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 26 

Abstract  27 

 28 

Satellite data can now provide a coherent picture of sea surface salinity (SSS), chlorophyll- 29 

concentration (Chl), sea surface temperature (SST), and sea ice cover across the Southern Ocean. 30 

The availability of these data at the basin scale enables novel insight into the physical and 31 

biological processes in an area that has historically been difficult to gather in situ data from. The 32 

analysis shows large regional and interannual variability of these parameters but also strong 33 

coherence across the Southern Ocean.  The covariability of the parameters near the marginal ice 34 

zone shows a generally negative relationship between SSS and Chl (r = -0.87).  This may in part 35 

be attributed to the large seasonality of the variables, but analysis of data within the spring period 36 

(from November to December) shows similarly high correlation (r=-0.81). This is the first time 37 

that a large-scale robust connection between low salinity and high phytoplankton concentration 38 

during ice melt period has been quantified. Chlorophyll- concentration is also well correlated 39 

with SST (r = 0.79) providing a potential indicator of the strength of the temperature limitation on 40 

primary productivity in the region. The observed correlation also varied regionally due to 41 

differences in ice melt patterns during spring and summer. Overall, this study provides new 42 

insights into the physical characteristics of the Southern Ocean as observed from space. In a 43 

continually warming and freshening Southern Ocean, the relationships observed here provide key 44 

data source for testing ocean biogeochemical models and assessing the effect of sea ice-ocean 45 

processes on primary production.  46 

 47 

   48 

 49 

 50 
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1.  Introduction  51 

 52 

Salinity and temperature are fundamental physical properties of sea water that drive the global 53 

thermohaline circulation and thus, a key driver of global climate dynamics. They also influence 54 

the ocean’s biogeochemical cycles as well as the ocean-atmosphere carbon flux through their effect 55 

on the solubility of aqueous CO2 (Woolf, et al. 2016). Transport of biologically sequestered carbon 56 

to the deep ocean (biological pump) in the Southern Ocean and the drawdown of CO2 through the 57 

reduction of partial pressure of CO2 below that of the atmosphere from mechanisms such as 58 

phytoplankton primary production (solubility pump) are responsible for about 10% of the global 59 

ocean’s CO2 uptake (Siegel et al., 2014). As essential climate variables within the global climate 60 

system, ocean salinity and surface temperature are critical and sensitive to changes in the 61 

hydrological cycle in response to anthropogenic climate change (Belward et al., 2016). In recent 62 

decades, large-scale freshening of surface waters has been observed in the Southern Ocean (Purich 63 

et al., 2018; Durack & Wijffels, 2010; Jacobs, 2002), which according to Haumann et al. (2016) 64 

is a result of sea ice transport, increased runoff from ice sheet and shelf melt (Bintaja et al., 2013, 65 

2015) as well as an increase in precipitation minus evaporation (P-E) due to the positive trend in 66 

southern annular mode (SAM) and its associated poleward shift in the storm tracks and extra-67 

tropical westerly wind jet (Son et al., 2009; Frederiksen & Frederiksen, 2007). Such freshening 68 

together with changes in surface temperature has also been used to explain the unexpected positive 69 

trend in the Antarctic sea ice extent (Comiso et al., 2017; Hobbs et al., 2016) that reached a record 70 

high in 2014, but has since shown a significant decline (Parkinson, 2019; Comiso et al., 2017).  71 

 72 

The Southern Ocean is a diverse and vast environment that experiences seasonal extremes from 73 

large fluctuations in sea ice. About 15 million km2 of sea ice melt and freeze in these waters during 74 

the annual cycle (Zwally et al., 2002, Stroeve & Meier, 2018). It is exposed to strong surface 75 
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forcing related to storms in the westerly wind belt, as well as a more energetic surface circulation 76 

associated with the Antarctic Circumpolar Current (ACC), and northern components of the polar 77 

gyres. In the summer, the average sea ice extent is about 4-5 million km2. The color-coded map in 78 

Figure 1a shows the monthly climatology (1982-2019) of Sea Surface Temperature (SST) in 79 

February while the black line represents the climatological contour of the sea ice edge. The 80 

climatological SST in February shows temperatures of 0 to -1°C around the continental margins. 81 

Generally, waters in the Ross and Weddell Seas are colder due to the persistence of local gyres, 82 

but patches of relatively warmer waters can also be observed within these regions. The latter is 83 

also true around the Antarctic Peninsula. In September, SSTs close to freezing temperatures (-2°C) 84 

are generally found near to the ice edge (Figure 1b).  85 

 86 

The observed broadscale freshening coupled with significant warming trend since 1950 (Gille, 87 

2008), and the interannual variability in the extent of the sea ice cover are expected to alter the 88 

production, growth, survival, and composition of phytoplankton in the Southern Ocean. Factors 89 

that affect phytoplankton communities are most evident adjacent to the sea ice edge during austral 90 

spring and summer. The buoyant freshwater lens from the melt of sea ice together with abundant 91 

nutrients, iron supply, and solar insolation provide an ideal platform for phytoplankton blooms 92 

(Smith & Comiso, 2008; Arrigo & Dijken, 2003, Smith & Nelson, 1986). It has been estimated 93 

that these meltwater areas contribute about 40-50% of the net primary productivity in the whole 94 

Southern Ocean (Sakshaug 1994; Smith & Nelson, 1985). Results from modeling experiments 95 

provide more conservative values suggesting that the Marginal Ice Zone (MIZ) contributes 54-68 96 

g C m-2y-1, which is similar to estimates in the pelagic region at ~62 g C m-2y-1, but still 97 

significantly larger than that in the sea ice (Taylor et al., 2013, Arrigo et al., 2008). The MIZ also 98 

influences the heat budget, sea ice distribution, and biogeochemical processes because it is an area 99 

characterized by dramatic lateral gradients in mixed layer salinity and temperature. Despite the 100 
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relative importance of understanding large-scale physical and biological variability within the 101 

MIZ, changes within this zone are still poorly understood due to sparse in situ observations brought 102 

about by its remoteness. Efforts such as profiling floats, data from ships and mammals are helping 103 

to address the gap but currently provide insufficient temporal and spatial resolution to resolve the 104 

rapidly evolving dynamics in this vast sea-ice impacted area. This contributes to uncertainty in 105 

modeling the effect of sea ice-ocean processes on large scale physical and biogeochemical 106 

processes associated with changes in the climate system.  107 

 108 

In this study, we took advantage of recently available, quality-controlled and validated sea surface 109 

salinity (SSS) measurements (Garcia-Eidell et al., 2017; Garcia-Eidell et al., 2019) as well as the 110 

corresponding chlorophyll- (Chl), sea ice concentration, and SST from satellite data. The first 111 

part of the study provides the first detailed comparative analysis of the large-scale spatial and 112 

temporal patterns of these key parameters in the entire Southern Ocean. Argo data collected from 113 

the Southern Ocean show that the surface salinity and mixed layer salinity differ by only 0.001 on 114 

average with a standard deviation of 0.01, suggesting that satellite observations of SSS are 115 

representative of mixed layer salinity (Dong et al., 2009). The second part of the study assesses 116 

the changes occurring in the MIZ and the ice-free coastal polynya regions to quantitatively explore 117 

how the changes in SSS associated with the melt of sea ice and the formation of relatively low-118 

density surface layer is affecting large-scale phytoplankton blooms. This study is made possible 119 

by the availability of concurrent observations of SSS, Chl concentration, and sea ice cover in the 120 

Southern Ocean.  121 

  122 

2.  Methods 123 

 124 

2.1.  Satellite Data Products  125 
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 126 

The SSS satellite data product used in this study is from the Aquarius SAC-D. The Aquarius SAC-127 

D has three L-band microwave radiometers at incidence angles of 29.36°, 38.44°, and 46.39° and 128 

at a protected frequency of 1.414 GHz. The scatterometer that is used to correct for surface 129 

roughness measures ocean backscatter at a center frequency of 1.26 GHz. The total cross track of 130 

the SAC-D sensor that is in a push-broom configuration is 390 km, providing global coverage 131 

within a week. For this study, we use the Southern Hemisphere polar-gridded Aquarius SAC-D 132 

product, referred to as AqGSFC (Garcia-Eidell et al., 2019), available at: 133 

https://earth.gsfc.nasa.gov/cryo/data/high-latitude-sea-surface-salinity. The AqGSFC SSS is based 134 

on the Aquarius Level 2 end-of-mission version 5.0 (Meissner et al., 2018). The processing of the 135 

AqGSFC data includes removal of land and high wind speed contaminations, use of median filter 136 

along track to suppress random short-wavelength noise, employment of relevant quality flags, and 137 

the use of higher resolution SSM/I sea ice concentration data to mask out SSS that are potentially 138 

contaminated by sea ice. When compared with available in situ measurements, AqGSFC has been 139 

shown to outperform other available SSS products in part due to improved quality control in 140 

processing discussed above (random noise reduction, gap interpolation technique, and the use of 141 

the SSM/I sea ice mask), but also due to the system’s concurrent active sensor that better accounts 142 

for the effects of surface roughness (Garcia-Eidell et al., 2019). In the succeeding analyses, all 143 

space-borne measurements are gridded on to the same polar stereographic grid at 12.5 km 144 

resolution on a running biweekly basis. Included in the analyses are data from August 2011 to June 145 

2015, which corresponds to the period when measurements from all the sensors are available. 146 

 147 

Chlorophyll- concentrations were estimated using calibrated radiances measured by the 148 

Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua at blue, green and red 149 

wavelengths of the electromagnetic spectrum. The geophysical data is derived using two 150 

https://earth.gsfc.nasa.gov/cryo/data/high-latitude-sea-surface-salinity
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algorithms: the OC3m algorithm that makes use of band ratios and in situ measurements as 151 

described in O’Reilly (1998) and the CI algorithm that makes use of reflectance differences as 152 

described by Hu et al. (2012). The Level 3 Chl concentration data are provided by the Ocean 153 

Biology Processing Group (NASA OBPG, 2014) at the NASA Goddard Space Flight Center, and 154 

are available at http://dx.doi.org/10.5067/AQUA/MODIS_OC.2014.0.  155 

 156 

Sea ice concentration is a parameter derived directly from SSM/I passive microwave brightness 157 

temperature (TB) satellite data.  It represents the fraction of sea ice within the footprint of satellite 158 

sensors and provides the means to estimate extent, area, and location of the sea ice edge.  The sea 159 

ice concentration data used in this study is the SB2 sea ice product, which is computed using the 160 

enhanced Bootstrap algorithm (Comiso, 2017). The SB2 sea ice concentration data are available 161 

at the National Snow and Ice Data Center (NSIDC) at https://doi.org/10.5067/7Q8HCCWS4I0R.  162 

 163 

Global SST data has been derived from in situ measurements primarily from ships, buoys and 164 

other platforms (Reynolds et al., 2002). However, due to the harsh conditions in polar regions the 165 

only way to obtain SST of sufficient spatial and temporal resolution is through satellite sensors 166 

(Comiso, 2000). A combined data set that makes use of both in situ and satellite data has been 167 

adapted by the National Oceanic and Atmospheric Administration (NOAA), National Centers for 168 

Environmental Information (NCEI) and the latest version are available at  169 

https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/access/avhrr-170 

only/.  The data is available as daily Optimum Interpolation SST that uses data from the Advanced 171 

Very High-Resolution Radiometer (AVHRR) infrared satellite (Banzon et al., 2016).   172 

 173 

2.2. Pan-Antarctic and Regional Variability    174 

 175 

http://dx.doi.org/10.5067/AQUA/MODIS_OC.2014.0
https://doi.org/10.5067/7Q8HCCWS4I0R
https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/access/avhrr-only/
https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/access/avhrr-only/


 8 

To assess the spatial and temporal variability of Chl concentration, SSS, SST, and sea ice, the 176 

satellite data were analyzed from the entire Southern Ocean, referred to as Southern Ocean study 177 

area, which covers the open ocean area greater than 50ºS for the Weddell Sea and Indian Ocean 178 

and greater than 55ºS for the other sectors. Monthly, seasonal, and yearly averaged datasets of 179 

SSS, SST, Chl concentration, sea ice concentration and extent during the study period are 180 

presented to help provide necessary baseline information in the region. Key atmospheric drivers 181 

that affect surface layer salinity and temperature such as precipitation minus evaporation (P-E) and 182 

instantaneous 10-m wind gust from the ERA5 reanalysis dataset (C3S, 2017) were also analyzed 183 

to provide insight into the drivers of changes in the different parameters. Unlike the Arctic, the 184 

Antarctic sea ice was slowly increasing and reaching maximum values in 2014 but started to 185 

contract in the winter of 2015, with the biggest change occurring in 2016 and 2017. Unfortunately, 186 

the impact of this decline could not be evaluated in our study because the data set for SSS ends in 187 

autumn of 2015 when Aquarius SAC-D data terminated. 188 

 189 

2.3. Comparative Analysis Near the Marginal Ice Zone  190 

 191 

The marginal ice zone (MIZ) is a highly active biological, physical, and atmospheric region 192 

between the open ocean and the sea ice cover.  It is a relatively low sea ice concentration area (i.e., 193 

between 0.15 and 0.8 according to Strong and Rigor, 2013 and Williams et al., 2013) and has been 194 

regarded as a highly productive zone especially during the spring and summer.  We focus our 195 

analysis on the ice-free areas near the MIZ where sea ice retreated (or advanced) during a period 196 

of fourteen (14) days using the SB2 sea ice concentration data (Comiso and Nishio, 2008). An 197 

example of an ice change mask during the melt period (i.e., 1-14 January 2014) is illustrated in 198 

Figure 2 where the area in red represents the ice-free area used in the comparative study of the 199 
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satellite-derived parameters.  During the growth period, the study area is the ice-free area that will 200 

be covered by sea ice 14 days in advance.  201 

 202 

Seasonal average of the four parameters in Figure 3 shows that Chl concentration near the MIZ 203 

is not as spatially comprehensive compared to the other parameters. This is mainly because 204 

MODIS Chl concentration can only be derived during daylight and cloud-free conditions.  In the 205 

Antarctic, the problem is exacerbated by long periods of darkness during winter and the 206 

conservative sea ice mask that was applied on the MODIS data.  The Chl concentration during 207 

autumn and winter are thus excluded in the correlation analysis discussed in the forthcoming 208 

sections. In contrast, SSS and SST data show full coverage since SSS estimates are derived from 209 

passive microwave data that are not affected by clouds nor darkness. The SST estimates have the 210 

proper sea ice mask and are derived from thermal infrared data that are not affected by darkness 211 

but are affected by clouds.  212 

 213 

The relationships were quantified between variables using the Pearsons correlation coefficient and 214 

the corresponding t-score and p-value, with significance levels of =0.05 to test significance for 215 

the whole Southern Ocean study area and its various sectors. The computed relationships are based 216 

on the running bi-weekly measurements extracted from the concurrent ice change mask. We did 217 

similar analysis using bi-weekly data during the critical spring window (from November to 218 

December) when sea ice is retreating rapidly and the impacts of the availability of meltwater on 219 

phytoplankton are expected to be most evident. All correlation coefficient reported in the results 220 

are with p<0.001. Regional analyses were also conducted in the five sectors, namely Weddell Sea 221 

from 60W-20E, Indian Ocean from 20-90E, West Pacific Ocean from 90-160E, Ross Sea from 222 

160E-130W, and Bellingshausen and Amundsen Seas from 130-60W, which are also shown in 223 
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Figure 2.  For the regional analysis, retrievals in latitudes >50 S are considered for Weddell Sea 224 

and Indian Ocean, and >55 S for West Pacific Ocean, Ross Sea, and Bellingshausen-Amundsen 225 

Seas.  226 

 227 

3.  Results 228 

 229 

3.1. Spatial and Temporal Variability in the Southern Ocean 230 

 231 

An examination of Figure 3 shows meridional variations in SSS and SST with lowest values found 232 

closest to the ice edge. Apart from the generally low salinity values concentrated in the vicinity of 233 

the sea ice margins, spatial patterns of SSS during summer and autumn show slightly saltier surface 234 

waters in the Indian Ocean and West Pacific sectors, which are areas where warm and saltier 235 

subsurface waters upwell. Low SSS during summer are consistently located along the Ross Sea, 236 

Weddell Sea, Bellingshausen, and Amundsen Seas, and around Prydz Bay (69°S, 75°E). The strong 237 

meridional freshening during summer is also evident, which is related to ice melt that is transported 238 

northward via Ekman advection and year-round westerly winds (Dong et al., 2009, Holland & 239 

Kwok, 2012).  Spatially, seasonal SSS, SST, and sea ice concentration distribution are coherent 240 

across the various sectors.  241 

 242 

The summer map for Chl concentration in Figure 3 shows high values in the western Weddell 243 

adjacent to the sea ice cover. This is also observed along the shores, especially in coastal polynya 244 

areas in the Ross Sea and Amundsen/Bellingshausen Seas. Nutrient-rich Antarctic coastal waters 245 

and sea ice edges can have phytoplankton concentrations that reach up to 108 cells l-1 (Deppeler & 246 

Davidson, 2017). High Chl concentrations are observed off the west of the Antarctic Peninsula, 247 
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and the eastern side but to a lesser extent. Remnants of the summer bloom along the coast of the 248 

Bellingshausen and Weddell Seas are also apparent in the autumn map, while the bloom in the 249 

Ross ice shelf polynya started to show up in spring and becomes more widespread in summer. 250 

 251 

As for SST, low values are seen along the sea ice edges and continental margins. Like SSS, 252 

relatively higher surface temperature values are observed in the Indian Ocean and West Pacific 253 

sectors during summer and autumn. Average summer SST is also shown to be relatively high along 254 

the Bellingshausen Sea. Another notable observation is the coherence of SST and sea ice 255 

concentration spatial distribution, which suggests a strong influence of surface temperature on the 256 

sea ice cover (Maykut & Unsterstenier, 1972, Parkinson & Washington, 1978). Lastly, sea ice 257 

concentration maps show large seasonal variations of sea ice cover and serves as a reference for 258 

the seasonal location of the sea ice edge.  259 

 260 

Typical seasonal cycles of SSS, SST, Chl concentration and sea ice extent extracted from the 261 

Southern Ocean study area are presented in Figure 4 using multi-year monthly averages from the 262 

study period.  The four parameters show robust seasonal cycles with low SSS during summer, 263 

coinciding with high phytoplankton blooms, high SST, and low sea ice extent.  The SSS plot in 264 

Figure 4a shows values ranging from 33.6 in summer to 33.9 during the height of spring in October 265 

when sea ice cover usually reaches its maximum extent. Another peak in April is observed in the 266 

Southern Ocean primarily in the northern part of the study area, which is also observable in the 267 

different sectors (not shown). This peak in April is likely the effect of vertical entrainment that 268 

brings the warmer and saltier subsurface waters into the surface, modifying the mixed layer density 269 

(Dong et al. 2009). This may be in part influenced by increased 10-m wind gust during the period 270 

as indicated by ERA5 reanalysis product (C3S, 2017) and shown in Figure 5a. Vertical entrainment 271 

in the Southern Ocean was observed to be at its maximum in April and May (Dong et al., 2009), 272 
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and may be influenced by surface cooling and brine rejection during sea ice formation, as well as 273 

horizontal transport. On the other hand, monthly changes in P-E (Figure 5b) do not seem to pace 274 

the seasonal cycle in SSS, as the increase in P-E in autumn coincides with a decrease in SSS.  275 

  276 

Monthly averages of Chl concentration in Figure 4b show values ranging from 0.19 to 0.37 mg 277 

m-3 that peak in mid-summer (January), and decline drastically in April. In early spring, the Chl 278 

concentration starts at an average monthly minimum value of 0.18 mg m-3 in September and 279 

increases to 0.37 mg m-3 in January. The Chl concentration maxima in summer is coincident with 280 

the abrupt decrease in sea ice extent and lowest SSS. The Chl concentration during this time 281 

represent blooms found along the ice edge and coastal waters where meltwater is introduced.  282 

 283 

The highest SST values are observed in February or during the end of summer at 1.81C. The 284 

coldest SST values are observed in August or in winter at 0.50C.  Surface temperature stays 285 

relatively low until November when SST starts to increase towards its peak value in February. The 286 

well-known seasonality of the Antarctic sea ice extent is depicted in Figure 4d, with minimum 287 

February sea ice extent of 3.97 million km2, and maximum September sea ice extent of 19.55 288 

million km2.  The growth and decay of sea ice is shown to be asymmetric in that it takes about 289 

eight months to reach maximum during growth but only four months to reach minimum values 290 

during decay (Zwally et al., 1983).  This asymmetry is also observed in the SST monthly averages 291 

in Figures 4c, suggestive of the role of surface temperature in driving the seasonal cycles in sea 292 

ice cover. 293 

 294 

The satellite-derived yearly averages of the four parameters from the Southern Ocean study area, 295 

and from the five sectors from 2011 to 2015 are summarized in Table 1. The yearly averages were 296 
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computed from August 2011 to May 2012 for the first year and from June to May for 2012 to 297 

2015. The interannual variability in SSS and Chl concentration is relatively modest for the entire 298 

Southern Ocean.  However, the yearly values for SST show a gradual decline that is coherent with 299 

trends in sea ice extent which had its highest yearly average value at 13.1 x 106 km2 when SST 300 

was at its lowest at 1.17C, both for the period from the June 2014-May 2015.  Overall, yearly 301 

SSS, SST, Chl concentration, and sea ice extent are shown to be regionally variable. The Weddell 302 

Sea sector has the lowest SSS at 33.58, coldest waters at -0.11C, highest area of sea ice extent at 303 

4.64 million km2, and highest Chl concentration at 0.36 mg m-3. The Ross Sea also has a high 304 

area of sea ice extent at 2.96 million km2, relatively warmer waters at 1.77C, SSS at 33.76, and a 305 

relatively high Chl concentration at 0.24 mg m-3. The Bellingshausen/Amundsen Seas have the 306 

highest SSS at 33.77, highest SST at 2.5C, and Chl  concentration of 0.22 mg m-3.  307 

 308 

3.2.  Seasonal and Interannual Changes Near the Ice Edge  309 

 310 

Satellite-derived data of the four parameters extracted from the MIZ study area for years 2011 to 311 

2015 are presented in Figure 6. The SSS data from the MIZ shown in Figure 6a have similar 312 

seasonality, with low SSS values in summer and high values from March to October, but also with 313 

significant interannual variability. Most notable is the relatively higher SSS during late winter and 314 

spring in 2011 and 2012 that may be associated with the fact that the MIZ was farther north during 315 

this year where SSS is persistently higher. This is not the case for 2013 and 2014 when the ice 316 

extents were even higher. This variability may be due to differences in wind stress that cause the 317 

transport of high SSS to the region or from upwelling of saltier waters. The summer SSS shows 318 

large intrannual variability with lowest values occurring during summer of 2015 that may be 319 

associated with extensive meltwater following the record high ice extent in 2014, while the 320 
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occurrence of the SSS minima happened earliest for 2014, followed by 2013, 2015 and 2012. The 321 

freshening at the end of winter and early spring also happens earlier in 2014, followed by 2013, 322 

2011 and 2012, which reached significantly higher values before declining. Note that there are no 323 

distinct double peaks in the SSS plots in the MIZ study region as was observed for the entire 324 

Southern Ocean (Figure 4a).  325 

 326 

The Chl distribution in Figure 5b show large interannual variability in summer but only modest 327 

interannual differences at the end of winter and during spring.  The Chl concentration was highest 328 

in 2013 and 2015 in early January and concurrently went down through summer and into early 329 

autumn.  The Chl concentration for 2014 started low, but subsequently followed a pattern like 330 

that observed in 2013 and 2015 towards the end of summer. The peak in 2012 Chl concentration 331 

occurred latest (late summer/early autumn), which is consistent with the delayed timing of the SSS 332 

minimum for the same year. During spring and summer, the patterns were similar for all years, 333 

with 2014 and 2015 having the highest values at the end of the year.  The plots for SST also show 334 

significant interannual variability, with 2013 having highest values in summer, 2012 with the 335 

lowest summer values, and 2014 and 2015 having almost the same intermediate values. The 336 

discrepancies are not as large in winter with 2014 having the lowest values, and 2012 and 2013 337 

with relatively higher values. In late spring and early summer, 2012 had the highest SST values, 338 

2013 and 2014 had almost the same intermediate values, while 2011 had significantly lower 339 

values. The changes in sea ice edge have similar patterns for all years except in early summer 340 

(December) with values in 2011 being the highest followed by 2012, 2013, and 2014.  341 

 342 

3.2.1.   Relationship Between SSS and Chl Concentration 343 

 344 
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To compare temporal variability of SSS with Chl concentration in the MIZ, we present the 345 

biweekly averages of concurrent SSS and Chl in Figure 7.  An inverse relationship between the 346 

two variables is observed with the decrease in SSS primarily driven by the retreat of sea ice 347 

coinciding with Chl concentration increase. Conversely, as the SSS increases during ice growth 348 

in autumn, the Chl concentration declines. This phenomenon persists for the majority of the ice 349 

edge regions, but the coherence varies between sectors. Low salinity along with ample nutrients, 350 

micronutrients, and increased irradiances of photosynthetically active radiation (PAR) and UV 351 

radiation has been postulated to cause an enhancement of Chl concentration along the ice-free 352 

areas of the MIZ (Smith and Nelson, 1986). The decrease in salinity creates a stable, shallow 353 

surface layer that supports sharp pulses of phytoplankton blooms as discussed in Smith et al., 354 

(2000), Hiscock et al., (2003), and Sullivan et al., (1988). The scatterplots on the right of Figure 7 355 

show the general relationship of Chl concentration versus SSS. The two variables show a strong 356 

negative relationship with one another with a correlation coefficient of -0.87, p<0.001 when 357 

considering data from the Southern Ocean study area (Figure 7a).  358 

 359 

Similar analyses were done for each sector in Figures 7b to 7f, showing that the relationship varies 360 

regionally. The highest correlation coefficient between SSS and Chl concentration can be found 361 

in the Bellingshausen/Amundsen Seas at -0.85, and the lowest in the Weddell Sea at -0.31.  The 362 

correlation coefficients for the other sectors are -0.83, -0.65 and -0.53 for the Western Pacific 363 

Ocean, Indian Ocean and Ross Sea, respectively. The low correlation coefficient in the Weddell 364 

Sea is associated with the large interannual variability of Chl concentration in the summer as 365 

shown in Figure 7b. Of all the sectors, Weddell Sea also shows the highest mean SSS at 33.42 as 366 

well as a high summer SSS variability that ranges from 33.2 in summer of 2012 to 32.6 in summer 367 

of 2015. 368 
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 369 

The relatively high correlation is likely influenced in part by the seasonality of SSS, which is 370 

associated with the natural variability of the sea ice cover as driven by solar radiation. To focus on 371 

the period when the sea ice is retreating rapidly and the impacts of the availability of meltwater on 372 

the phytoplankton are expected to be most evident, we look at the relationship of SSS and Chl 373 

concentration within the November to December window. The results using biweekly averages, as  374 

presented in Figure 8, show that the relationships are similar to those derived using all available 375 

data. Estimated correlation coefficients for entire Southern Ocean is -0.810, while for the Weddell 376 

Sea, Indian Ocean, West Pacific Ocean, Ross Sea and Bellingshausen/Amundsen Seas, the values 377 

are -0.280, -0.655, -0.866, -0.602, and -0.914, respectively.  The large variability of the values for 378 

the different sectors is also indicative that there are other factors that affect the relationship of the 379 

two variables, and that stratification-induced phytoplankton blooms near the MIZ may not be as 380 

strong as postulated in previous reports (Smith and Nelson, 1985; Smith and Comiso, 2008).  381 

 382 

The average values as summarized in Table 2 are 33.35 for SSS and 0.40 mg m-3 for Chl 383 

concentration in the entire Southern Ocean during the study period. The value for Chl 384 

concentration is slightly more than the estimate of Sarmiento et al., (2004) in the Southern Ocean 385 

marginal sea ice biome of 0.32 mg m-3. The four years of satellite data are not suitable for 386 

estimating a secular trend, but overall, a freshening of 0.13 is observed during the 2011 to 2015 387 

period. The highest mean Chl concentration is observed in the Bellingshausen/Amundsen Seas 388 

at 0.65 mg m-3, along with the lowest mean SSS at 33.25. It also has the steepest negative slope  389 

between SSS and Chl concentration among all the regions. The Bellingshausen/Amundsen Seas 390 

which covers west of Antarctic Peninsula has been observed to be one of the climate change 391 

hotspots globally (Jacobs and Comiso, 1997), experiencing a decrease in seasonal sea ice of -5.7% 392 
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to -6.6% per decade (Comiso & Nishio, 2008, Parkinson & Cavalieri, 2012). This region has also 393 

been contributing significantly to the ongoing regional freshening and Southern Ocean 394 

hydrography. The Weddell Sea and the Bellingshausen Sea combined have productivity rates of 395 

over 600 mg C m-2 d-1 in the peak of summer (Arrigo et al., 2008; Vernet et al., 2008). The ice-396 

free season in the Bellingshausen/Amundsen Seas is also found to have lengthened by about three 397 

months (Stammerjohn et al., 2012) because of early retreat and later advance of the ice cover.  398 

 399 

High Chl concentration is also observed in the Ross Sea with an average of 0.38 mg m-3, and 400 

average SSS of 33.34. The Ross Sea is one of the most productive continental shelf zones, that 401 

contribute to about a third of the total annual net primary production in shelf waters (Arrigo et al., 402 

2008). Higher freshening rates have been observed in the Ross Sea (Nakayama et al., 2020), which 403 

along with iron enrichment from coastal sediments and basal shelf melt, and light availability can 404 

enhance phytoplankton growth rates. The Ross polynya also has daily primary production as high 405 

as 6 gC m−2 d−1 (Smith and Gordon, 1997). Conversely, the lowest mean Chl concentrations at 406 

0.33 mg m-3 are seen in the other two sectors, Indian and West Pacific Oceans with average SSS 407 

of 33.40. This could be the effect of a positive SAM on the mixed layer depth, with an overall 408 

deepening in the Indian Ocean and shallowing over the Western Pacific Ocean (Sallée et al., 2010), 409 

which could limit phytoplankton concentration. 410 

 411 

To assess the location and spatial distribution of negative relationship that exists between SSS and 412 

Chl concentration, grid cells with statistically significant negative correlations are presented in 413 

Figure 9.  The relationship is strongest near the ice edges and coastal shelf areas (dark greens), 414 

showing not just the effect of freshening from sea ice and glacial meltwater but also the 415 

introduction of iron from glacial runoff (Morley et al., 2020, McGillicuddy et al., 2015). This 416 

relationship is even stronger in areas of spring polynyas in the Weddell Sea and the Ross Sea. In 417 



 18 

the Indian Ocean, West Pacific Ocean and the Bellingshausen/Amundsen Seas, there are marked 418 

Chl concentration enhancements along the polar fronts likely caused by the upwelling of 419 

nutrients in these regions. This result is consistent with the findings of Woodson and Litvin (2005) 420 

that highlights the importance of identifying ocean fronts as biogeochemical hotspots.  421 

 422 

3.2.2.  Relationship Between SST and Chl Concentration 423 

  424 

To gain insight into the relationship between SST and Chla in the Antarctic region, concurrent 425 

data on Chl concentration and SST were analyzed. The timeseries from the entire Southern Ocean 426 

MIZ in Figure 10a indicate a strong coherence between the two variables. It appears that surface 427 

temperature and Chl concentration vary synchronously, with the highest phytoplankton 428 

concentration occurring almost simultaneously with the warmest waters. The relationship between 429 

SST and Chl concentration shows a strong positive correlation (r=0.79) when considering the 430 

entire Southern Ocean (Fig. 10). The correlation varies significantly from one sector to another 431 

with the correlation coefficient being 0.28 and 0.50 for the Weddell Sea and Indian Ocean sectors, 432 

respectively. The poor correlation in the Weddell Sea is in part due to large interannual variability 433 

of Chl concentration in summer with relatively low values during the last three years of data, and 434 

the relatively early blooms that occurred shortly before 2014. In the Indian Ocean, there is a lag in 435 

the Chl concentration peak (late bloom) relative to SST in 2014 and 2015. The correlations are 436 

higher in the West Pacific Ocean, Ross Sea and Bellingshausen/Amundsen Seas sectors with the 437 

correlation coefficients being 0.75, 0.66, and 0.83, respectively.  438 

 439 

Although the relationship between SST and Chl can largely be characterized as linear, there are 440 

some exceptions.  For example, across the entire Southern Ocean, there appears to be a Chl 441 
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concentration optimum near -1.1oC. Overall, however, the relatively strong positive relationship 442 

between the two variables indicates that in addition to SSS, SST has a strong complementary 443 

influence on the primary productivity near the marginal ice zone, with the effect being not just a 444 

direct influence on growth rates, but also on the acceleration of sea ice retreat that changes the 445 

timing and magnitude of bloom onset. In this region, future increases in SST will likely affect 446 

productivity in a positive way (Feng et al., 2010), but it is also important to consider the effects of 447 

the combination of various climate stressors such as response to repeated exposure to high PAR 448 

and UV irradiances over short time scales (Davidson et al., 2006, Moreau et al., 2015), or decreases 449 

in surface nutrient supply due to increased vertical stratification (Sarmiento et al., 2004). It is also 450 

worth noting that the positive correlation observed in the Southern Ocean MIZ is unique in polar 451 

waters since higher Chl concentration is typically found in colder waters in the lower latitudes 452 

(McClain et al., 2004). The rates at which Chl concentration changes with increases in SST is 453 

highest in the Bellingshausen/Amundsen Seas (m = 1.55 mg/m3 / °C), followed by the Ross Sea 454 

(m = 1.51 mg/m3 / °C). These results show the importance of understanding the range of 455 

temperature optimum that drives changes in community structure.  456 

 457 

3.2.3.  Relationship Between SSS and SST 458 

 459 

Although SSS and SST vary independent of one another, it is useful to assess their covariance.  460 

The analysis shows a strong relationship between the two variables (Fig. 11).  The seasonal 461 

variability of SSS is shown to be relatively uniform from one year to another with a summer 462 

minimum varying significantly only in the Ross and Bellingshausen/Amundsen sectors. The 463 

summer SST distribution in the Ross Sea is sometimes not well defined as in 2013, while the 464 

summer SST in the Bellingshausen Amundsen sea varies from a high value of 33.1 in 2012 to 32.3 465 

in 2013.  For the entire Southern Ocean, the correlation coefficient between SSS and SST is -0.79. 466 
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In the Indian Ocean, West Pacific Ocean and the Bellingshausen/Amundsen Seas sectors, the 467 

correlations are -0.84, -0.85, and -0.81, respectively.  468 

 469 

The observed inverse relationship of the two variables is in part because of the impact of SST on 470 

sea ice.  In particular, SST starts to increase during spring and summer causing sea ice to melt and 471 

more meltwater in the MIZ study area (Figure 12), which contributes to the decrease in summer 472 

SSS. Again, the correlations in the Weddell and Ross Seas are relatively low at -0.67 and -0.33, 473 

respectively, likely associated with abrupt ice decline in these sectors that cause the dispersion of 474 

ice that melts heterogeneously across the region.  There is also strong gyre circulation in both seas 475 

that causes the advance and retreat of the ice to be different than in the other sectors. Average SST 476 

in the whole Southern Ocean is -1.17C, with warmest mean SST observed in the West Pacific 477 

Ocean of -1.06°C, followed by the Bellingshausen/Amundsen Seas, and Indian Ocean at -1.11°C. 478 

Both Weddell and Ross Seas have the coldest waters at -1.24C and -1.21C respectively. The rate 479 

of change between SSS and SST is highest in the West Pacific Ocean and 480 

Bellingshausen/Amundsen Seas, with slopes of -0.90, and -0.83 respectively.  481 

 482 

3.2.4.  Relationship Between SSS and Marginal Ice Zone Area 483 

 484 

It is expected for SSS to vary seasonally since the area behind the retreating sea ice should have 485 

significantly lower salinity as melt water is introduced.  A prominent feature in the MIZ area 486 

timeseries found in Figure 12 is the sharp increase at the end of spring, which is a feature that 487 

emerges in most of the sectors. The timing and magnitude of maximum and minimum MIZ area 488 

varies per sector but overall, the average MIZ area in the entire Southern Ocean reaches up to 3.8 489 

million km2 during November and December and declines to 1.4 million km2 by March. For the 490 

entire Southern Ocean, the correlation coefficient between SSS and MIZ area is 0.42, which is 491 
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mostly influenced by the computed relationship in the Weddell and Ross Seas (0.24 and -0.19, 492 

respectively). The correlation coefficient is highest at 0.78 in the West Pacific Ocean, followed by 493 

the Bellingshausen/Amundsen Seas at 0.61. The reason for the relatively poor correlation is the 494 

abrupt change in the sea ice cover that is not reflected in the SSS data. In particular, SSS data 495 

changes smoothly with time with values not lower than that of meltwater values compared to the 496 

sometimes-drastic changes in the sea ice area.  497 

 498 

The large-scale melt of sea ice over a short period and the unpredictable melt rates that are spatially 499 

variable also contribute to the regional variability.  The decay processes in these regions do not 500 

simply increase monotonically from north to south, but also evolve systematically from west to 501 

east as influenced by winds and surface currents. Increases in wind and wave action also increase 502 

MIZ area by accelerating the breakup and dispersal of sea ice by waves (Dobrynin et al., 2012; 503 

Stroeve et al., 2016). In spring and summer, the sharp increases in MIZ area (Figure 12a) could be 504 

a useful indicator of the onset of retreat as initiated by large waves that propagate through the sea 505 

ice that break up ice floes. The timing of sea ice retreat can also potentially contribute to the non-506 

uniform changes observed between sectors. For example, the ice-free seasons in the 507 

Bellingshausen/Amundsen Seas are found to be lengthening to about three months because of early 508 

retreat and later advance. The opposite is true for the western Ross Sea, which experiences shorter 509 

ice-free seasons (~2.6 months shorter) because sea ice retreats later and advances earlier 510 

(Stammerjohn et al., 2012).   511 

 512 

 513 

4.  Discussion and Conclusions  514 

 515 
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We use newly available satellite-derived SSS data together with concurrent Chl concentration 516 

from MODIS-Aqua, NOAA Optimum Interpolation Sea Surface Temperature, and sea ice 517 

concentration data from Special Sensor Microwave Imager (SSM/I) to study the large-scale 518 

variability of the physical and biological characteristics of the Southern Ocean and its marginal ice 519 

zone. Spatial distributions of the parameters show meridional variations in SSS and SST, with the 520 

freshest and coldest values found closest to the ice edge. The seasonal spring and summer 521 

phytoplankton blooms are observed mostly along the sea ice margins, and along coastal polynya 522 

areas in the Ross Sea and Weddell Sea, and in the Bellingshausen/Amundsen Seas.  While deep 523 

waters upwell to the surface in the Indian Ocean and the West Pacific Ocean, dense waters sink 524 

and become bottom waters in the Ross Sea, Weddell Sea and the Prydz Bay-Amery Ice Shelf 525 

polynya regions. These bottom water production sites are consistently characterized by cold and 526 

saline waters in the seasonal maps. The data show the presence of a consistent salinity peak in 527 

October (the beginning of austral spring), when sea ice cover usually reaches its maximum extent. 528 

Another peak is unexpectedly observed in April which is a time period when seasonal increases in 529 

winds and storminess occurs and vertical entrainment in the Southern Ocean is at its seasonal 530 

maximum. Atmospheric forcing of SSS through changes in P-E do not appear to be a critical 531 

determinant of the seasonal salinity cycle. 532 

 533 

In the assessment of the temporal variability and relationships between the parameters, we 534 

observed a strong negative correlation between Chl concentration and SSS, with a correlation 535 

coefficient of -0.87 when considering the entire Southern Ocean MIZ. This is in part driven by 536 

similarities in the seasonal cycles of the two variables, the evolution of which is well captured by 537 

the contributions from changes in sea ice and oceanic processes. The high correlation, however, 538 

indicates the important and likely influence of low-salinity meltwater that along with ample 539 

nutrients (that may include iron) and increased irradiance would cause the occurrence of 540 
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phytoplankton blooms.  Although such a relationship has been speculated and observed from 541 

limited in situ data, this is the first time that the strength and spatial characteristics of the 542 

relationship has been quantified on a large scale, which is only possible through the advent of 543 

satellite SSS data. Regionally, however, the correlation coefficients are variable and range from -544 

0.31 in the Weddell Sea to -0.85 in the Bellingshausen/Amundsen Seas indicating that other factors 545 

modulate the effect of meltwater on chlorophyll concentrations.  The weak correlation in the 546 

Weddell Sea is likely associated with the particularly abrupt decline in the sea ice cover in the 547 

region in spring and summer making the distribution of meltwater spatially complex. Note that the 548 

Bellingshausen/Amundsen Seas had the freshest waters at 33.18 in June to May 2015 when the 549 

Chl concentration was high at 0.67 mg  m-3. On the other hand, the SSS in the Indian Ocean was 550 

relatively high at 33.41 when the Chl concentration was lowest at 0.23 mg m-3 during the June 551 

2012 to May 2013 period. The spatial distribution of the phytoplankton blooms relative to low SSS 552 

also follows a meridional distribution near the vicinity of the ACC. This shows the effect of Ekman 553 

advection that acts to decrease salinity in most of the regions close to the ice edge. Decreases in 554 

the correlation coefficient near the northern boundary suggests that more saline waters are 555 

entrained into the mixed layer from the subsurface from the year-round westerly winds. 556 

 557 

The Chl concentration is also shown to be highly correlated with SST suggesting increased 558 

phytoplankton activity in relatively warm waters. Although density is mostly driven by salinity in 559 

these regions, warming can also help increase the buoyancy of surface waters, which prevents 560 

phytoplankton from being mixed down into depths below the euphotic zone. Generally calmer 561 

spring and summer weather also reduces wind-driven disturbances that can disrupt phytoplankton 562 

blooms that are free-floating in the buoyant surface water. Although most of the data points follow 563 

a linear pattern, which could imply that Chl concentration increases with increasing surface 564 

temperature, it is also critical to recognize the interactive effects of other factors such as increase 565 
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in iron-rich waters entrained into the euphotic zone from glacial melt and icebergs that can also 566 

positively affect phytoplankton communities. As discussed, the positive correlation observed in 567 

the Southern Ocean MIZ is distinctive in that in lower latitudes, Chl concentration tend to decline 568 

when the water is warmer. This highlights the importance of understanding the range of 569 

temperature optimums that drive community structure and shifts. It has also been reported that 570 

frazil ice exhibits significant green algal accumulation (DeJong et al, 2018). Such ice has been 571 

referred to as green frazil ice and are apparently abundant in coastal areas around Antarctica during 572 

the late summer seasons. The algorithm used to detect the greenness has not been validated, but 573 

even if this is true, the Chl concentration algorithm that was used to generate the data for this 574 

study is only valid in ice free ocean surfaces and will not be able to provide an estimate of the 575 

distribution of green frazil ice. 576 

 577 

An inverse relation between SSS and SST is observed in the Southern Ocean MIZ with a 578 

correlation coefficient of -0.79, mostly observed during start of spring and all of summer. This is 579 

driven by the impact of SST on sea ice with spring and summer increases in SST helping with the 580 

onset and propagation of sea ice retreat, which subsequently causes freshening of the ocean 581 

surface. On the other hand, when the surface temperature is cold and sea ice is advancing, SSS is 582 

usually high because of the absence of meltwater, brine rejection, and the data comes from lower 583 

latitudes where the values are usually higher. Regional variability of the MIZ area also indicates 584 

that the sea ice decay and growth processes in every sector are different and are increasingly being 585 

influenced by intensification of wind and wave action.  586 

 587 

Overall, the results of this study illustrate the value of a combined use of parameters from satellite 588 

sensors in gaining a better understanding of the physical and biological processes in the Southern 589 

Ocean, especially in its highly dynamic MIZ. The analysis of the spatial and temporal distribution 590 
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of the parameters provides a robust connection of spring and summer chlorophyll blooms within 591 

low salinity surface layers - an ideal platform for photosynthesis. This is in addition to the widely 592 

known co-limitation that light and availability of the trace metal iron imposes on phytoplankton 593 

distribution in the Southern Ocean (Wu et al., 2019; Moreno et al., 2020). The availability of 594 

concurrent SSS, Chl concentration and SST data are also especially important because it enabled 595 

the assessment and quantification of the influence of SSS and SST on Chl concentration, which 596 

can help in our ability to project how primary productivity in polar oceans can be influenced by 597 

the changing sea ice cover and anthropogenic global warming. In a continually freshening 598 

Southern Ocean, we also acknowledge that the response of phytoplankton to physical drivers is 599 

highly complex and is often coupled with other biotic changes. However, predicting net effects 600 

starts with an understanding of individual spatial and temporal relationships that define the timing 601 

and structure of phytoplankton communities within the vast expanse of the Southern Ocean.  602 
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 891 

Tables:  892 

 893 

Table 1. Yearly averages of SSS, SST, sea ice movement area, and Chl concentration in the 894 

whole Southern Ocean and the different sectors from 2011-2015. 895 

 896 

    

Aug 2011 - 

May 2012 

June 2012 - 

May 2013 

June 2013 - 

May 2014 

June 2014 - 

May 2015 4-yr Ave 

  All (>55°S) 33.793 33.734 33.675 33.700 33.725 

 Weddell Sea 33.646 33.614 33.579 33.497 33.584 

SSS Indian Ocean 33.744 33.682 33.640 33.666 33.683 

 West Pacific Ocean 33.863 33.759 33.678 33.756 33.764 

 Ross Sea 33.824 33.783 33.692 33.727 33.757 

  Bellingshausen/Amundsen 33.826 33.770 33.728 33.772 33.774 

  All (>55°S) 1.204 1.373 1.198 1.174 1.237 

 Weddell Sea -0.113 0.015 -0.144 -0.192 -0.108 

SST (°C) Indian Ocean 0.220 0.213 0.116 -0.001 0.137 

 West Pacific Ocean 1.143 1.239 1.121 1.200 1.176 

 Ross Sea 1.659 1.888 1.763 1.788 1.774 

  Bellingshausen/Amundsen 2.445 2.759 2.435 2.285 2.481 

  All (>55°S) 11,634,365.27 12,365,947.04 12,925,599.35 13,088,736.23 12,503,661.97 

 Weddell Sea 

      

4,485,266.52  

    

4,569,162.20  

      

4,632,713.74  

    

4,860,080.81  

       

4,636,805.82  

SIE 

(km2) Indian Ocean 

      

1,842,643.35  

     

2,013,513.74  

      

2,160,705.04  

    

2,204,815.96  

       

2,055,419.52  

 West Pacific Ocean 

      

1,251,185.39  

     

1,468,014.33  

      

1,470,444.46  

    

1,361,207.80  

       

1,387,712.99  

 Ross Sea 

      

2,744,736.78  

     

2,929,304.26  

      

2,999,575.08  

    

3,146,964.50  

       

2,955,145.16  

  Bellingshausen/Amundsen 

      

1,310,533.24  

     

1,385,952.51  

      

1,662,161.03  

    

1,515,667.15  

       

1,468,578.48  

  All (>55°S) 0.238 0.237 0.242 0.241 0.239 

 Weddell Sea 0.418 0.344 0.371 0.300 0.358 

CHLa 

(mg m-3) Indian Ocean 0.202 0.182 0.188 0.251 0.206 

 West Pacific Ocean 0.178 0.195 0.192 0.215 0.195 

 Ross Sea 0.215 0.246 0.257 0.238 0.239 

  Bellingshausen/Amundsen 0.205 0.223 0.219 0.216 0.216 
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 898 

 899 

Table 2. Yearly averages of SSS and Chl concentration in the ice-free band adjacent to the 900 

Marginal Ice Zone for the entire Antarctic region and the different sectors. 901 

   

Aug 2011 - 

May 2012 

June 2012 - 

May 2013 

June 2013 - 

May 2014 

June 2014 - 

May 2015 
4-yr Ave 

  All (>55°S) 33.398 33.414 33.325 33.268 33.351 

 Weddell Sea 33.497 33.480 33.396 33.301 33.418 

SSS   

Indian Ocean 33.387 33.412 33.370 33.308 33.369 

West Pacific Ocean 33.473 33.447 33.343 33.300 33.391 

 Ross Sea 33.353 33.432 33.294 33.279 33.340 

  Bellingshausen/Amundsen 33.305 33.259 33.240 33.183 33.247 

  All (>55°S) 0.444 0.383 0.382 0.396 0.401 

 Weddell Sea 0.616 0.353 0.355 0.267 0.398 

CHLa  

(mg m-3) 

Indian Ocean 0.458 0.233 0.249 0.370 0.328 

West Pacific Ocean 0.300 0.248 0.359 0.437 0.336 

 Ross Sea 0.305 0.423 0.382 0.416 0.382 

  Bellingshausen/Amundsen 0.529 0.700 0.708 0.671 0.652 

 902 

Figures:  903 

 904 
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Figure 1. Map of the Southern Ocean February monthly SST climatology (1982-2019) on the 905 

left, which is a time when sea ice concentration is at minimum, and September monthly SST 906 

climatology on the right, when sea ice is at its maximum. The black solid contour lines represent 907 

the sea ice concentration at 10%.  908 

  909 

Figure 2. Area of sea ice movement from 01-14 January 2014 (in red) and the five regional 910 

sectors: Weddell Sea, Indian Ocean, West Pacific Ocean, Ross Sea, and 911 

Bellingshausen/Amundsen Seas separated by the dash lines.  912 

 913 

 914 
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 915 

Figure 3. Seasonal maps of SSS from Aquarius SAC-D, Chl concentration from MODIS-916 

Aqua, SST from AVHRR, and sea ice concentration from SSM/I. The maps represent average 917 

seasonal values from 2011-2015. 918 

 919 

  920 
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 921 

Figure 4. Multi-year monthly averages of (a) SSS (b) Chl concentration (c) SST and (d) Sea 922 

ice extent the Southern Ocean (>55 S).  The multiyear monthly averages were estimated from 923 

August 2011 to June 2015, with the gray shading showing values within 1 SD. 924 

 925 
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 935 

Figure 5.  Multi-year monthly average of (a) SSS and Instantaneous 10-m wind gust (m/s), and 936 

(b) SSS and P-E (mm) from ERA5 from August 2011 to June 2015 in the Southern Ocean (>55 937 

S). 938 

 939 

 940 

 941 

 942 

 943 



 43 

 944 

Figure 6. Inter-annual variation between SSS, Chl concentration, SST, and area of sea ice 945 

movement from August 2011 to June 2015 in the whole Southern Ocean. 946 

 947 

 948 

 949 

 950 

 951 

 952 

 953 
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 954 

Figure 7.  Left panels show time series of SSS in black and Chl concentration in grey from the 955 

MIZ area from August 2011 to June 2015 in (a) Southern Ocean, (b) Weddell Sea, (c) Indian 956 

Ocean, (d) West Pacific Ocean, (e) Ross Sea, and (f) Bellingshausen/Amundsen Seas. Right 957 

panels show corresponding scatterplots of SSS vs Chl concentration and the correlation 958 

coefficient (r) and slope (m).  959 
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 960 

 961 

 962 

Figure 8.  Scatterplot of biweekly SSS and Chl concentration data during rapid decline of sea 963 

ice in the months November and December from 2011 to 2015. 964 

  965 
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 966 

 967 

Figure 9.  Map of negative correlations of SSS and Chl in the Southern Ocean >55 S from 968 

August 2011 to June 2015. Only shown are areas that are statistically significant (95% 969 

significance level).   970 
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 972 

 973 

 974 
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 977 

Figure 10.  Left panels show time series of SST in black and Chl concentration in gray from 978 

the Southern Ocean MIZ from August 2011 to June 2015 in (a) Southern Ocean, (b) Weddell 979 

Sea, (c) Indian Ocean, (d) West Pacific Ocean, (e) Ross Sea, and (f) Bellingshausen Amundsen 980 

Seas. Right panels show corresponding scatterplots of Chl concentration vs. SST with 981 

correlation coefficient (r) and slope (m).  982 
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 984 

Figure 11.  Left panels show time series of SSS in black and SST in gray using data from the 985 

Southern Ocean MIZ from August 2011 to June 2015 in (a) Southern Ocean, (b) Weddell Sea, 986 

(c) Indian Ocean, (d) West Pacific Ocean, (e) Ross Sea, and (f) Bellingshausen Amundsen Seas. 987 

Right panels show corresponding scatterplots of SSS vs SST and correlation coefficient (r) and 988 

slope (m).  989 

 990 
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 991 

Figure 12.  Left panels show time series of SSS in black and area of MIZ in gray from August 992 

2011 to June 2015 in (a) Southern Ocean, (b) Weddell Sea, (c) Indian Ocean, (d) West Pacific 993 

Ocean, (e) Ross Sea, and (f) Bellingshausen Amundsen Seas. Right panels show corresponding 994 

scatterplots of SSS vs. Area of MIZ and correlation coefficient (r) and slope (m).  995 
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