in both regions (Figs. 3, 4g, h, i).  Across-shore 235 

wind (U-component) pulses are associated with deepening of the isopycnals below 50 m, 236 

which mixes low-density surface waters deeper in the water column. This response was 237 

observed for the Ross Island region for wind events with speeds that exceeded 5 m s
-1

 in 238 

all years (Fig. 3g, h, i).  Similarly, strong wind pulses were associated with mixing 239 

downwards the low-density surface waters in the Victoria Land region (Fig. 4g, h, i).    240 

The relationship between wind events and the erosion of summer stratification 241 

was investigated further by calculating cross-correlations between across-shore wind and 242 

density at depth for the Ross Island (Fig. 5a, b, c) and Victoria Land (Fig. 6a, b, c) 243 

regions in the three years.  Significant positive correlations were obtained in the upper 244 

150 m for the Ross Island region, with the onshore wind pulse leading by 3-4 days an 245 

increase in surface density (Fig. 5a-c). During 2010 and 2011 the increase in onshore 246 

wind was followed by a decrease of subsurface density 10 days later. This pattern was 247 

present during 2012 but correlations were not significant at the 95% confidence (Fig. 5c). 248 

Atmospheric pressure and density were negatively correlated above 100 m for 249 

most of 2010 and 2011, and positively correlated during 2012 (Fig. 5d, e, f). The 250 

correlations change sign with depth.  The vertical pattern in the pressure-density 251 

correlations is similar to that obtained for the wind-density correlations, with both 252 
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showing a change in sign of the lagged correlations at depth (Fig. 5e-f). The same pattern 253 

was also observed between atmospheric temperature and density, with a decrease in 254 

temperature correlated with a surface increase in density and a subsurface decrease, and 255 

vice versa for increased atmospheric temperature (Fig. 5g-i).  256 

In the Victoria Land region, similar wind-density correlation patterns were 257 

obtained, with the strongest correlations occurring in 2011 (Fig. 6a, b, c).  Onshore wind 258 

pulses were correlated with density decreases in the upper 100 m.   This effect was 259 

strongest in 2011, with significant correlations with a 3-4 day lag were found at all depths 260 

(Fig. 6d-f). In 2011, atmospheric pressure and density were positively correlated 261 

throughout the water column and significant positive correlations were observed between 262 

air temperature and density on the upper 200 m (Fig. 6e).  263 

 Coherence and phase spectra provide comparisons of the variability in across-264 

shore wind and water density at different depths in the two regions in the three years 265 

(Figs. 7, 8).   The Ross Island region showed significant coherences between onshore 266 

wind and density distribution below ~50 m at a 10-day frequency during 2010 (Fig. 7a) 267 

and below 100 m during 2011 and 2012 (Fig. 7c, e). Wind variability leads density 268 

variability by 2-5 days (Fig. 7b, d, f). Significant coherences were also observed at higher 269 

frequencies (~0.3 cpd, 3.3 days), during 2010 and 2012.   Wind and density variability at 270 

2-4 days was significant at about 55-155 m. In 2010 significant coherences were found 271 

within the synoptic weather band (5-10 days) between the onshore wind and density at 272 

mid-water level (55-155 m) in the Victoria Land region (Fig. 8).   Wind variability leads 273 

density variability by 0-1 days (Fig. 8b).  In 2011, significant coherences were observed 274 

at about 95-155 m in the lower frequencies (~0.1 cpd, 10 days).  Wind variability at this 275 



 14 

temporal scale was followed by density variability with an 8-9 day delay. Significant 276 

coherences were also observed at higher frequencies (~3 days) between wind and density 277 

at depth (>95 m) with a 2-day delay (Fig. 8c, d). In 2012, significant coherences were 278 

observed only in the high frequencies and below 100 m (Fig.7e).  The positive phases 279 

indicate that density variability leads the wind variability by 0-1 day (Fig. 8f).  280 

The Wedderburn number provides a measure of the interaction of wind events, 281 

with scales of 5-10 days, with the summer stratification for the two regions (Fig. 9).  282 

Winds in excess of 8.9 m s
-1

 and 10.8 m s
-1

 are required to mix across the pycnocline and 283 

erode the summer stratification observed for the Ross Island (Fig. 9a) and Victoria Land 284 

(Fig. 9b) regions, respectively, in 2010 and 2011. Stratification was stronger in the 285 

Victoria Land region (Δρ = 1.5 kg m
-3

) relative to the Ross Island region (Δρ = 1.1 kg m
-286 

3
), therefore requiring stronger winds to mix the water column. The estimated mixed 287 

layer depth was shallower in 2012 in both regions, and the wind required to erode the 288 

summer stratification was 5.5 and 6.5 m s
-1

 for Ross Island and Victoria Land, 289 

respectively (Fig. 9). 290 

 291 

Heat content estimates.  Heat content of the upper 300 m for the three years shows that 292 

the Ross Island region reaches maximum heat content earlier than Victoria Land (Fig. 293 

10a,b).  The minimum simulated fraction of sea ice between Ross Island and Victoria 294 

Land is consistent with the heat content patterns (Fig. 10c). The Ross Island region is 295 

essentially open water during the summer which allows the heat content to increase 296 

earlier than in the Victoria Land region where ice cover persists into the summer. The 297 

two regions showed small (<20%) interannual difference in the total heat content.  The 298 
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averaged heat content in both regions was lower (28% in Ross Island and 16% in Victoria 299 

Land) in 2011 and heat loss occurred earlier in the season. The largest accumulated heat 300 

content occurred in 2012, with heat accumulation persisting later into the summer and 301 

heat loss occurring later in the fall.   302 

 303 

Discussion  304 

Temperature-salinity characteristics.  The seals provided autonomous oceanographic 305 

platforms that sampled the hydrographic variability of the western Ross Sea in locations 306 

and during times that are not accessible using conventional oceanographic sampling 307 

methods.  The TS diagrams constructed from the seal data provide a characterization of 308 

the hydrographic properties of the Victoria Land and Ross Sea regions, which is 309 

dominated by the presence of AASW, SW, and MSW. The summer surface heating 310 

produces AASW that occupies most of the upper water column. The seasonal variability 311 

of this water mass is as expected in both regions.  Sea ice formation during the fall and 312 

winter converts the nearly freezing AASW to SW (Orsi and Wiederwohl, 2009) and the 313 

layer of AASW is eroded.  The air-sea interaction contributes to the interannual 314 

variability of the AASW water mass (Locarnini, 1994). 315 

The water mass properties of the Ross Island and Victoria Land regions are also 316 

potentially influenced by inputs from other regions, Stern et al. (2013) showed that a 317 

warm signature observed in McMurdo Sound originated west of the Ross Sea polynya, 318 

and was produced by solar heating after the polynya is ice free. This warmer, fresher and 319 

therefore less dense surface water flowed west along the innershelf of the western Ross 320 
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Sea Ice Shelf creating a coastal current that flows along the north side of Ross Island and 321 

into McMurdo Sound.   322 

Over the mid-outer shelf the signature of mCDW is similar in the three years.  323 

This water mass intrudes onto the Ross Sea continental shelf below 200 m at preferred 324 

sites (Dinniman et al., 2003; Stern et al., 2013).  Thus, any interannual variability of this 325 

water mass is imposed by processes related to flow along the outer Ross Sea shelf 326 

(Dinniman et al., 2011).   The mCDW mixes with the near freezing SW to produce MSW 327 

(Orsi and Wiederwohl, 2009).  The latter water mass is found in the Victoria Land and 328 

Ross Sea regions in fall and winter.  This provides a linkage between inputs of mCDW 329 

and the innershelf of the Ross Sea. The mCDW also provides heat to the shelf waters and 330 

underneath the Ross Sea Ice Shelf, with the latter contributing to the basal melt rate 331 

(Dinniman et al., 2011; Kohut et al., 2013; Stern et al., 2013).  332 

Atmospheric forcing and stratification.  The seal-derived observations suggest that 333 

summer stratification along the innershelf in the Ross Sea is primarily controlled by 334 

changes in salinity, which in turn controls density of the upper water column.  Cross-335 

correlations between atmospheric parameters and ocean density showed that onshore 336 

wind events with speeds in excess of 6 m s
-1

 are needed to induce vertical mixing that is 337 

sufficient to erode the summer stratification and allow mixing across the pycnocline.  The 338 

correlations between onshore winds and increased surface density were significant in in 339 

both areas in the three years.  Surface winds in the inner portion of the Ross Sea result 340 

from katabatic and synoptic wind events (Murphy and Simmonds 1993; Parish and 341 

Cassano, 2001; Parish and Cassano, 2003). Katabatic winds, with speeds of 10-25 m s
-1

, 342 

occur in the Victoria Land and Ross Island regions (Parish and Bromwich, 1991; 343 
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Colacino et al., 2000; Parish and Cassano, 2003), with a main wind direction axis that is 344 

across the coastline (Colacino et al., 2000). The coastal regions of the western Ross Sea 345 

also experience frequent cyclone activity that also influences surface winds (Cassano and 346 

Parish, 2000).  These synoptic scale events occur with a frequency of 3 to 10 days and are 347 

characterized by wind speeds of 15-35 m s
-1

 (Bromwich, 1991; Parish and Cassano, 348 

2003).  349 

Each wind event produces mixing in the upper ocean (< 200 m) that incrementally 350 

erodes the surface summer stratification, which is dominated by a low-density shallow 351 

surface mixed layer above a sharp pycnocline. The resulting entrainment of high-density 352 

water in the surface layer is seen in the summer-fall-winter progression of the upper 353 

ocean that is provided by the seal observations.  The interannual variability in the erosion 354 

of the seasonal stratification seen in the time-depth density distribution can be related to 355 

the frequency and strength of the wind events.  The more stratified innershelf during 356 

2012 is consistent with less intense wind events (~<5 ms
-1

); strong (>6-10 ms-1) wind 357 

pulses destratified the water column earlier during 2010 and 2011.  The implication is 358 

that erosion of the seasonal stratification is an incremental process that is moderated by 359 

the frequency of wind events with speeds above a particular threshold.   360 

Comparisons between atmospheric pressure, atmospheric temperature and ocean 361 

density yield significant correlations, further supporting those obtained with wind speed. 362 

The significant correlation with low atmospheric pressure at sea level is related to the 363 

pressure gradient difference responsible in the formation of katabatic winds (high 364 

pressure over the land plateau and low pressure over the sea).  Decreased atmospheric 365 

pressure was correlated with an increase in surface density and a decrease in density at 366 
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depth, as expected for mixing.  Decreased atmospheric temperature was also correlated 367 

with increase of surface density.   This correlation is, however, the result of the seasonal 368 

change in atmospheric temperature rather than the result of surface cooling due to 369 

katabatic winds.  Atmospheric temperature is not a reliable measure of katabatic wind 370 

variability because atmospheric surface mixing tends to destroy shallow low-level 371 

temperature (Parish and Cassano, 2003).   372 

 373 

Heat content.  The seal-derived temperature measurements provided the first 374 

characterization of seasonal and interannual variability in upper ocean heat content in the 375 

innershelf region of the western Ross Sea.  The total heat content includes all of the heat 376 

inputs and losses and as such provides a bulk measure of changes in the upper ocean 377 

temperature.  The change in heat content from summer into winter for the three years 378 

shows the influence of synoptic scale events.  The overall loss of heat expected from 379 

seasonal cooling is enhanced by strong wind events, such as the one early March 2010 for 380 

the Ross Island region and the one in late February-early March 2011 for the Victoria 381 

Land region.  The persistence of heat in the upper water column into late March 2012 in 382 

both regions coincides with an extended period of weaker winds.  The interannual 383 

variability in heat content may contribute to interannual variability in sea ice formation.   384 

The evolution of the seal-derived heat content for the inner part of the Ross Sea 385 

can be compared to that calculated for the western Antarctic Peninsula (WAP), also based 386 

on temperature time series obtained from seal-derived measurements (Costa et al., 2008).  387 

The heat content for the innershelf regions of the Ross Sea is about 50% of the heat 388 

content along the WAP and reaches its minimum value about 2.5 months earlier.  These 389 
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differences are consistent with the higher latitude and the colder form of mCDW that 390 

occurs in the Ross Sea.  The winter heat content of the Ross Sea is near zero; whereas 391 

that of WAP shelf waters remains around 50% of the late fall value.   The implication is 392 

that the water column in the inner Ross Sea is essentially well mixed throughout the 393 

upper 300 m in winter as a result of convection. Winter mixing on the WAP shelf is 394 

shallower (Prézelin et al., 2004) and mixes warm mCDW (1-1.5
o
C) into the upper water 395 

column (Klinck et al., 2004), thereby providing a continual source of heat.  The 396 

quantitative comparisons of seasonal differences in heat content properties of the Ross 397 

Sea and WAP regions provided by the seal-collected measurements highlight the 398 

differences in cold (limited influence of CDW) versus warm (strongly influenced by 399 

CDW) Antarctic continental shelves.   400 

 401 

 402 

Summary  403 

In recent years, the Ross Sea has experienced changes in atmospheric conditions.  404 

Cold southerly winds blowing seaward from the Ross Sea Ice Shelf have strengthened, 405 

increasing vertical mixing (Turner et al., 2009; Smith et al., 2014b).  However, 406 

projections of future winds over the Ross Sea suggest weakening relative to current 407 

conditions (Bracegirdle et al., 2013).  A recent modeling study of the effects of these 408 

projected changes (Smith et al. 2014b) suggested that by 2100 winds near the coast will 409 

be weaker and stronger near the shelf break, mean summer mixed layer depths will 410 

decrease, and the duration of shallow mixed layers over the continental shelf will 411 

increase.  The increased stratification implies a reduction in the vertical replenishment of 412 
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surface nutrients with consequences for the continental shelf productivity (Smith et al. 413 

2014a). Other potential changes by 2100 include a summer expansion of the Ross Sea 414 

polynya which will allow increased heat to the upper ocean from an extended time of 415 

solar radiation and also support an extended phytoplankton growing season (Smith et al., 416 

2014b).  417 

A reduction in wind strength over the next century will contribute to a more 418 

stratified coastal ocean.  The results of this study show that the breakdown of summer 419 

stratification requires wind events with speeds above a particular threshold.  Weakened 420 

winds may still have synoptic scale events that exceed this threshold, but the number and 421 

frequency of these is unknown.  The simultaneous measurements of the ocean and 422 

atmosphere provide a means to continue to develop the understanding needed to evaluate 423 

future changes.  Seal-derived hydrographic measurements are clearly adequate for 424 

providing the ocean state.    425 

Expansion of the Ross Sea polynya will modify the inputs of less dense surface 426 

waters that form along the innershelf of the western Ross Sea Ice Shelf (Stern et al., 427 

2014) and flow into the Ross Island region.  Increased inputs of surface fresh water will 428 

contribute to enhanced stratification along the innershelf, requiring strong wind events to 429 

erode it.   430 

The projected changes in the atmospheric conditions have important 431 

consequences for the thermohaline and sea ice properties of the coastal ocean along the 432 

innershelf of the western Ross Sea.  These in turn will affect the Ross Sea food web 433 

(Smith et al., 2014b), but what changes may occur are essentially unknown (Piñones et 434 

al., 2015).  The use of seals as platforms to measure and monitor the hydrography of the 435 
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Ross Sea will allow near synoptic views of environmental changes that can also be 436 

related to changes it seal ecology, behavior, and habitat use. The ability to measure 437 

evolving environmental and food web processes provides a strong constraint for 438 

implanting and evaluating circulation and ecological models designed to assess responses 439 

to projected changes in the Ross Sea.   440 

 441 
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Figure Captions 676 

 677 

Figure 1. (a) Map of Antarctica showing the location of the western Ross Sea (red box). 678 

The total number of CTD vertical profiles obtained from the tagged seals in 10 km
2
 bins 679 

are shown for b) 2010, c) 2011, and d) 2012. Victoria Land (green box), Ross Island 680 

(blue box), and the mid-outer shelf (magenta box) were the regions with the largest 681 

number of seal-derived CTD profiles.  Bathymetric contours are given in meters (color 682 

bar). 683 

 684 

Figure 2. Salinity and potential temperature diagrams constructed from the seal-derived 685 

CTD measurements for summer (top panels) and fall-winter (lower panels) for the outer 686 

shelf (magenta), Victoria Land (green) and Ross Island (blue) regions for 2010, 2011 and 687 

2012.   688 

 689 

Figure 3. Time-depth distributions of density (top panels, kg m
-3

) and buoyancy 690 

frequency (middle panels, s
-2

) constructed using the seal-derived CTD measurements 691 

from the Ross Island region for a) 2010, b) 2011, and c) 2012.  Time series of across-692 

shore and alongshore wind speed (lower panels, m s
-1

) were derived from the ERA-693 

Interim reanalysis dataset.   694 

 695 

Figure 4. Time-depth distributions of density (top panels, kg m
-3

) and buoyancy 696 

frequency (middle panels, s
-2

) constructed using the seal-derived CTD measurements 697 

from the Victoria Land region for a) 2010, b) 2011, and c) 2012.  Time series of across-698 
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shore and alongshore wind speed (lower panels, m s
-1

) were derived from the ERA-699 

Interim reanalysis dataset.   700 

 701 

Figure 5. Lagged cross-correlation (in days) between across-shore wind (top panels), 702 

atmospheric pressure (middle panels) and atmospheric temperature (lower panels) and 703 

water density from 0 to 300 m for 2010, 2011 and 2012 in the Ross Island region. 704 

Positive (negative) correlations are indicated by warm (cool) colors.  705 

 706 

Figure 6.  Lagged cross-correlation (in days) between across-shore wind (top panels), 707 

atmospheric pressure (middle panels) and atmospheric temperature (lower panels) and 708 

water density from 0 to 300 m for 2010, 2011 and 2012 in the Victoria Land region. 709 

Positive (negative) correlations are indicated by warm (cool) colors.  710 

 711 

Figure 7. Coherence (left panels) and phase (right panels) spectra calculated for across-712 

shore wind and water density at five depths in the Ross Island region for 2010 (a, b), 713 

2011 (c, d) and 2012 (e, f). 714 

 715 

Figure 8.  Coherence (left panels) and phase (right panels) spectra calculated for across-716 

shore wind and water density at five depths in the Victoria Land region for 2010 (a, b), 717 

2011 (c, d) and 2012 (e, f). 718 

 719 

Figure 9. Wedderburn number estimated for (a) Ross Island and (b) Victoria Land for 720 

two mixed layer depths (MLD).   721 
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 722 

Figure 10. Total heat content calculated for the a) Ross Island and b) Victoria Land 723 

regions for 2010 (cyan), 2011 (black) and 2012 (red) from the seal-derived temperature 724 

data. Simulated sea ice fraction obtained from the Ross Sea circulation model described 725 

in Dinniman et al. (2011).  The simulation provides sea ice for December 2010 to 726 

November 2012.  Sea ice fraction for 2010-2011 (black) and 2011-2012 (red) is 727 

calculated from the area that is covered by sea ice.  728 

 729 

Table Legends  730 

Table 1. Summary of the CTD tags deployed on the Weddell seals in 2010, 2011 and 731 

2012.  The day of deployment, end of record and number of vertical profiles made by 732 

each instrumented seal is indicated. 733 

734 
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Table 1 735 
 736 

CTD tag 

indicator 

Deployment 

(yyyy/mm/dd) 

End record 

(yyyy/mm/dd) 

Number of 

profiles 

Ct63RS01 2010/02/04 2010/06/25 242 

Ct63RS02 2010/01/27 2010/10/17 235 

Ct63RS03 2010/01/27 2010/10/19 849 

Ct63RS04 2010/01/29 2010/10/01 125 

Ct63RS05 2010/01/29 2010/10/02 791 

Ct63RS06 2010/01/25 2010/09/15 383 

Ct63RS07 2010/01/25 2010/09/16 798 

Ct63RS08 2010/01/29 2010/11/14 262 

Ct63RS09 2010/01/29 2010/10/26 467 

Ct63RS10 2010/01/29 2010/11/03 816 

Ct63RS11 2010/02/02 2010/11/04 474 

Ct63RS12 2010/02/01 2010/03/03 28 

Ct63RS13 2010/02/01 2010/11/05 303 

Ct63RS14 2010/02/01 2010/11/07 913 

Ct63RS15 2010/02/02 2010/11/25 285 

Ct63RS16 2010/02/03 2010/11/23 328 

Ct63RS17 2010/02/03 2010/11/15 407 

Ct63RS18 2010/02/03 2010/10/06 276 

Ct63RS19 2010/02/04 2010/10/11 373 

Ct63RS20 2010/02/05 2010/09/11 278 

Ct63RS21 2010/02/09 2010/02/28 13 

Ct63RS22 2010/02/08 2010/04/17 351 

Ct63RS23 2010/01/30 2010/03/22 117 

Ct63RS24 2010/02/05 2010/03/27 135 

Ct63RS25 2010/02/08 2010/04/16 194 

Ct63RS26 2010/02/08 2010/02/08 2 

Ct63RS27 2010/02/04 2010/05/08 252 

Ct74RS01 2011/01/29 2011/11/10 340 

Ct74RS02 2011/01/29 2011/11/12 974 

Ct74RS03 2011/01/28 2011/11/29 356 

Ct74RS04 2011/02/07 2011/11/14 89 

Ct74RS05 2011/01/27 2011/06/13 127 

Ct74RS06 2011/01/28 2011/09/18 187 

Ct74RS07 2011/02/25 2011/08/23 37 

Ct74RS08 2011/02/05 2011/10/11 443 

Ct74RS09 2011/02/05 2011/09/14 285 

Ct74RS10 2011/02/03 2011/10/27 248 

Ct74RS11 2011/01/30 2011/05/31 197 

Ct74RS12 2011/02/05 2011/07/04 125 

Ct74RS13 2011/01/27 2011/10/08 322 

Ct74RS14 2011/01/27 2011/10/15 803 
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Ct74RS15 2011/01/31 2011/07/10 236 

Ct74RS16 2011/01/29 2011/10/09 132 

Ct74RS17 2011/02/09 2011/10/23 283 

Ct74RS18 2011/02/09 2011/10/25 831 

Ct74RS19 2011/01/22 2011/03/18 149 

Ct74RS20 2011/02/10 2011/10/05 406 

Ct74RS21 2011/02/03 2011/08/03 384 

Ct74RS22 2011/01/31 2011/06/07 324 

Ct88RS01 2012/02/06 2012/06/23 306 

Ct88RS02 2012/01/28 2012/10/08 422 

Ct88RS03 2012/02/01 2012/10/16 220 

Ct88RS04 2012/01/27 2012/07/06 361 

Ct88RS05 2012/01/28 2012/08/15 206 

Ct88RS06 2012/01/24 2012/10/09 571 

Ct88RS07 2012/01/29 2012/08/21 428 

Ct88RS08 2012/02/01 2012/10/26 493 

Ct88RS09 2012/02/02 2012/10/13 414 

Ct88RS10 2012/01/25 2012/10/08 632 

Ct88RS11 2012/01/27 2012/10/17 491 

Ct88RS12 2012/02/03 2012/07/31 308 

Ct88RS13 2012/01/29 2012/08/04 456 

Ct88RS14 2012/01/30 2012/10/16 353 

Ct88RS15 2012/02/03 2012/10/21 239 

Ct88RS16 2012/01/31 2012/10/14 316 

Ct88RS17 2012/02/10 2012/07/12 93 

Ct88RS18 2012/02/08 2012/02/22 36 

Ct88RS19 2012/02/08 2012/04/03 140 

 737 
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