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III. Abstract 

Eurasian Rivers provide a quarter of total fresh water to the Arctic, maintaining a persistent 

fresh layer that covers the surface Arctic Ocean. This freshwater export controls Arctic Ocean 

stratification, circulation, and basin-wide sea ice concentration. The Russian Arctic receives 

around 2/3 of the river runoff to the Arctic, primarily from the Ob, Yenisei and Lena Rivers 

which outflow into the Kara and Laptev Sea as a particularly shallow plume. Previous in-situ 

and modelling studies suggest that local wind forcing is a driver of variability in Eurasian 

Arctic sea surface salinity (SSS) but there is no consensus on the roles river runoff and sea ice 

cover have in contributing to this variability or on the dominant driver of variability. The 

dominant controls on SSS variability have also been suggested to vary regionally, with 

suggested differences in the Kara and Laptev Sea. 

Until recently, satellite SSS retrievals were insufficiently accurate for use in the Arctic. 

However, retreating sea ice cover and continuous progress in satellite product development 

have significantly improved SSS retrievals. This thesis first shows the value and potential of 

satellite SSS as a useful tool to strengthen our understanding of Arctic SSS dynamics. Satellite 

SSS is found to agree well with in situ data (r ≥ 0.81) with notably better agreement than 

reanalysis products and in situ data (r ≤ 0.76). 

Satellite SSS is then used in combination with reanalysis and in-situ products to first compare 

and contrast the processes controlling the interannual variability of summer SSS, sea surface 

temperature (SST) and sea ice concentration (SIC) variability and their interactions in the 

Laptev and Kara Sea and in the Vilkitsky Strait.  

In the Laptev Sea, zonal wind is the dominant driver of offshore/alongshore Lena River plume 

transport, with eastward wind driving alongshore transport (and westward wind driving 

offshore transport). This drives differences in both SSS and SST and spatial variability in SIC 

across the Laptev and East Siberian Sea. Conversely, Lena runoff does not appear to play a 

role in controlling interannual variability in SSS, SST, or SIC in the Laptev and East Siberian 

Sea.  

In the Kara Sea, zonal (and meridional) wind and Ob and Yenisei runoff all appear to be key 

drivers of whether the fresh plume is transported offshore or alongshore. Whilst eastward wind 

forcing is the dominant driver of alongshore transport, as is true in the Laptev Sea, a high ratio 

of summer Yenisei runoff/ spring Ob runoff can accentuate the low SSS anomalies offshore 

driven by westward wind forcing. Zonal wind forcing also has an influence on SST but is not 

the dominant driver of variability in SST, as it is in the Laptev Sea. Therefore, SSS and SST 

are notably less closely coupled in the Kara Sea and the zonal wind does not drive differences 

in Kara SIC. 

In the Vilkitsky Strait, strong eastward wind drives buoyancy driven transport of the Ob-

Yenisei plume through Vilkitsky Strait and into the western Laptev Sea and can occur over one 

summer season. Plume transport has a consistent SST signature, suggesting co-variability 

between SSS and SST but is not drive a notable difference in SIC. After a summer of westward 

wind forcing, plume transport through the strait appears to occur over winter. However, 

differences in timing drive very different SSS/SST patterns and in turn stratification dynamics.  

The dominant controls on Eurasian-wide interannual variability are then identified and the 

implications of these on sea ice persistence and Arctic-wide freshwater storage are assessed. 

The Arctic Oscillation Index (AOI) is found to be a dominant control on local wind forcing in 

all three regions, and drives a consistent pattern of freshwater transport across all Eurasian shelf 

seas, which appears to be accelerating in recent decades. This pattern of freshwater transport 
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persists until at least the following year and appears to have implications on autumn and spring 

sea ice persistence. 

Finally, the implications of these findings are inferred in the context of climate change. The 

dominance of zonal wind and the AOI as a key driver of SSS (and SST) interannual variability 

suggests that understanding variability in wind stress and its changes is key to predicting future 

freshwater transport from the Eurasian shelf seas and its impacts on Arctic circulation.  
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IV. Lay summary:  

Eurasian rivers, particularly Russia's Ob, Yenisei, and Lena Rivers, supply a quarter of the total 

amount of freshwater to the Arctic Ocean. This freshwater predominantly sits in a layer on top 

of other Arctic Ocean water and plays a crucial role in shaping ocean transport around the 

Arctic and in controlling how much sea ice there is. Previous studies suggest that local wind 

forcing is one of the main controls of variability in Eurasian Arctic sea surface salinity (SSS) 

but there is no consensus on the roles river runoff and sea ice cover in contributing to this 

variability. 

Sea surface salinity provides a way to map this freshwater and how it moves around the Arctic. 

However, historically, data from satellites wasn’t accurate enough for studying Arctic SSS, but 

recent improvements in satellite technology, combined with the decrease in sea ice with climate 

change, now allow for more accurate measurements over more of the ocean.  

This thesis examines how these satellite SSS measurements can enhance our understanding of 

Arctic Ocean processes. By combining satellite data with other observation methods, this study 

explores how different factors, such as wind and river runoff, affect salinity, temperature, and 

sea ice in different parts of the Eurasian Arctic, specifically the Kara and Laptev Sea and the 

Vilkitsky Strait. 

Key findings reveal that eastward/westward wind greatly influences SSS in all these areas, with 

eastward winds pushing fresh river plumes along the coast and westward winds pushing them 

offshore. Conversely, river runoff impacts SSS differently in different regions: the magnitude 

of Lena River runoff has no effect on the Laptev Sea’s salinity, whereas Ob and Yenisei River 

runoff significantly influence the Kara Sea.  

Large-scale atmospheric circulation is the main control on local wind patterns and drives a 

consistent pattern of freshwater transport across the Eurasian coastal areas. This pattern of 

freshwater transport remains present until at least the following year and seems to affect how 

long sea ice persists into the autumn and following spring. The strong role of local, and large-

scale wind patterns on freshwater transport suggests that understanding wind variability and 

how it changes over time is crucial for predicting future Arctic circulation and sea ice cover. 

  



 

vii 

 

Table of Contents 
I. Declaration .......................................................................................................................... ii 

II. Acknowledgements ......................................................................................................... iii 

III. Abstract ........................................................................................................................... iv 

IV. Lay summary: ................................................................................................................. vi 

V. List of Acronyms ............................................................................................................... x 

Chapter 1 Introduction ........................................................................................................ 1 

1.1 Overview of current Arctic Ocean circulation and freshwater transport .................... 1 

1.2 Individual observations and predictions of Arctic system change in the context of our 

changing climate .................................................................................................................... 3 

1.3 Eurasian Arctic – key role and place in wider context ................................................ 4 

1.4 Motivation: Gaps in current Eurasian Arctic system understanding........................... 5 

1.5 Satellite sea surface salinity (SSS) as a tool to address these barriers ........................ 5 

1.6 Research aim and research questions .......................................................................... 6 

1.7 Thesis structure ........................................................................................................... 7 

Chapter 2 Data and Methods Overview............................................................................. 9 

2.1 In-situ data description ................................................................................................ 9 

2.2 Reanalysis description ............................................................................................... 12 

2.3 Satellite data description ........................................................................................... 14 

2.4 SSS product validation (vs in-situ data) over the Eurasian shelf seas ...................... 16 

2.5 Methods overview ..................................................................................................... 20 

2.5.1 Alternative methods considered ......................................................................... 22 

Chapter 3 Laptev Sea......................................................................................................... 23 

3.1 Introduction: .............................................................................................................. 23 

3.2 Methods ..................................................................................................................... 25 

3.2.1 Data products ..................................................................................................... 25 

3.2.2 Methods.............................................................................................................. 27 

3.3 Results ....................................................................................................................... 29 

3.3.1 Comparison of SSS products ............................................................................. 29 

3.3.2 Impact of runoff and wind stress on SSS, SST and SIC in GLORYS12V1 ...... 33 

3.3.3 Drivers of interannual variability in September SSS ......................................... 35 

3.3.4 Impact of variability in wind forcing on SST .................................................... 39 

3.4 Discussion ................................................................................................................. 40 

3.4.1 Runoff as a driver of SSS, SST and SIC variability .......................................... 40 

3.4.2 Wind as driver of SSS variability ...................................................................... 41 



 

viii 

 

3.4.3 Vertical distribution of plume ............................................................................ 42 

3.4.4 Sea surface temperature / sea ice concentration variability ............................... 43 

3.5 Conclusions ............................................................................................................... 46 

Chapter 4 Kara Sea ............................................................................................................ 47 

4.1 Introduction ............................................................................................................... 47 

4.2 Methods ..................................................................................................................... 50 

4.3 Results ....................................................................................................................... 52 

4.3.1 Impact of runoff and wind stress on SSS in GLORYS12V1 ............................. 52 

4.3.2 Impact of runoff and wind stress on SST and SIC in GLORYS12V1 ............... 55 

4.3.3 Drivers of interannual variability in September SSS ......................................... 59 

4.3.4 Impact of variability in wind forcing on SST .................................................... 67 

4.4 Discussion ................................................................................................................. 70 

4.4.1 Ob and Yenisei runoff as joint and individual drivers of SSS variability ......... 70 

4.4.2 Wind as driver of SSS variability ...................................................................... 73 

4.4.3 Combined influence of wind and runoff on SSS variability .............................. 74 

4.4.4 Wind as driver of SST/SIC variability ............................................................... 75 

4.5 Conclusions ............................................................................................................... 77 

Chapter 5 Vilkitsky Strait ................................................................................................. 79 

5.1 Introduction to Vilkitsky Strait ................................................................................. 79 

5.2 Methods ..................................................................................................................... 81 

5.3 Results ....................................................................................................................... 83 

5.3.1 Spatial patterns of freshwater transport through Vilkitsky Strait: Findings from 

Kara and Laptev Sea wind forcing ................................................................................... 83 

5.3.2 Spatial patterns of freshwater transport through Vilkitsky Strait: Reanalysis 

comparison under Vilkitsky Strait wind forcing .............................................................. 85 

5.3.3 SSS distribution in the Vilkitsky Strait in in-situ, satellite and reanalyses ........ 92 

5.4 Discussion ................................................................................................................. 96 

5.4.1 The Vilkitsky Strait as an enabler of freshwater transport / Drivers of transport 

through the Vilkitsky Strait .............................................................................................. 96 

5.4.2 Implications of variability in Vilkitsky Strait transport ................................... 100 

5.5 Conclusion ............................................................................................................... 101 

Chapter 6 Eurasian Shelf Seas ........................................................................................ 103 

6.1 Introduction to wider Eurasian shelf seas ............................................................... 103 

6.2 Freshwater contributions to the Eurasian shelf seas................................................ 104 

6.2.1 Methods............................................................................................................ 105 

6.2.2 Results .............................................................................................................. 106 



 

ix 

 

6.2.3 Comparison of freshwater contribution to Russian shelf seas and entire Arctic

 107 

6.3 Relationship between local and large-scale atmospheric dynamics........................ 109 

6.3.1 Regional correspondence between local and large-scale circulation ............... 109 

6.3.2 Increasing correspondence between local and large-scale wind stress over 

Eurasian shelf seas .......................................................................................................... 112 

6.4 AOI as a common driver of Eurasian Runoff transport .......................................... 113 

6.5 Longer term freshwater storage............................................................................... 119 

6.6 River plumes as a driver of sea ice persistence ....................................................... 123 

6.6.1 Autumn ............................................................................................................ 125 

6.6.2 Following spring .............................................................................................. 126 

6.6.3 Sea ice persistence discussion .......................................................................... 127 

6.7 Implications of increase in large-scale/local correlation ......................................... 128 

6.8 Conclusions and implications with climate change ................................................ 132 

Chapter 7 Conclusions ..................................................................................................... 135 

Bibliography ......................................................................................................................... 141 

Appendices ............................................................................................................................ 154 

 

  



 

x 

 

V. List of Acronyms  

AOI:   Arctic Oscillation Index 

AVHRR:  Advanced Very High Resolution Radiometer 

AW:   Atlantic Water 

CCI:   Climate Change Initiative 

CERSAT:  Centre ERS d'Archivage et de Traitement 

CMEMS:  Copernicus Marine Environment Monitoring Service 

CORA:  Coriolis Ocean database for ReAnalysis 

CTD:   conductivity temperature, depth 

ECMWF:  European Centre for Medium-Range Weather Forecasts 

ERA5:  ECMWF Reanalysis v5 

HadISST:  Hadley Centre Sea Ice and Sea Surface Temperature data set 

JPL:   Jet Propulsion Laboratory 

MDT:   mean dynamic topography 

METSS:  mean eastward turbulent surface stress 

MNTSS:  mean northward turbulent surface stress 

NABOS:  Nansen and Amundsen Basins Observational System 

NCEI:   National Centers for Environmental Information 

Pi-MEP:  Pilot-Mission Exploitation Platform 

PW:   Pacific Water 

RMSD:  root mean square difference 

RSS:   Remote Sensing Systems 

SASSIE:  Salinity and Stratification at the Sea Ice Edge 

SIC:   sea ice concentration 

SLA:   sea level anomaly 

SMAP:  Soil Moisture Active Passive 

SMOS:  Soil Moisture and Ocean Salinity 

SSS:   sea surface salinity 

SST:   sea surface temperature 

UDASH:  Unified Database for Arctic and Subarctic Hydrography 

  



 

xi 

 

List of Tables 

Table 2.1: Cruises, vessels and time-periods of salinity and temperature in-situ data used for 

analysis of vertical profiles and comparison with satellite data ................................................ 9 

Table 2.2: Reanalysis products used in this study and their start and end dates, their native and 

used temporal and spatial grid resolutions, the number of vertical levels they have in total and 

in the top 10m, their ocean models and the observations they assimilate ............................... 13 

Table 2.3: Satellite sea surface salinity products used in this study and their start and end dates, 

and native and used temporal and grid resolutions .................................................................. 15 

Table 2.4: Correlation coefficients from in-situ SSS data < 10 m over 2015-2023 (left) and 

2010-2023 (right) with GLORYS12V1, LOCEAN SMOS products regridded at a 0.25 degree 

spatial resolution, JPL SMAP in regions where the provided SSS uncertainty is less than 1, 

RSS SMAP and the three CMEMS global ensemble reanalysis products: GLORYS2V4, 

ORAS5, and C-GLORS05. Correlation coefficients are calculated both at all points where an 

individual product is collocated with in-situ data (All obsv <10 m) and for only where all 

products had a collocation point near in-situ data (Common obsv <10 m). There are 268 

collocations between all products over 2015-2023 and 532 collocations over 2010-2023. The 

p values associated with correlation coefficients are not included but are all << 0.01. .......... 17 

Table 2.5: Root mean square differences (RMSD) from in-situ SSS data < 10 m over 2015-

2023 (left) and 2010-2023 (right) with GLORYS12V1 and LOCEAN SMOS products 

regridded at a 0.25 degree spatial resolution, JPL SMAP in regions where the provided SSS 

uncertainty is less than 1, RSS SMAP and the three CMEMS global ensemble reanalysis 

products: GLORYS2V4, ORAS5, and C-GLORS05. RMSDs are calculated both at all points 

where an individual product is collocated with in-situ data (All obsv <10 m) and for only where 

all products had a collocation point near in-situ data (Common obsv <10 m). There are 268 

collocations between all products over 2015-2023 and 532 collocations over 2010-2023. .... 18 

Table 3.1: Satellite sea surface salinity products used in this Laptev Sea chapter and their start 

and end dates, and native and used temporal and grid resolutions .......................................... 26 

Appendix Table A.1: Cruises, vessels and time-periods of salinity and temperature in-situ data 

used for analysis of vertical profiles and comparison with satellite data .............................. 154 

Appendix Table A.2: Correlation coefficients from in-situ SSS data < 10 m over 2015-2020 

(left) and 2010-2020 (right) with GLORYS12V1, BEC SMOS and LOCEAN SMOS products 

regridded at a 0.25 degree spatial resolution, JPL SMAP in regions where the provided SSS 

uncertainty is less than 1, RSS SMAP and the three CMEMS global ensemble reanalysis 

products: GLORYS2V4, ORAS5, and C-GLORS05. Correlation coefficients are calculated 

both at all points where an individual product is collocated with in-situ data (All obsv <10 m) 

and for only where all products had a collocation point near in-situ data (Common obsv <10 

m). There are 57 collocations between all products over 2015-2020 and 377 collocations over 

2010-2020. The p values associated with correlation coefficients are not included but are all 

<< 0.01. .................................................................................................................................. 156 

Appendix Table A.3: Root mean square differences (RMSD) from in-situ SSS data < 10 m 

over 2015-2020 (left) and 2010-2020 (right) with GLORYS12V1, BEC SMOS and LOCEAN 

SMOS products regridded at a 0.25 degree spatial resolution, JPL SMAP in regions where the 

provided SSS uncertainty is less than 1, RSS SMAP and the three CMEMS global ensemble 



 

xii 

 

reanalysis products: GLORYS2V4, ORAS5, and C-GLORS05. RMSDs are calculated both at 

all points where an individual product is collocated with in-situ data (All obsv <10 m) and for 

only where all products had a collocation point near in-situ data (Common obsv <10 m). There 

are 57 collocations between all products over 2015-2020 and 377 collocations over 2010-2020.

................................................................................................................................................ 157 

 

  



 

xiii 

 

List of Figures 

Figure 1.1: Overview diagram of Arctic Ocean circulation modified from (Gonçalves-Araujo, 

2016). Inflowing relative warms surface currents are shown in red with colder surface currents 

in blue and with intermediate and rivers and riverine input in green. Key features of the Arctic 

Ocean include: Beaufort Gyre, Transpolar Drift, Vilkitsky Strait (VS). The main study regions 

of this thesis are the Kara, Laptev and East Siberian Sea and the Vilkitsky Strait. ................... 2 

Figure 2.1: In-situ data (shallower than10 m) used for validation of satellite and reanalysis 

products, coloured by the cruise/dataset they were collected from including UDASH (Unified 

Database for Arctic and Subarctic Hydrography), AMK (Akademik Mstislav Keldysh), AL 

(Akademik Lavrentyev), PS (Professor Shtokman), VB (Victor Buynitskiy). AT (Akademik 

Tryoshnikov) and PL (Professor Logachev). ........................................................................... 10 

Figure 2.2: In-situ data (shallower than10 m) used for validation of satellite and reanalysis 

products, coloured by their salinity value, collected over the SMOS period (2010-2023) (left) 

and the SMAP period (2015-2023) (right)............................................................................... 11 

Figure 3.1: 2010-2020 LOCEAN SMOS satellite mean September SSS with GEBCO 

bathymetry contours for 20m, 50m and 500m overlaid in blue with mean 2010-2020 ERA5 

June-August wind vectors overlaid over the ocean. The inset in the top right corner depicts 

Arctic wide GEBCO bathymetry and the location of this region within the wider Arctic in red. 

The box used to calculate mean eastward/northward turbulent surface stress is overlaid in red.

.................................................................................................................................................. 24 

Figure 3.2: Laptev Sea sea surface salinity field in September  2016 (left) and 2019 (middle) 

and the difference between 2016 and 2019 (right) for the CMEMS GLORYS12V1 reanalysis 

(top) and for each of the 4 satellite products (RSS SMAP, JPL SMAP, LOCEAN SMOS, BEC 

SMOS) (top to bottom). ERA5 mean wind speed for June-August are overlaid on the 

GLORYS12V1 SSS field with a box over the region of interest (70-80°N, 120-160°E). The 

GLORYS12V1 30% sea ice concentration contour is also overlaid as a black line over the 

GLORYS12V1 SSS field.  In-situ data for late September 2016 and early October 2019 are 

overlaid on satellite products using the same colour scale. ..................................................... 29 

Figure 3.3: GLORYS12V1 salinity vertical transects for 2016 (top) and 2019 (bottom) as 

colour mesh with in-situ data overlaid with black rings and satellite data for that transect for 

JPL SMAP and LOCEAN SMOS SSS shown as a line of points (without black wings). JPL 

SMAP data is made semi-transparent where the provided SMAP SSS uncertainty is > 1 pss.). 

The location of these transects are shown in the inset in the bottom left by the black line which 

is interpolated through in-situ data (overlaid on a map of JPL SMAP SSS for each year) The 

GLORYS12V1 vertical levels are overlaid as black lines at 77 °N. ....................................... 31 

Figure 3.4: Correlation between GLORYS12V1 September SSS and the three-month mean 

ERA5 eastward turbulent surface stress (METSS) over June to August (6-8) (left) over 1993-

2022. Correlation between GLORYS12V1 September SSS and cumulative Lena River runoff 

in spring (Julian day 150) (right) over 1993-2022. Regions where correlations are statistically 

significant (p≤0.05) are denoted by the white contour and brighter colours. .......................... 33 

Figure 3.5: Correlation between GLORYS12V1 September SST and the three-month mean 

ERA5 eastward turbulent surface stress (METSS) over June to August (6-8) (left) over 1993-

2022. Correlation between GLORYS12V1 September SST and cumulative Lena River runoff 



 

xiv 

 

in spring (Julian day 150) (right) over 1993-2022. Regions where correlations are statistically 

significant (p≤0.05) are denoted by the white contour and brighter colours. .......................... 34 

Figure 3.6: Correlation between GLORYS12V1 September SIC and the three-month mean 

ERA5 eastward turbulent surface stress (METSS) mean over June to August (6-8) (left). 

Correlation between GLORYS12V1 September SIC and spring cumulative Lena River runoff 

(to Julian day 150) (right) over 1993-2022. Regions where correlations are statistically 

significant (p≤0.05) are denoted by the white contour and brighter colours. .......................... 35 

Figure 3.7: Three-month (June to August) mean ERA5 eastward (black solid) and northward 

(black dashed) turbulent surface stress over 70-80 North and 120-160 East. Overlaid are dots 

indicating the most eastward (red dots) and westward (blue dots) years chosen for analysis for 

both the longer SMOS/GLORYS12V1 timeseries (2011-2020) (darker red and blue dots) and 

the shorter SMAP timeseries (2015-2022) (lighter red and blue dots). The range of the 

maximum and minimum eastward turbulent surface stress between June and August is shaded 

in grey. Spring cumulative Lena River runoff (until the 150th Julian day) (green) is overlaid.

.................................................................................................................................................. 36 

Figure 3.8: Eastward (E, top row) and westward (W, middle row) composites calculated for 

(left to right) GLORYS12V1 SSS, LOCEAN SMOS and JPL SMAP, from the identified three 

most eastward and westward years (over 2011-2020 for GLORYS12V1 and LOCEAN SMOS 

and over 2015-2022 for JPL SMAP). The difference composite (eastward – westward) for each 

product is shown on the bottom row. The GLORYS12V1 mean 30% sea ice concentration 

contour is overlaid on the respective composite plots. Eastward and westward GLORYS12V1 

current velocity composites for June-August and the difference between them are overlaid as 

black arrows on the respective composite plots (masked by the region of mean sea ice 

concentration above 30%). Expected Ekman surface currents based on observed average 

eastward and westward wind stress (and their difference) are overlaid as grey arrows for 

comparison. .............................................................................................................................. 37 

Figure 3.9: Eastward (E, top row) and westward (W, middle row) composites calculated from 

the identified three most eastward and westward years over 2011-2020 for (left to right) 

GLORYS12V1 SST and L4 CCI SST (masked by 30% sea ice concentration). The difference 

composite (eastward – westward) for each product is shown on the bottom row. The mean 30% 

sea ice concentration contour for eastward and westward years is used to mask L4 CCI data 

and is overlaid in GLORYS12V1 in black on both eastward and westward composite plots. 39 

Figure 4.1: Map of Kara Sea and Vilkitsky Strait with bathymetry contours overlaid in shades 

of blue/yellow with mean 2010–2023 ERA5 June–August wind stress vectors overlaid over the 

ocean. The box used to calculate mean eastward/northward turbulent surface stress is overlaid 

in red. ....................................................................................................................................... 48 

Figure 4.2: Correlation between GLORYS12V1 September SSS and ERA5 eastward and 

northward turbulent surface stress over June to August (6-8) over 1993-2023. Regions where 

correlations are statistically significant (p≤0.05) are denoted by the white contour and brighter 

colours. ..................................................................................................................................... 52 

Figure 4.3: Correlation between GLORYS12V1 September SSS and cumulative Ob River 

runoff in spring (Julian day 150), cumulative Yenisei River runoff in summer (Julian day 200), 

and the ratio of summer Yenisei and spring Ob River runoff over 1993-2022. Regions where 



 

xv 

 

correlations are statistically significant (p≤0.05) are denoted by the white contour and brighter 

colours. ..................................................................................................................................... 54 

Figure 4.4: Correlation between GLORYS12V1 September SST and cumulative Ob River 

runoff in spring (Julian day 150) and cumulative Yenisei River runoff in summer (Julian day 

200) over 1993-2022. Regions where correlations are statistically significant (p≤0.05) are 

denoted by the white contour and brighter colours. ................................................................. 57 

Figure 4.5: Correlation between GLORYS12V1 September SIC and cumulative Ob River 

runoff in spring (Julian day 150) and cumulative Yenisei River runoff in summer (Julian day 

200) over 1993-2022. Regions where correlations are statistically significant (p≤0.05) are 

denoted by the white contour and brighter colours. ................................................................. 58 

Figure 4.6: Three-month (June to August) mean ERA5 eastward (black solid) and northward 

(black dashed) turbulent surface stress over 70-80 °N and 60-80 °E. Overlaid are dots indicating 

the most eastward (red dots) and westward (blue dots) years chosen for analysis for both the 

longer SMOS/GLORYS12V1 timeseries (2011-2022) (darker red and blue dots) and the 

shorter SMAP timeseries (2015-2023) (lighter red and blue dots). The range of the maximum 

and minimum eastward turbulent surface stress between June and August is shaded in grey. 

The ratio of summer (until the 200th Julian day) Yenisei runoff to spring (until the 150th Julian 

day) Ob runoff is in purple with the highest (orange) and lowest (green) years chosen for 

analysis for both the longer SMOS/GLORYS12V1 timeseries (2011-2022) (darker orange and 

green dots) and the shorter SMAP timeseries (2015-2023) (lighter orange and green dots). 

Spring cumulative Ob River runoff (until the 150th Julian day) (pink), and summer cumulative 

Yenisei runoff (until the 200th Julian day) (light orange) anomalies from climatology are 

overlaid. ................................................................................................................................... 59 

Figure 4.7: Eastward (E, left column) and westward (W, right column) composites calculated 

for (top to bottom) LOCEAN SMOS, JPL SMAP, CCI and GLORYS12V1 SSS, from the 

identified three most eastward and westward years (over 2011-2023 for GLORYS12V1 and 

LOCEAN SMOS and over 2015-2023 for JPL SMAP). The GLORYS12V1 mean 30% sea ice 

concentration contour is overlaid on the respective composite plots. Eastward and westward 

GLORYS12V1 current velocity composites for June-August are overlaid as black arrows on 

the respective composite plots (masked by the region of mean sea ice concentration above 

30%). ........................................................................................................................................ 61 

Figure 4.8: The difference between eastward and westward composites calculated for 

GLORYS12V1 SSS, CCI SSS, LOCEAN SMOS, and JPL SMAP, from the identified three 

most eastward and westward years (over 2010-2023 for GLORYS12V1, CCI and LOCEAN 

SMOS and over 2015-2023 for JPL SMAP). Regions in blue represent regions with lower 

salinities under eastward wind forcing and regions in red represent lower salinities under 

westward wind forcing. The GLORYS12V1 mean 30% sea ice concentration contour under 

eastward (blue) and westward (red) wind forcing is overlaid. The difference between eastward 

and westward GLORYS12V1 current velocity composites for June-August are overlaid as 

black arrows on the composite difference plot (masked by the region of mean sea ice 

concentration above 30%). The difference in expected Ekman surface currents based on 

observed average eastward and westward wind stress are overlaid as grey arrows for 

comparison. .............................................................................................................................. 63 

Figure 4.9: High (H, left column) and low (L, right column) Yenisei/Ob runoff composites 

calculated for (top to bottom) LOCEAN SMOS, JPL SMAP, CCI and GLORYS12V1 SSS, 



 

xvi 

 

from the identified three years of highest and lowest ratio between summer (Julian day 200) 

Yenisei and spring (Julian day 150) Ob runoff (over 2011-2023 for GLORYS12V1 and 

LOCEAN SMOS and over 2015-2023 for JPL SMAP). The GLORYS12V1 mean 30% sea ice 

concentration contour is overlaid on the respective composite plots. ..................................... 65 

Figure 4.10: The difference between high and low composites calculated for GLORYS12V1 

SSS, CCI SSS, LOCEAN SMOS, and JPL SMAP, from the identified three years of highest 

and lowest ratio between spring (Julian day 150) Ob and Yenisei runoff (over 2010-2023 for 

GLORYS12V1, CCI and LOCEAN SMOS and over 2015-2023 for JPL SMAP). Regions in 

blue represent regions with lower salinities under eastward wind forcing and regions in red 

represent lower salinities under westward wind forcing. The GLORYS12V1 mean 30% sea ice 

concentration contour under high (blue) and low (red) ratios of Yenisei/Ob runoff is overlaid. 

The difference in GLORYS12V1 current velocity for June-August in years of high and low 

ratios of Yenisei/Ob runoff is also overlaid as black arrows (masked by the region of mean sea 

ice concentration above 30%). ................................................................................................. 66 

Figure 4.11: Eastward (E, top row) and westward (W, middle row) composites calculated from 

the identified three most eastward and westward years over 2010-2020 for (left to right) 

GLORYS12V1 SST and L4 CCI SST (masked by 30% sea ice concentration). The difference 

composite (eastward – westward) for each product is shown on the bottom row. The mean 30% 

sea ice concentration contour for eastward and westward years is used to mask L4 CCI data 

and is overlaid in GLORYS12V1 in black on both eastward and westward composite plots. 68 

Figure 5.1: Map of Vilkitsky Strait with bathymetry contours overlaid in shades of blue/yellow 

with mean 2010-2023 ERA5 June-August turbulent surface stress vectors overlaid over the 

ocean. The box used to calculate Vilkitsky Strait mean eastward/northward turbulent surface 

stress is overlaid in red. ............................................................................................................ 80 

Figure 5.2: Correlation between GLORYS12V1 September SSS and the three-month mean 

ERA5 eastward turbulent surface stress (METSS) and northward turbulent surface stress 

(MNTSS) over June to August (6-8) (left) over 1993-2022. Regions where correlations are 

statistically significant (p≤0.05) are denoted by the white contour and brighter colours. ....... 84 

Figure 5.3: Three-month (June to August) mean ERA5 eastward (black solid) and northward 

(black dashed) turbulent surface stress over 72-80 °N and 80-110 °E. Overlaid are dots 

indicating the most eastward (red dots) and westward (blue dots) years chosen for analysis for 

the longer SMOS/GLORYS12V1 timeseries (2010-2023) (darker red and blue dots) and for 

the shorter SMAP timeseries (2015-2023) (lighter red and blue dots). The range of the 

maximum and minimum eastward turbulent surface stress between June and August is shaded 

in grey. ..................................................................................................................................... 86 

Figure 5.4: The difference between eastward and westward SSS composites calculated for CCI 

SSS, LOCEAN SMOS, and JPL SMAP, from the identified three most eastward and westward 

years (over 2010-2023 for CCI and LOCEAN SMOS and over 2015-2023 for JPL SMAP). 

Regions in blue represent regions with lower salinities under eastward wind forcing and regions 

in red represent lower salinities under westward wind forcing. .............................................. 87 

Figure 5.5: The difference between eastward and westward SSS composites calculated for 

September GLORYS12V1 SSS (left) from the identified three years of most eastward and 

westward wind forcing (over 2011-2023). The difference between eastward and westward SSS 

composites for the following March (15) calculated for GLORYS12V1 SSS is then shown 



 

xvii 

 

(left). Regions in blue represent regions with lower salinities under eastward wind forcing and 

regions in red represent lower salinities under westward wind forcing. The difference between 

eastward and westward GLORYS12V1 current velocity composites for June-August are 

overlaid as black arrows on the September composite difference plot. The difference in 

expected Ekman surface currents based on observed average eastward and westward wind 

stress are overlaid as grey arrows for comparison. The difference between eastward and 

westward GLORYS12V1 current velocity composites for September-February are overlaid as 

black arrows on the March composite difference plot. ............................................................ 89 

Figure 5.6: Map of available in-situ data present in years of eastward (left), mid (middle) and 

westward (right) wind forcing. Eastward (/westward) years are identified as having mean zonal 

wind above (/below) the 0.02 (/-0.02) N m-2 threshold. Only in-situ data located in the red box 

(100-115 °E, 77-78.5 °N) are used for distributions. The masked region of common satellite 

retrievals is also included and is shaded in black. ................................................................... 92 

Figure 5.7: Satellite SSS distribution in the Vilkitsky Strait for CCI, LOCEAN SMOS and JPL 

SMAP and GLORYS12V1 SSS distribution for years of strong (> 0.02 N m-2) eastward (red) 

and westward (blue) wind stress. The distribution is shown as the percentage of total area in 

each 1 pss salinity bin over the 22 to 33 pss range. The total area used is the common area 

where all satellite products have retrievals in all years (shown in black in Figure 5.6). Darker 

red and blue bar colours indicate years of stronger eastward/westward wind stress. The mean 

values for all eastward (red) and westward (blue) years are overlaid as lines across all bins.  

The total percentage of cells below 28 pss and 26 pss in the eastward and westward means are 

overlaid as text. ........................................................................................................................ 93 

Figure 5.8: In-situ SSS distribution in the Vilkitsky Strait for years of strong (> 0.02 N m-2) 

eastward (red) and westward (blue) wind stress. Years of mid wind stress (< 0.02 N m-2 and > 

-0.02 N m-2) are shown in grey. The distribution is shown as the percentage of retrievals in 

each 1 pss salinity bin over the 22 to 33 pss range. Darker red and blue bar colours indicate 

years of stronger eastward/westward wind stress. The mean values for all eastward (red) and 

westward (blue) years are overlaid as lines across all bins. ..................................................... 95 

Figure 6.1: Spatial map of the freshwater contribution from sea ice (left) and of net 

precipitation-evaporation (P-E) (right) over the Russian Arctic. The fresh surface layer and 

plume regions are designated by the purple contour lines, with the nearer shore contour 

representing the plume. .......................................................................................................... 106 

Figure 6.2: Timeseries of the freshwater equivalent from sea ice, runoff from the largest 13 

Russian rivers, runoff from the Ob, Yenisei and Lena river and evaporation-precipitation over 

the Russian shelf seas (top) (where GLORYS12V1 SSS < 28 pss) and over the plume region 

(bottom) (where GLORYS12V1 SSS < 25 pss) .................................................................... 107 

Figure 6.3: ERA5 eastward turbulent surface stress over the Laptev Sea (70-80 °N, 120-160 

°E) mean over June to August (6-8) vs Arctic Oscillation Index mean over June to August (6-

8). Dots are coloured by year with the smaller blue dots representing the pre-GLORYS period 

(1950-1980) and the larger red/brown dots representing the GLORYS12V1 period, with the 

light red dots representing the pre-satellite period (1993-2006) and the maroon dots 

representing the satellite period (2010-2023). The Pearson correlation coefficients (and their p-

values) for the pre-GLORYS12V1 period (1950-1980), the GLORYS12V1 period (1993-

2023), the full timeseries (1950-2023), the pre-satellite period (1993-2006) and the satellite 

period (2010-2023) are shown in the bottom right. ............................................................... 109 



 

xviii 

 

Figure 6.4: ERA5 eastward turbulent surface stress over the Kara Sea (70-80 °N, 60-80 °E) 

mean over June to August (6-8) vs Arctic Oscillation Index mean over June to August (6-8). 

Dots are coloured by year with the smaller blue dots representing the pre-GLORYS period 

(1950-1980) and the larger red/brown dots representing the GLORYS12V1 period, with the 

light red dots representing the pre-satellite period (1993-2006) and the maroon dots 

representing the satellite period (2010-2023). The Pearson correlation coefficients (and their p-

values) for the pre-GLORYS12V1 period (1950-1980), the GLORYS12V1 period (1993-

2023), the full timeseries (1950-2023), the pre-satellite period (1993-2006) and the satellite 

period (2010-2023) are shown in the bottom right. ............................................................... 110 

Figure 6.5: ERA5 eastward turbulent surface stress over the Vilkitsky Strait (70-80 °N, 120-

160 °E) mean over June to August (6-8) vs Arctic Oscillation Index mean over June to August 

(6-8). Dots are coloured by year with the smaller blue dots representing the pre-GLORYS 

period (1950-1980) and the larger red/brown dots representing the GLORYS12V1 period, with 

the light red dots representing the pre-satellite period (1993-2006) and the maroon dots 

representing the satellite period (2010-2023). The Pearson correlation coefficients (and their p-

values) for the pre-GLORYS12V1 period (1950-1980), the GLORYS12V1 period (1993-

2023), the full timeseries (1950-2023), the pre-satellite period (1993-2006) and the satellite 

period (2010-2023) are shown in the bottom right. ............................................................... 111 

Figure 6.6: The difference between positive AOI (POS) and negative (NEG) AOI composites 

of September SSS calculated for (left to right) LOCEAN SMOS, JPL SMAP and CCI SSS 

from the identified three years of highest and lowest June-August AOI (over 2010-2023 for 

LOCEAN SMOS and CCI SSS and over 2015-2023 for JPL SMAP SSS). ......................... 114 

Figure 6.7: The difference between positive AOI (POS) and negative (NEG) AOI composites 

of September SSS calculated for (left to right) GLORYS12V1, CGLO, GLOR and ORAS from 

the identified three years of highest and lowest June-August AOI (over 2010-2023 for 

LOCEAN SMOS and CCI SSS and over 2015-2023 for JPL SMAP SSS). The difference 

between positive and negative AOI current velocity composites for June-August are overlaid 

as black arrows on the respective composite difference plots for each reanalysis. The difference 

in expected Ekman surface currents based on observed average June-August eastward and 

westward wind stress under positive / negative AOI are overlaid as grey arrows for comparison.

................................................................................................................................................ 115 

Figure 6.8: Principal components obtained from a principal component analysis (PCA) of 

GLORYS12V1 September SSS over the Eurasian Arctic (60-90 °N, 0-180 °E). The mean 

Arctic Oscillation Index (AOI) in June-August is overlaid in black for comparison. The AOI is 

weakly correlated with PC2 over the full GLORYS12V1 timeseries (over 1993-2023, r = 0.35, 

p = 0.05) and strongly correlated over the satellite period (over 2010-2023, r = 0.55, p = 0.04).

................................................................................................................................................ 116 

Figure 6.9: EOFs obtained from a principal component analysis (PCA) of GLORYS12V1 

September SSS over the Eurasian Arctic (60-90 °N, 0-180 °E) with the percentage of explained 

variance included in the respective plot title. ......................................................................... 117 

Figure 6.10: The difference between positive (POS) and negative (NEG) AOI composites 

calculated for (left to right) LOCEAN SMOS, JPL SMAP and CCI SSS for September of the 

year following the identified three years of highest and lowest June-August AOI (over 2010-

2023 for LOCEAN SMOS and CCI SSS and over 2015-2023 for JPL SMAP SSS). ........... 120 



 

xix 

 

Figure 6.11: The difference between positive (POS) and negative (NEG) AOI composites 

calculated for (left to right) GLORYS12V1, CGLO, GLOR and ORAS for September of the 

year following the identified three years of highest and lowest June-August AOI (over 2010-

2023). The difference between positive and negative AOI current velocity composites for each 

reanalysis for September-August are overlaid as black arrows on the respective composite 

difference plots....................................................................................................................... 121 

Figure 6.12: The difference between positive (POS) and negative (NEG) AOI composites 

calculated for GLORYS12V1 sea ice concentration for (left to right) September (9), October 

(10), November (11) after the identified five years of highest and lowest June-August AOI 

(over 2010-2023). .................................................................................................................. 124 

Figure 6.13: The difference between positive (POS) and negative (NEG) AOI composites 

calculated for GLORYS12V1 sea ice concentration for (left to right) May (17), June (18) and 

July (19) after the identified five years of highest and lowest June-August AOI (over 2010-

2023). ..................................................................................................................................... 126 

Figure 6.14: The difference between positive (POS) and negative (NEG) AOI composites of 

September SSS calculated for (left to right) GLORYS12V1, CGLO, GLOR and ORAS from 

the identified three years of highest and lowest June-August AOI (over the start of the 

GLORYS12V1 pre-satellite period (1993-2006)). The difference between positive and 

negative AOI current velocity composites for June-August are overlaid as black arrows on the 

respective composite difference plots for each reanalysis. The difference in expected Ekman 

surface currents based on observed average June-August eastward and westward wind stress 

under positive / negative AOI are overlaid as grey arrows for comparison. ......................... 129 

Figure 6.15: The difference between the composite difference of September SSS calculated 

over the satellite time-period (2010-2023) and that calculated over the start of the 

GLORYS12V1 time-period (1993-2006) for (left to right) GLORYS12V1, CGLO, GLOR and 

ORAS from the identified three years of highest and lowest June-August AOI (over the 

GLORYS12V1 pre-satellite period (1993-2006)). The correlation coefficients between the 

satellite time-period composite difference plots and the difference between the composite 

difference plots (shown here) are included in the title. The difference between the composite 

difference of June-August current velocities calculated over the satellite time-period (2010-

2023) and calculated over the start of the GLORYS12V1 time-period (1993-2006) are overlaid 

as black arrows on the respective composite difference plots for each reanalysis. The difference 

in expected Ekman surface currents based on the difference in observed average June-August 

eastward and westward wind stress under positive / negative AOI over the satellite time-period 

(2010-2023) and calculated over the start of the GLORYS12V1 time-period (1993-2006) are 

overlaid as grey arrows for comparison. ................................................................................ 130 

Appendix Figure A.1: In-situ data (<10 m) used for validation of satellite and reanalysis 

products, coloured by their salinity value. Data with black circles were collected over the 

SMAP period (2015-present), and those without black circles were collected over the SMOS 

period (2010-present). ............................................................................................................ 155 

Appendix Figure B.1: GLORYS12V1 SST vertical transect in 2016 (top) and 2019 (bottom) 

along red transect interpolated through in-situ data (shown in map of CCI SST in bottom left 

for each year) with in-situ data overlaid with black rings and satellite data for that transect in 

CCI SST shown as a line of points. ....................................................................................... 159 



 

xx 

 

Appendix Figure B.2: Correlation between GLORYS12V1 September SSS and mean eastward 

turbulent surface stress (METSS) over 70-80 North and 120-160 East in June (6), July (7), 

August (8) (left column) over 1993-2022. Correlation between GLORYS12V1 September SSS 

and cumulative Lena River runoff over the full year (Julian day 365), in autumn (Julian day 

250) and in spring (Julian day 150) (right column) over 1993-2022. Regions where correlations 

are statistically significant (p≤0.05) are denoted by the white contour and brighter colours.

................................................................................................................................................ 160 

Appendix Figure B.3: Correlation between GLORYS12V1 September SST and mean eastward 

turbulent surface stress (METSS) over 70-80 North and 120-160 East in June (6), July (7), 

August (8) (left column) over 1993-2022. Correlation between GLORYS12V1 September SST 

and cumulative Lena River runoff over the full year (Julian day 365), in autumn (Julian day 

250) and in spring (Julian day 150) (right column) over 1993-2022. Regions where correlations 

are statistically significant (p≤0.05) are denoted by the white contour and brighter colours.

................................................................................................................................................ 161 

Appendix Figure B.4: Years of westward wind forcing for all years used to calculate westward 

composites for (left to right) GLORYS12V1 SSS and LOCEAN SMOS (2019, 2011, 2013) 

and for JPL SMAP (2019, 2015, 2020). The GLORYS12V1 mean 30% sea ice concentration 

contour and mean GLORYS12V1 sea ice area (SIA) in the Laptev Sea (120-140, 68-85N) for 

each year shown is overlaid on that year’s plot. .................................................................... 162 

Appendix Figure B.5: Years of eastward wind forcing for all years used to calculate eastward 

composites for (left to right) GLORYS12V1 SSS and LOCEAN SMOS (2016, 2017, 2012) 

and for JPL SMAP (2016, 2017, 2021). The GLORYS12V1 mean 30% sea ice concentration 

contour and mean GLORYS12V1 sea ice area (SIA) in the Laptev Sea (120-140, 68-85N) for 

each year shown is overlaid on that year’s plot. .................................................................... 163 

Appendix Figure B.6: T-S diagrams over the Laptev Sea (65-80 °N, 120-160 °E) for September 

under eastward (2012, 2016, 2017) (left column) and westward (2011, 2014, 2015, 2019) (right 

column) wind forcing for GLORYS12V1 SST and GLORYS12V1 SSS (top), LOCEAN 

SMOS SSS (middle) and JPL SMAP SSS (bottom) colour coded by year over 2010-2020. 

Density contours are overlaid as dashed black lines. Spearman correlation coefficients between 

the SSS product and GLORYS12V1 SST across all eastward/westward years shown is 

displayed in the title of each subplot. Boxes are overlaid for 4 water masses depicting warm, 

fresh water (WF, SST>2 °C, SSS<25 pss), cold, fresh water (CF, SST<2 °C, SSS<25 pss), 

warm salty water (WS, SST>2 °C, SSS>25 pss) and cold, salty water (CS, SST<2 °C, SSS>25 

pss) ......................................................................................................................................... 164 

Appendix Figure C.1: Correlation between GLORYS12V1 September SSS and ERA5 

eastward and northward turbulent surface stress in June, July and August (6-8) over 1993-2023. 

Regions where correlations are statistically significant (p≤0.05) are denoted by the white 

contour and brighter colours. ................................................................................................. 165 

Appendix Figure C.2: Correlation between GLORYS12V1 September SST and ERA5 

eastward turbulent surface stress (METSS) over June-August (6-8) over 1993-2022. Regions 

where correlations are statistically significant (p≤0.05) are denoted by the white contour and 

brighter colours. ..................................................................................................................... 167 

Appendix Figure C.3: Correlation between GLORYS12V1 September SIC and ERA5 eastward 

turbulent surface stress (METSS) over June-August (6-8) over 1993-2022. Regions where 



 

xxi 

 

correlations are statistically significant (p≤0.05) are denoted by the white contour and brighter 

colours. ................................................................................................................................... 169 

Appendix Figure C.4: Correlation matrix between June to August ERA5 eastward (3mm_etss) 

and northward turbulent surface stress (3mm_ntss), the AOI in different months and Ob and 

Yenisei runoff and their ratio (rat_yenob_200). The p-values of correlation coefficients are 

overlaid where correlations are significant (p < 0.05). .......................................................... 171 

Appendix Figure D.1: The difference between eastward and westward September SSS 

composites calculated for GLORYS12V1 SSS, CGLO SSS, GLOR SSS, and ORAS SSS, from 

the identified three years of most eastward and westward wind forcing (over 2011-2023). 

Regions in blue represent regions with lower salinities under eastward wind forcing and regions 

in red represent lower salinities under westward wind forcing. ............................................ 172 

Appendix Figure D.2: The difference between eastward and westward September SST 

composites calculated for GLORYS12V1 SSS, CGLO SSS, GLOR SSS, and ORAS SSS, from 

the identified three years of most eastward and westward wind forcing (over 2011-2023). 

Regions in blue represent regions with cooler water under eastward wind forcing and regions 

in red represent warmer waters under westward wind forcing. The mean 30% sea ice 

concentration (SIE) is plotted under eastward (blue) and westward (red) wind forcing. ...... 173 

Appendix Figure D.3: The difference between eastward and westward March SSS composites 

calculated for GLORYS12V1 SSS, CGLO SSS, GLOR SSS, and ORAS SSS, from the year 

following the identified three years of most eastward and westward wind forcing (over 2011-

2023). Regions in blue represent regions with lower salinities under eastward wind forcing and 

regions in red represent lower salinities under westward wind forcing................................. 174 

Appendix Figure D.4: Reanalysis SSS distribution in the Vilkitsky Strait for GLORYS12V1, 

ORAS, GLOR and CGLO for years of strong (> 0.02 N m-2) eastward (red) and westward 

(blue) wind stress. The distribution is shown as the percentage of total area in each 1 pss salinity 

bin over the 22 to 33 pss range. The total area used is the common area where all satellite 

products have retrievals in all years. Darker red and blue colours indicate stronger 

eastward/westward wind stress. The mean values for all eastward (red) and westward (blue) 

years are overlaid as lines across all bins. The total percentage of cells below 28 pss and 26 pss 

in the eastward and westward means are overlaid as text. ..................................................... 175 

Appendix Figure D.5: Satellite TS plots in the Vilkitsky Strait for CCI, LOCEAN and JPL (vs 

GLORYS12V1 SST) for years of strong (> 0.02 N m-2) eastward (2016, 2017, 2021) and 

westward (2011, 2015, 2020) wind stress. The data shown is over 77-80 °N and 100-115 °E. 

The 25 and 28 pss isohalines are overlaid in blue and orange. Correlations between SSS and 

SST are included in titles. ...................................................................................................... 177 

Appendix Figure D.6: Reanalysis TS plots in the Vilkitsky Strait for GLORYS12V1, ORAS, 

GLOR and CGLO for years of strong (> 0.02 N m-2) eastward (2016, 2017, 2021) and westward 

(2011, 2015, 2020) wind stress. The data shown is over 77-80 °N and 100-115 °E. The 25 and 

28 pss isohalines are overlaid in blue and orange. Correlations between SSS and SST are 

included in titles. .................................................................................................................... 178 



xxii 

 



1 

 

 

Chapter 1 Introduction 

The Arctic Ocean is a very fresh basin, which contains only 1% of global ocean volume. This 

includes the confluence from the North Atlantic and Pacific oceans as well as the widespread 

northern hemisphere rivers, which amount to 10% of global river runoff (Aagaard and 

Carmack, 1989; McClelland et al., 2012). The ocean is topped by a seasonally varying sea ice 

layer, which acts as a strong control on circulation dynamics and distinguishes the Arctic from 

other regions. The sea ice cover is also a dominant control on nutrient cycling and primary 

productivity, which in turn supports the fisheries and ecosystems that are vital to local 

communities. However, this sea ice cover also restricts maritime accessibility. As more 

summer sea ice melts due to climate change, this remote and seasonally-isolated region may 

soon experience drastic change, impacting local ecosystems and downstream freshwater 

transport but also presenting new viable shipping routes. Such impacts place increased interest 

in how the Arctic Ocean is changing.  

 

1.1 Overview of current Arctic Ocean circulation and freshwater transport  

Ocean circulation in the Arctic (Figure 1.1) is dominated by relatively warm and salty Atlantic 

Water (AW) that enters the Arctic basin via the Barents Sea and Fram Strait and the warm and 

relatively fresh Pacific waters (PW) that enter the Arctic through the Bering Strait (Rudels et 

al., 2013; Timmermans and Marshall, 2020). These waters are cooled and freshened as they 

are circled around the Arctic Ocean, typically clockwise in the Beaufort Gyre in the Canadian 

Arctic and anticlockwise in the Eurasian Arctic (Armitage et al., 2018). They are eventually 

then exported across the Central Arctic to the Nares and Fram straits, and eventually to the 

deep North Atlantic, via the Transpolar Drift (LeBlond, 1980; Münchow et al., 2006; Woodgate 

et al., 1999). The transformation and cooling of this Atlantic Water drives densification and 

sinking, which drives the Atlantic Meridional Overturning Circulation and helps regulate 

global climate.  
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Figure 1.1: Overview diagram of Arctic Ocean circulation modified from (Gonçalves-Araujo, 2016). Inflowing relative 

warms surface currents are shown in red with colder surface currents in blue and with intermediate and rivers and 

riverine input in green. Key features of the Arctic Ocean include: Beaufort Gyre, Transpolar Drift, Vilkitsky Strait 

(VS). The main study regions of this thesis are the Kara, Laptev and East Siberian Sea and the Vilkitsky Strait.   

The extensive shallow shelves of the Arctic Ocean, and its many freshwater sources, means it 

is strongly influenced by surface freshwater processes which makes it a region with dramatic 

salinity variability (Tarasenko et al., 2021). Freshwater from precipitation, river runoff and 

land and sea ice melt together generate a cold, fresh, buoyant surface layer, which sits above 

the inflowing Atlantic / Pacific Water, creating the halocline that governs Arctic Ocean 

stratification (Timmermans and Marshall, 2020). This fresh surface layer minimizes heat 

exchange between Atlantic / Pacific Water and the overlying sea ice, in turn maintaining the 

sea ice barrier that partially covers the Arctic Ocean year-round, and regulating the seasonal 

cycle of stratification and sea ice (Polyakov et al., 2017a). The presence of both sea ice and 

this fresh surface layer limit the exchange of heat, freshwater and momentum between the 

atmosphere and deeper ocean, and are a key control on Arctic Ocean circulation (Ricker et al., 

2017). However, untangling the respective role of each of the above freshwater processes in 

controlling this state and how they interact proves complicated due to their intensely coupled 

nature and their strong inter-annual, seasonal and regional variations (Brown et al., 2020).  
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1.2 Individual observations and predictions of Arctic system change in the 

context of our changing climate 

Understanding Arctic Ocean freshwater processes is becoming increasingly important to 

predict how climate change will impact the Arctic system. The Arctic atmosphere has been 

warming at two to four times the global average rate over the last half century (Rantanen et al., 

2022; Walsh, 2014). Dramatically warming Arctic surface air temperatures have altered Arctic 

atmospheric circulation and caused ocean warming, an intensification of the hydrological 

cycle, snow and ice melt, and increases in river runoff (Overland and Wang, 2010; Prowse et 

al., 2015).  Arctic surface air temperatures are projected to warm at least a further 4 °C 

regardless of emissions scenario but up to 10 °C by 2100, which will only accelerate these 

changes (Masson-Delmotte et al., 2021; Ono et al., 2022). 

Arctic atmospheric warming has caused increases in the temperature and ocean heat transport 

of waters entering the Arctic from the Atlantic and Pacific, which are contributing to the 

warming Arctic ocean (Masson-Delmotte et al., 2021; Woodgate et al., 2012). This warming 

has caused a thinning and decrease in sea ice extent and led to a more mobile sea ice cover 

(Stroeve and Notz, 2018a). This will likely result in at least one sea ice free summer before 

2050 and may occur as early as 2030 (Heuzé and Jahn, 2024; Masson-Delmotte et al., 2021). 

The diminishing seasonal sea ice cover and rapid warming is driving Atlantic Water to higher 

latitudes (Arctic Borealisation) (Polyakov et al., 2020a). The loss of sea ice cover also exposes 

the Arctic Ocean, decreasing the albedo, or reflectivity, over the Arctic, and enhancing 

atmosphere/ocean heat and momentum exchange. This decrease in albedo causes the ocean to 

absorb more heat, increasing sea surface temperatures, limiting further sea ice growth and 

further amplifying Arctic atmospheric warming (Praetorius et al., 2018). The thinner and more 

mobile sea ice cover also has the potential to increase momentum transfer to the ocean, in turn 

accelerating Arctic surface currents, but the manifestation of this change is currently poorly 

understood (Giles et al., 2012; Nummelin et al., 2015). Both Arctic Borealisation and the loss 

of sea ice, and resulting increasing atmosphere-ocean heat and momentum transfer, have the 

potential to drive a very different, increasingly well-mixed Arctic Ocean state 

(Intergovernmental Panel on Climate Change (IPCC), 2019). This increasingly well-mixed 

state could further accelerate additional sea-ice loss by allowing more heat to reach the surface. 

This potential future would represent a complete change to current Arctic circulation, which 

has not been seen since the Last Interglacial Period (Sime et al., 2022, 2023). However, the 

warming Arctic and loss of sea ice have already been linked to changes in atmospheric 

circulation, and in turn to increased extreme weather over the mid-latitudes (Cohen et al., 2014; 

Screen, 2017; Ye et al., 2024).  

The rapid rate of atmospheric warming over the Arctic, compared to that at lower latitudes, has 

also decreased the temperature gradient between low and high latitudes and caused increased 

moisture and heat transport to high latitudes (Zhang, 2008). In turn, this has also led to a general 

increase in precipitation over the Arctic and has altered the mean state of Arctic atmospheric 

circulation (Vihma et al., 2016; Cohen et al., 2013). In addition, atmospheric and oceanic 

warming has led to a general freshening of the surface Arctic Ocean (Carmack et al., 2016), 

with increasing contribution from sea and land ice melt and river runoff (Alkire et al., 2017; 

Haine et al., 2015). The freshwater contribution from net P-E (precipitation minus evaporation) 

is predicted to increase 30% by 2100, and runoff is predicted to increase by 14% (Haine et al., 

2015). This excess freshwater has the potential to further freshen the surface Arctic Ocean, and 
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in turn drive a strengthening of the Arctic Ocean surface halocline. However, the impacts of 

this freshening appear to have been compensated so far by a strengthening of surface 

geostrophic currents, with sea ice loss and the resulting increase in atmosphere-ocean 

momentum transfer (Armitage et al., 2018). Understanding the interplay between these 

changes, particularly the potential for increased stratification or mixing, is crucial for predicting 

the future state of the Arctic system. In turn, this will impact the storage / export of water from 

the Arctic, which will likely have implications on the Atlantic Meridional Overturning 

Circulation (AMOC) and on mid-latitude weather (Haine et al., 2023; Oltmanns et al., 2024). 

Untangling the causes and impacts of these various changes requires an integrated 

understanding of Arctic dynamics and how components of the Arctic system interact.  

 

1.3 Eurasian Arctic – key role and place in wider context 

The Arctic is separated in two sections by the ~1500m deep Lomonosov Ridge, the Eurasian 

and Amerasian/Canadian basins (Figure 1.1). These two basins have multiple distinct 

differences, particularly in their circulation regimes. The Amerasian Arctic has persistent 

anticyclonic (clockwise) circulation, more commonly known as the Beaufort Gyre, whereas 

the Eurasian Arctic has cyclonic (anticlockwise) circulation which connects the Russian shelf 

seas to the central Arctic. The Eurasian Arctic receives a larger volume of riverine freshwater 

input, due to the many rivers in the Russian Arctic, most notably from the Ob, Yenisei and 

Lena. Conversely, the Amerasian Basin has much higher freshwater storage (accumulated 

freshwater anomaly of ~20 m thickness in Amerasian compared to 5-10 m thick in Eurasian) 

and stronger stratification. This increased stratification is primarily due to the larger volume of 

fresh Pacific Water which enters the Amerasian and forms a subsurface warm, fresh layer, and 

due to the flow convergence present in the anticyclonic Beaufort Gyre (Aagaard et al., 2006; 

Bluhm et al., 2015; Haine et al., 2015). There are also notable differences in sea ice dynamics 

between the two regions. The Eurasian has a strong seasonal ice cover and is a key region of 

sea ice formation so primarily exports young, thin ice to the Amerasian and Transpolar Drift. 

The Amerasian basin contains and stores older multi-year ice as the thicker halocline isolates 

sea ice from upward heat transfer.   

The anticyclonic circulation in the Eurasian Arctic consists of Atlantic Water inflowing 

through the Barents Sea and Fram Strait before encountering Arctic surface waters and 

subducting (Timmermans and Marshall, 2020). These surface waters then travel through the 

Kara Sea, where they are freshened by the Ob and Yenisei rivers and then transported via the 

Vilkitsky Strait to the Laptev Sea, where they are further freshened by the Lena River, evolving 

into low salinity shelf waters (Rudels et al., 2004). This low salinity shelf waters can then be 

transported eastward to East Siberian Sea or northward to central Arctic. Over winter, this 

mixes with deeper AW forming halocline waters. It then gets transported to the Amerasian 

Arctic and incorporated into the Beaufort Gyre, or incorporated into Transpolar Drift and 

transported to the Fram Strait and out of Arctic. In turn, the freshwater content of the Amerasian 

Basin is anticorrelated with freshwater content of the Eurasian Basin (McPhee et al., 2009; 

Proshutinsky et al., 2009). Hence, processes controlling freshwater transport around the 

Eurasian Arctic are a key influence on whether freshwater is stored in or exported from the 

Arctic.   
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Neglecting the Russian Shelf results in a 25% error in assessing Arctic Ocean freshwater 

circulation (Hall et al., 2023). Hence, the Eurasian Arctic seas are key to understanding the 

future Arctic system as they receive over half of the total Arctic riverine discharge, or a quarter 

of the total surface freshwater flux to the Arctic (Janout et al., 2015; Osadchiev et al., 2020). 

This river runoff is mostly from the Ob (407 km3/yr), Yenisei (591 km3/yr) and Lena (543 

km3/yr) rivers (Osadchiev et al., 2020; Wang et al., 2021). Due to the Arctic’s remote and 

challenging nature and the associated lack of data coverage, the processes that govern riverine 

freshwater exchange, and their interactions with sea ice and precipitation, are relatively poorly 

understood. Over the shallow Russian shelf seas, river runoff contributes around half of the 

total freshwater, precipitation around a fifth and sea ice around a third. However, this 

contribution has been decreasing significantly in recent decades (this is further discussed in 

section 6.2 (p104)). In addition, the strong seasonal cycles of both Arctic river runoff and sea 

ice make differentiating their influence particularly difficult in coastal regions. Freshwater 

from the Russian Arctic is a key contribution to the Arctic halocline, the fresh layer that sits 

above inflowing warm AW and PW and protects the surface sea ice (Rudels et al., 2004, 1996). 

As sea ice cover contracts and river runoff increases with climate change, understanding their 

present contributions and interactions in coastal regions will become increasingly important to 

predict and prepare for the impact these changes will have.  

 

1.4 Motivation: Gaps in current Eurasian Arctic system understanding 

The weaker stratification, larger seasonal sea ice cycle and observed Atlantification in the 

Eurasian Arctic mean it is a less stable system, at risk of more rapid influences of climate 

change. Therefore, understanding it is more urgent given its higher potential for rapid change 

and as it may be a case study of future changes in the Amerasian. To understand large-scale, 

long-term controls on freshwater transport, this thesis aims to improve our understanding of 

drivers of interannual variability, focusing on the common and isolated drivers of salinity, 

temperature and sea ice variability and the interactions between them. The Russian shelf seas 

have previously been suggested to behave independently and considerably differently from one 

another (Osadchiev et al., 2024), primarily due to differing bathymetry, freshwater sources, sea 

ice seasonal cycles and dominant atmospheric circulation. Therefore, the interannual variability 

of freshwater transport, and the processes controlling it, are suggested to be considerably 

different in the Laptev and Kara Sea and need to be studied independently. This thesis seeks to 

understand the differences in dynamics of these regions and their causes, and explore how these 

findings suggest climate change will impact the Eurasian Arctic.  

 

1.5 Satellite sea surface salinity (SSS) as a tool to address these barriers 

Understanding Eurasian Arctic processes is all the more challenging due to the sparsity of 

open-access in-situ measurements over this region, particularly over the shallow shelf seas. 

Whilst in situ measurements of salinity have long been sparse and infrequent throughout the 

Arctic, due to the persistent sea ice cover that restricts access throughout most of the year, these 

issues are only exaggerated in the Eurasian Arctic, where geopolitical conflicts have also 

restricted data transparency.  
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Therefore, satellite SSS has the potential to be an invaluable tool as salinity is the dominant 

driver of density at high latitudes and plays a key role in controlling transport around the Arctic. 

Satellite acquisitions of SSS, such as from the Aquarius (2011–2015, (Lagerloef et al., 2008)), 

SMOS (Soil Moisture and Ocean Salinity) ((2010- present), (Font et al., 2010; Kerr et al., 

2010)) and SMAP (Soil Moisture Active Passive) (2015-present, (Piepmeier et al., 2017)) 

missions, have helped lessen this issue by providing high spatial and temporal resolution data 

over most of the globe. Whilst satellites have allowed observations of open water regions 

within the Arctic, they remain unable to observe the ocean through sea ice and even the 

presence of partial sea ice cover increases the number of contaminated retrievals. In addition, 

the L-band signal used to measure SSS in regions of open water is less sensitive in colder 

waters, making retrievals at high latitudes more challenging and less accurate (Meissner et al., 

2016). Until now, these inaccuracies have presented a barrier to understanding Arctic Ocean 

dynamics.  

However, recent advances to SMOS and SMAP SSS data processing, using prior information 

from sea ice concentration (SIC) and sea surface temperature (SST) data, have enabled greater 

confidence in acquisitions. These developments have considerably increased the number of 

viable observations and lowered bias compared to in-situ data in the Arctic, making satellite 

SSS data a valuable resource for Arctic studies (Fournier et al., 2019; Supply et al., 2020a). 

Even just over the timeline of this thesis, one SSS product (ESA CCI SSS) has gone from 

having almost no viable observations in the Eurasian Arctic to a useful product capable of 

capturing observed variability. In addition, retreating Arctic sea ice cover and rapid 

atmospheric warming is increasing the spatial cover of satellite based SSS measurements. 

Whilst SSS retrievals at high latitudes still have larger uncertainties relative to the rest of the 

globe, previous studies have shown that accuracy is sufficient to capture regions with large and 

sharp SSS gradients such as Eurasian river plumes (Kubryakov et al., 2016; Olmedo et al., 

2018; Supply et al., 2020a; Tang et al., 2018; Zhuk and Kubryakov, 2021). The novelty of these 

advances means there is a relatively long time-series of reprocessed data that has been validated 

in this region but that few studies have made full use of yet (Tarasenko et al., 2021). 

 

1.6 Research aim and research questions 

This thesis aims to improve our understanding of the common and isolated drivers of 

interannual variability in sea surface salinity, temperature and sea ice in the Laptev and Kara 

seas and through the Vilkitsky Strait. The differences in dynamics between these regions will 

be explored as well as what they imply for how climate change will impact the Eurasian Arctic. 

To address this aim, I will integrate satellite SSS data with in-situ and reanalysis SSS and 

measurements of other freshwater processes (precipitation, sea ice freshwater flux and river 

run-off) to answer the following research questions: 

1. How does satellite SSS data add value to Arctic based process studies when used in 

combination with in-situ and reanalysis data? 

2. What are the processes that control the interannual variability of summer salinity, 

temperature and sea ice variability and how do they interact in the Laptev and Kara Sea 

and through the Vilkitsky Strait? 
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3. What are the dominant controls on Eurasian-wide interannual variability and what 

implications do these have on sea ice persistence and Arctic-wide freshwater storage?  

4. What implications do these findings have for freshwater transport in the context of 

climate change? 

 

1.7 Thesis structure 

Following this introduction, Chapter 2 (p9) reviews the overall data and general methodology 

used in this thesis, including validation of the satellite and reanalysis products used against in-

situ data.  

Chapter 3 (p23) focuses on the Laptev Sea and has already been published in the journal Ocean 

Science (Hudson et al., 2024). The Laptev Sea receives inflow from the Lena River as a 

relatively wide, shallow plume, which is one of the most pronounced SSS signals in the Arctic, 

providing a particularly strong signal clearly identifiable from satellite SSS data. The drivers 

of interannual variability in summer SSS, SST and SIC, including roles of wind stress and Lena 

runoff, are assessed using a combination of reanalyses, satellite and in-situ data.  The chapter 

demonstrates that satellite SSS is definitely a useful tool to study Arctic processes and confirms 

that the zonal wind is the dominant driver of interannual variability in SSS and SST and drives 

spatial differences in SIC. 

A similar analysis is then conducted in the Kara Sea, considering the roles of wind stress and 

Ob and Yenisei runoff, in Chapter 4 (p47). This chapter shows that, as was true in the Laptev 

Sea, the zonal wind appears to be the main driver of interannual variability in SSS but that 

unlike in the Laptev, variability in (Ob and Yenisei) river runoff also plays a role. Whilst zonal 

wind also plays a role in controlling SST, these changes are less related to differences in plume 

transport, and less coupled to changes in SSS. In addition, unlike in the Laptev Sea, differences 

in SST do not drive differences in early autumn SIC.   

The controls of freshwater transport through the Vilkitsky Strait, the main pathway between 

the Kara and Laptev Sea, are then considered in Chapter 5 (p79). The analysis in this chapter 

shows that zonal wind plays a dominant role in controlling transport through the Vilkitsky 

Strait, and drives consistent differences in SSS and SST. However, as in the Kara Sea, these 

differences do not appear to have a notable impact on September SIC.   

The combined implications of this interannual variability in freshwater transport on sea ice 

persistence and longer-term freshwater storage/transport are then assessed in Chapter 6 (p103), 

as well as the implications of these findings in the broader context of climate change.  

Chapter 7 presents the key findings related to each of the thesis objectives, their implications 

and suggested future work related to these findings.  
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Chapter 2 Data and Methods Overview 

This chapter describes the data used throughout the rest of this thesis and then validates 

satellite and reanalysis products against available in-situ data. First, the in-situ data used for 

validation is described in section 2.1. The reanalysis and satellite products used throughout 

this thesis are then described in section 2.2 and 2.3. The results from validation against in-situ 

data are then described in section 2.4. 

 

2.1 In-situ data description 

Table 2.1: Cruises, vessels and time-periods of salinity and temperature in-situ data used for analysis of vertical profiles 

and comparison with satellite data 

Cruise Name / Vessel Time Period Reference 

UDASH dataset (incl NABOS 

cruises 2013, 2015) – numerous 

data sources 

2010-2015 (Behrendt et al., 2017) 

NABOS cruise 2018 UCTD 

(Akademik Tryoshnikov) 

3rd -17th October 2018  (Janout et al., 2019) 

Akademik Mstislav Keldysh 

Professor Shtokman 

Akademik Mstislav Keldysh 

Sept 2011 

Aug 2014 

July 2016 

Supplementary materials 

(Osadchiev et al., 2021) 

Akademik Mstislav Keldysh 24 - 26th July 2016 

17 - 18th Sept 2017 

Supplementary materials 

(Osadchiev et al., 2020) 

Akademik Lavrentyev 

 

Victor Buynitskiy 

 

Akademik Mstislav Keldysh 

Akademik Lavrentyev 

Akademik Mstislav Keldysh 

18 – 30th Sept 2011 

8 – 25th Sept 2012 

5th Sept 2015 

8th Oct 2016 

4 – 21st Sept 2017 

23rd Aug – 19th Oct 2018 

24th Sept – 14th Oct 2019 

Supplementary materials 

(Osadchiev et al., 2020) 

Akademik Lavrentyev 

Akademik Mstislav Keldysh 

20th Sept– 20th Oct 2016 

23rd Sept – 13th Oct 2019 

Supplementary materials 

(Osadchiev et al., 2021) 

Akademik Mstislav Keldysh  

Professor Logachev 

Aleksey Maryshev 

25 - 26th Oct 2020  

13 - 28th Oct 2021 

19 - 20th Oct 2022 

Supplementary materials 

(Osadchiev et al., 2023b) 
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In-situ data from conductivity temperature depth (CTD) probes, floats, ice-tethered profilers, 

oceanographic cruises and other platforms in the Eurasian shelf seas are used for validation of 

satellite and reanalysis products from a number of sources (UDASH (Unified Database for 

Arctic and Subarctic Hydrography) dataset, NABOS (Nansen and Amundsen Basins 

Observational System) and other cruises). All the cruises, vessels, time periods and sources of 

in-situ data used are detailed in Table 2.1 and their spatial cover over the SMOS and SMAP 

time periods is visible in Figure 2.1 and Figure 2.2.  

 

Figure 2.1: In-situ data (shallower than10 m) used for validation of satellite and reanalysis products, coloured by the 

cruise/dataset they were collected from including UDASH (Unified Database for Arctic and Subarctic Hydrography), 

AMK (Akademik Mstislav Keldysh), AL (Akademik Lavrentyev), PS (Professor Shtokman), VB (Victor Buynitskiy). 

AT (Akademik Tryoshnikov) and PL (Professor Logachev).  
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Figure 2.2: In-situ data (shallower than10 m) used for validation of satellite and reanalysis products, coloured by their 

salinity value, collected over the SMOS period (2010-2023) (left) and the SMAP period (2015-2023) (right). 

River runoff data from the Arctic Great Rivers Observatory (GRO) dataset is used to identify 

the main drivers of interannual variability in the Kara and Laptev Sea (Shiklomanov et al., 

2021).  
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2.2 Reanalysis description 

The 1/12 degree CMEMS (Copernicus Marine Environment Monitoring Service) 

GLORYS12V1 reanalysis (hereafter referred to as GLORYS12V1) (Lellouche et al., 2021) is 

used as a comparison dataset alongside the satellite products over the common observational 

periods (since 2011/2015) in the Eurasian shelf seas (Table 2.2). This reanalysis is chosen for 

its high spatial resolution, its good representation of Arctic SIC and its previous application to 

salinity variability in the Subpolar North Atlantic and Arctic (Biló et al., 2022; Hall et al., 2021; 

Lellouche et al., 2021; Liu et al., 2022). For consistency with the satellite SSS products, the 

GLORYS12V1 reanalysis is re-gridded (coarsened and interpolated by nearest-neighbour 

interpolation) onto a 0.25° grid for comparison with in-situ data.   

Three 1/4 degree reanalysis products (Table 2.2) are also validated against in-situ data (Table 

2.4, Table 2.5) and used throughout the thesis for comparison with GLORYS12V1. These 

include: GLORYS2V4 from Mercator Ocean (GLOR), ORAS5 from ECMWF (ORAS), and 

C-GLORS05 from CMCC (CGLO) (Masina et al., 2017). Whilst the results/figures from these 

reanalyses are not included in text in all chapters, they typically support the findings observed 

in GLORYS12V1.  

All four of these reanalyses are built to be as close to observations as possible but with model 

physics. They all use the NEMO ocean model and LIM2 sea ice model and are forced with 

ECMWF ERA-Interim (and ERA5 from 2019 to present for GLORYS12V1). All reanalyses 

are forced with climatological river runoff (Dai et al., 2009; Dai and Trenberth, 2002; 

Winkelbauer et al., 2022). All four reanalyses assimilate both in-situ and satellite observations 

including along track altimeter data (sea level anomaly), satellite SST and SIC data and in-situ 

salinity and temperature profiles. However, the exact observations assimilated differ by product 

(see Table 2.2). Regardless, all of these products assimilate some data in the Arctic, including 

the NABOS cruise data, but not the shallow shelf data obtained in supplementary materials.  
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Table 2.2: Reanalysis products used in this study and their start and end dates, their native and used temporal and 

spatial grid resolutions, the number of vertical levels they have in total and in the top 10m, their ocean models and the 

observations they assimilate 

Reanalyses GLORYS12V1 GLORYS2V4 ORAS5 C-GLORS05  

Start date used 1993-01 1993-01 1993-01 1993-01 

End date used 2024-01 2022-12 2022-12 2022-12 

Native / used 

temporal 

resolution 

Monthly  Monthly Monthly Monthly 

Vertical levels 50 75 75 75 

Vertical levels 

less than 10m 
8 8 8 8 

Native / used 

grid spatial 

resolution  

0.083° 

0.25° used only 

for validation 

0.25° 0.25° 0.25° 

Ocean Model NEMO 3.1 NEMO 3.1 NEMO 3.4 NEMO 3.4 

Tidal mixing 

Parameterized 

according to 

(Koch-Larrouy et 

al., 2008) 

Parameterized 

according to 

(Koch-Larrouy 

et al., 2008) 

Parameterized 

according to 

(Koch-

Larrouy et al., 

2008) 

Parameterized 

according to 

(Koch-

Larrouy et al., 

2008) 

Runoff 

implementation 

Climatological 

Runoff (Dai et al., 

2009) into surface 

layer 

Climatological 

runoff (Dai et 

al., 2009) into 

surface layer 

Climatological 

runoff BT06 

(Bourdalle-

Badie and 

Treguier, 

2006) 

Climatological 

runoff BT06 

(Bourdalle-

Badie and 

Treguier, 

2006) 

Assimilated 

Observations 

Reynolds 0.25° 

AVHRR-only SST, 

Delayed Time SLA 

from all altimetric 

satellites, in situ 

T/S profiles from 

Copernicus Marine 

CORAv4.1 

database, CERSAT 

SIC 

SAM2 (SEEK) 

Large scale bias 

correction 

7-day assimilation 

window 

Merge MDT 

(obsv+model) 

Reynolds SST, 

CORA 

OceanVar 

(3Dvar) 

Large scale bias 

correction 

7-day 

assimilation 

window 

Model MDT 

Reynolds SST, 

EN4 

NEMOVAR 

(3Dvar) 

5-day 

assimilation 

window 

HadlSSTv2 

SST, EN4 

ECMWF’s (European Centre for Medium-Range Weather Forecasts) 5th generation reanalysis 

of global weather and climate (ERA5) monthly eastward and northward turbulent surface stress 

is used in assessing the main drivers of interannual variability over the Eurasian shelf seas 

(Hersbach et al., 2020). The monthly mean NCEI (National Centers for Environmental 

Information) Climate Prediction Center (CPC) Arctic Oscillation Index (AOI) (NOAA 

National Centers for Environmental Information, 2024) is also used to relate local wind stress 

patterns to larger scale atmospheric circulation.  
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2.3 Satellite data description 

To validate and identify strengths and weaknesses of satellite-based SSS measurements over 

the Eurasian Arctic, this study uses various level-3 SMOS, level-3 SMAP and level-4 merged 

monthly products which are described below (Table 2.4). These have a spatial resolution of 

around 25km over the Arctic and a bi-weekly revisit time. Monthly data is chosen due to the 

interannual nature of the analysis performed. Higher temporal resolution satellite products were 

considered for analysis but comparison with in-situ data in the Laptev Sea (Chapter 3) 

suggested they do not notably improve correlations with in-situ data. Therefore, these results 

do not justify their use over monthly products.  

The two SMAP products are global products and are not specific for the Arctic: JPL (Jet 

Propulsion Laboratory) v5 and RSS v4 (Remote Sensing Systems). Given the SMAP satellite’s 

later launch, the SMAP products are compared over 2015-04 to 2024-01. The SMAP JPL 

product provides a large coverage including close to the sea ice edge, so was chosen for use 

throughout this thesis. To investigate the impact of this more extensive data coverage on 

similarity with in situ data, JPL data are masked to only include SSS where the SSS uncertainty 

provided in the product is lower than 1 pss. No masking is used for the SMOS products.  

The SMOS products are Arctic Ocean focused products: the L3 BEC (Barcelona Expert Centre) 

Arctic+ v3.1 and L3 LOCEAN (Laboratory of Ocean and Climatology) Arctic v1.1 and v2 

products (Martínez et al., 2022; Supply et al., 2020a). Monthly means are calculated from the 

3-day BEC product to enable comparison with the other monthly satellite products. The SMOS 

products are regridded onto a regular 0.25° grid (consistent with the SMAP grid) for easier 

comparison with reanalysis and in-situ data.  

A number of products were only released after completion of the Laptev Sea (Chapter 3), 

including the LOCEAN Arctic v2 product (L3 LOCEAN SMOS Artic v2). Hence, the 

LOCEAN v2 product is validated here and used throughout the rest of the thesis. Conversely, 

the shorter LOCEAN v1.1 product (2011-01 to 2019-12) is only used and validated in the 

Laptev Sea (Chapter 3) and not more extensively throughout the thesis. Similarly, the BEC 

product only has a short timeseries (2011-01 to 2019-12) so is used solely in the Laptev Sea 

(Chapter 3) and not used more extensively throughout the thesis. As BEC and LOCEAN v1.1 

have very short timeseries, and are validated in the Laptev Sea chapter, they are not included 

in the Eurasian-wide validation here.  

A level-4 SMOS/SMAP combined product, L4 CCI V4.4, is also used. This product was only 

released after completion of the Laptev Sea (Chapter 3), so is validated here and used 

throughout the rest of this thesis.  

Whilst the level-3 JPL SMAP v5 product is used throughout this thesis, the masked product is 

only used in the Laptev Sea chapter (Chapter 3) to be consistent with the published paper 

(Hudson et al., 2024) and the unmasked product is used throughout the rest of this thesis for 

maximum data availability.  
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Table 2.3: Satellite sea surface salinity products used in this study and their start and end dates, and native and used 

temporal and grid resolutions 

SSS 

Products 

Start 

date 

used 

End 

date 

used 

Native 

temporal 

resolution 

Temporal 

resolution 

used 

Native 

grid 

resolution  

Grid 

resolution 

used 

Chapters 

Used In 

L3 

LOCEAN 

SMOS 

Artic v1.1 

2010-

06 

2019-

12 

Monthly  Monthly  25km 

EASE 

0.25° Laptev 

(Chapter 

3) 

L3 

LOCEAN 

SMOS 

Arctic V2 

2010-

06 

2023-

08 

Monthly Monthly 25km 

EASE 

0.25° All except 

Laptev 

(Chapters 

4-6) 

L3 BEC 

SMOS 

ARCTIC+ 

v3.1 

2011-

01 

2019-

12 

3day Monthly 25km 

EASE 

0.25° Laptev 

(Chapter 

3) 

L3 JPL 

SMAP 

v5* 

2015-

04 

2022-

01 

Monthly Monthly 0.25° 0.25° All 

(Chapter 

3-6) 

(masked 

product 

used for 

Chapter 3, 

unmasked 

used 

elsewhere) 

L3 RSS 

SMAP v4 

2015-

04 

2022-

01 

Monthly  Monthly 0.25° 0.25° Laptev 

(Chapter 

3) 

L4 CCI 

V4.4 

2010-

06 

2022-

10 

Monthly  Monthly 0.25° 0.25° All except 

Laptev 

(Chapter 

4-6) 

* JPL SMAP v5 has no data for September 2022 so this year was excluded from analysis in 

relevant chapters. However, this year was never identified to be one of the most extreme years 

in the timeseries considered for the composite analysis conducted in this thesis so excluding 

this year did not impact results.  

SST measurements are taken from the gap-filled L4 CCI (Climate Change Initiative) SST CDR 

(Climate Data Record) v2.1 (Merchant et al., 2019). A monthly product of this data regridded 

at 0.1 ° resolution is used over the SSS satellite period. This product only extends until the end 

of 2021.  
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2.4 SSS product validation (vs in-situ data) over the Eurasian shelf seas 

Only in-situ observations in the upper 10 m are used for comparison with satellite data (Figure 

2.2). Most of these observations are also within the top 5 m but the exact depth is not known 

of all observations. The same analysis was conducted using only data in the upper 5 m with no 

significant improvement in correlation coefficients or RMSD values. The analysis shown here 

is for the upper 10 m to retain as much data as possible. 

All satellite and reanalysis products described above (other than those used exclusively in the 

Laptev Sea (Chapter 3)) are compared with in-situ data over 2015-2023. The regridded 

LOCEAN SMOS v2 data and GLORYS12V1 reanalysis (on a 0.25 ° grid) are used for 

comparison with in-situ data. Both Pearson correlation coefficients and root-mean square 

difference (RMSD) values are calculated for each individual product at all collocations (across 

the entire area and time period) between in-situ data and that product (all observations < 10 m). 

Correlation coefficients and RMSD values are also calculated only where all satellite and 

reanalysis products have a common collocation with in-situ data (common observations < 10 

m. In both cases, collocations are identified by nearest neighbour interpolation. However, over 

2015-2023, few in-situ observations are collected sufficiently near the surface (< 10 m) over 

regions where all satellite products obtain an SSS measurement (only 268 collocations). 

Therefore, RMSDs and correlation coefficients are also calculated for SMOS products and 

reanalyses over the longer SMOS time period (2011-2023) to obtain more collocations (532).  
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Table 2.4: Correlation coefficients from in-situ SSS data < 10 m over 2015-2023 (left) and 2010-2023 (right) with 

GLORYS12V1, LOCEAN SMOS products regridded at a 0.25 degree spatial resolution, JPL SMAP in regions where 

the provided SSS uncertainty is less than 1, RSS SMAP and the three CMEMS global ensemble reanalysis products: 

GLORYS2V4, ORAS5, and C-GLORS05. Correlation coefficients are calculated both at all points where an individual 

product is collocated with in-situ data (All obsv <10 m) and for only where all products had a collocation point near in-

situ data (Common obsv <10 m). There are 268 collocations between all products over 2015-2023 and 532 collocations 

over 2010-2023. The p values associated with correlation coefficients are not included but are all << 0.01.  

 
2015-2023 2010-2023  

All 

observations  

< 10 m 

Common 

observations  

< 10 m 

All 

observations  

< 10 m 

Common 

observations  

< 10 m  
Num 

obsv 

Corr 

coeff 

Num 

obsv 

Corr 

coeff 

Num 

obsv  

Corr 

coeff 

Num 

obsv  

Corr 

coeff 

JPL SMAP 504 0.86 

268 

0.86  

    

JPL SMAP 

(where 

uncertainty < 

1) 

441 0.86 
    

RSS SMAP 516 0.78 0.88 
    

LOCEAN 

SMOS 

regridded onto 

0.25° grid 

378 0.83 0.75 658 0.79 

532 

0.81 

CCI 445 0.88 0.88 853 0.82 0.88 

CCI (all 

flagged data 

removed) 

357 0.89 583 0.88 

CCI (all land 

flags 

removed) 

382 0.90 656 0.88 

GLORYS12V

1 regridded 

onto 0.25° grid 

693 0.76 0.68 2177 0.74 0.76 

C-GLORS05 695 0.80 0.46 2459 0.80 0.67 

GLORYS2V4 695 0.68 0.60 2459 0.72 0.69 

ORAS5 695 0.85 0.57 2459 0.87 0.73 
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Table 2.5: Root mean square differences (RMSD) from in-situ SSS data < 10 m over 2015-2023 (left) and 2010-2023 

(right) with GLORYS12V1 and LOCEAN SMOS products regridded at a 0.25 degree spatial resolution, JPL SMAP 

in regions where the provided SSS uncertainty is less than 1, RSS SMAP and the three CMEMS global ensemble 

reanalysis products: GLORYS2V4, ORAS5, and C-GLORS05. RMSDs are calculated both at all points where an 

individual product is collocated with in-situ data (All obsv <10 m) and for only where all products had a collocation 

point near in-situ data (Common obsv <10 m). There are 268 collocations between all products over 2015-2023 and 532 

collocations over 2010-2023.  

 
2015-2023 2010-2023  

All 

observations < 

10 m 

Common 

observations  

< 10 m 

All 

observations  

< 10 m 

Common 

observations  

< 10 m  
Num 

obsv 

RMSD Num 

obsv 

RMSD Num 

obsv  

RMSD Num 

obsv  

RMSD 

JPL SMAP 504 3.40 

268 

2.71 
    

JPL SMAP 

(where 

uncertainty < 

1) 

441 3.37 
    

RSS SMAP 516 4.37 2.25 
    

LOCEAN 

SMOS 

regridded onto 

0.25° grid 

378 3.10 3.11 658 3.56 

532 

3.19 

CCI 445 3.28 3.29 853 3.52 2.93 

CCI (all 

flagged data 

removed) 

357 3.10 583 2.92 

CCI (all land 

flags removed) 

382 3.12 656 2.96 

GLORYS12V

1 regridded 

onto 0.25° grid 

693 6.22 4.65 2177 4.99 4.25 

C-GLORS05 695 4.97 4.59 2459 4.11 4.29 

GLORYS2V4 695 6.64 4.49 2459 5.03 4.14 

ORAS5 695 4.45 4.37 2459 3.56 4.17 

 

Over the full time period (2010-2023), satellite products agree well with in-situ data (r > 0.79 

and RMSD < 3.56 for all individual products and r > 0.81 and RMSD < 3.19 with all common 

observations) (Table 2.4 and Table 2.5). The CCI product with land flagged data removed (r = 

0.88, RMSD = 2.96) and the product with all flagged data removed (r = 0.88, RMSD = 2.92) 

agree better with in-situ data than the non-masked product (r = 0.82, RMSD = 3.52). The 

masked and unmasked CCI products agree better with in-situ data than LOCEAN v2, both 

when you consider all observations (r = 0.79, RMSD = 3.56 for LOCEAN) and considering 

only common observations (r = 0.81 and RMSD = 3.19).  

When comparing only the region of common observations over the full time period, satellite 

data also agrees better with in-situ data (r > 0.81, RMSD < 3.19) than all reanalyses considered 

(r < 0.76 and RMSD > 4.13). Of the reanalyses considered, over the region of common 
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observations, GLORYS12V1 is most strongly correlated to in-situ data (r = 0.76) compared to 

CGLO (r = 0.67), GLOR (r = 0.69) and ORAS (r = 0.73). Conversely, GLOR has the lowest 

RMSD value (RMSD =4.14) compared to GLORYS12V1 (RMSD = 4.25), CGLO (4.29) and 

ORAS (4.17). However, when comparing the reanalyses over all collocations with in-situ data, 

ORAS (r = 0.87, RMSD = 3.56) agrees best with in-situ data, then CGLO (r = 0.80, RMSD = 

4.11) then the two GLORYS products (r = 0.74 and RMSD = 4.99 for GLORYS12V1 and r = 

0.72 and RMSD = 5.03 for GLOR).  

Over the shorter SMAP timeseries, satellite products agree well with in-situ data (r > 0.78 and 

RMSD < 4.37 for all individual products and r > 0.75 and RMSD < 3.29 with all common 

observations). The CCI product with land flagged data removed (r = 0.90, RMSD = 3.12) and 

with all flagged data removed (r = 0.89, RMSD = 3.10) agrees slightly better with in-situ data 

than the non-masked product (r = 0.88, RMSD = 3.28). 

Whilst there is little difference in correlation coefficient between the JPL masked (r = 0.86, 

RMSD = 3.37) and unmasked products (r = 0.86, RMSD = 3.40), there is a small decrease in 

RMSD with the masked product. When considering all observations, RSS agrees least well 

with in-situ data and has the lowest r value and highest RMSD (r = 0.78, RMSD = 4.37).  When 

considering only the region of common observations, LOCEAN v2 has the weakest correlation 

coefficient (r = 0.75) but CCI has the largest RMSD (RMSD = 3.29).  

The unmasked CCI, JPL SMAP and LOCEAN SMOS products are chosen for use throughout 

this thesis (in all except Chapter 3) (Table 2.3). These three products are chosen to have a 

SMOS-only, a SMAP-only and a merged product, which are all subject to independent 

processing. Whilst the masked CCI products (and JPL product) agree slightly better with in-

situ data, the unmasked products are chosen for use throughout this thesis to have the maximum 

data available, and as these differences in agreement are negligible. All four reanalysis products 

are used throughout this thesis, but GLORYS12V1 is used (and shown) most extensively, due 

to its higher spatial resolution and good correlation with in-situ data over the common 

observation region. 
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2.5 Methods overview 

A relatively consistent methodology is applied in the Laptev Sea, Kara Sea and Vilkitsky Strait 

Chapters so a generic overview is detailed here below. The month of September is chosen for 

study throughout this thesis as the month of minimum sea ice coverage / maximum open water 

area and hence the largest area of satellite and in-situ data for comparison with reanalysis 

products. In addition, the ocean is warmest during this period, and there is the least sea ice and 

hence sea ice contamination, yielding the highest quality SSS data. Globally, in the CCI version 

used throughout this thesis, the correlations with Pi-MEP (Pilot-Mission Exploitation Platform) 

data in water temperatures < 5 °C was 0.75, compared to that in water between 5 – 15 °C (r = 

0.965) (Martin et al., 2024). Whilst this is not representative of the seasonal difference in 

agreement, it gives an idea of the scale of difference in agreement that a change in temperature 

can drive.     

GRO river runoff is calculated for different integration times (i.e. cumulative runoff until a 

certain Julian day of each year). Cumulative runoff is calculated for spring (Julian day 150), 

summer (Julian day 200), autumn (Julian day 250) and for the full-year (Julian day 365) for all 

rivers considered. Cumulative runoff is calculated over these four integration times to take into 

account differences in runoff timing as well as the total magnitude of runoff. For each river and 

time period, the trends in runoff timeseries are assessed over the GLORYS12V1 (1993-2023) 

and SMOS satellite (2010-2023) time periods to determine if significant trends exist. Where a 

significant trend is present, this trend is removed from the runoff timeseries prior to analysis. 

The same analysis is conducted with the original and detrended timeseries and any notable 

differences are discussed in text. When a de-trended timeseries is used in the place of the 

original, this is discussed in the relevant chapter.  

To investigate the contribution of key drivers to interannual variability, a lagged correlation 

analysis is conducted between GRO runoff, ERA5 eastward turbulent surface stress and 

GLORYS12V1 SSS, SST and SIC over the full GLORYS12V1 timeseries (1993-2022 for 

Chapter 3 and 1993-2023 for Chapters 4-5). Pearson correlation coefficients are calculated 

between cumulative GRO runoff until spring (Julian day 150), autumn (Julian day 250) and 

over the full year (Julian day 365) and GLORYS12V1 September SSS for each grid cell. The 

same correlations are calculated with GLORYS12V1 September SST and SIC at each grid cell. 

Pearson correlation coefficients were also calculated between ERA5 eastward turbulent surface 

stress in April, May, June, July, August and September and GLORYS12V1 September SSS 

(over 1993-2022 for Chapter 3 and over 1993-2023 for Chapters 4-5) in each grid cell to 

identify the months that appear to most strongly drive variability in September SSS. The same 

correlations are calculated over the same time period with GLORYS12V1 September SST and 

SIC at each grid cell. 

To identify years of anomalous eastward/westward wind over the shorter satellite timeseries, 

the mean ERA5 eastward and northward turbulent surface stress are calculated for June to 

August over the relevant region i.e. the Laptev Sea shelf (120-160 °E, 70-80 °N) for Chapter 

3, the Kara Sea shelf (60-80 °E, 70-80 °N) for Chapter 4 and the Vilkitsky Strait (80-110 °E, 

72-80 °N) for Chapter 5. The period of June to August is chosen because of the particularly 

strong correlations found in the lagged correlation analysis between eastward turbulent surface 

stress in June, July and August and GLORYS12V1 September SSS (in all three regions). A 
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three-month mean is chosen to reduce the high temporal variability in wind stress (± 0.05 N m-

2) and only keep the lower frequency signal the ocean reacts to.  

Correlations are calculated between runoff and eastward turbulent surface stress over the 

satellite timeseries (2010-2022 for Chapter 3 and 2010-2023 for Chapters 4-5) and over a 

longer timeseries (1993-2022 for Chapter 3 and 1993-2023 for Chapters 4-5). Whilst this thesis 

focuses on the satellite timeseries (and hence this is the period shown in timeseries figures), 

correlations are also calculated over the longer timescale to ensure robustness and consistency 

of correlations found.  

To be able to calculate “eastward” and “westward” SSS and SST composites, the 3 years of 

maximum and minimum eastward turbulent surface stress are identified for each of the two 

satellite periods (SMOS: 2010-2020 and SMAP: 2015-2022 for Chapter 3 and SMOS: 2010-

2023 and SMAP: 2015-2023 for Chapters 4-5). The chosen years differ by Chapter so are 

detailed in the relevant chapter. 

This composite approach was chosen as a simple method to clearly visualize the differences in 

SSS under different wind forcing. More statistically based methods were considered (see 

section 2.5.1 for further discussion) but the relatively short SSS timeseries (especially for 

SMAP) complicates interpretation. Hence, the correlation approach is used on GLORYS12V1 

to clearly establish the relationship between wind/runoff and SSS, and the composite approach 

is used to then test this in satellite products.  

The “eastward” and “westward” SSS composite is then calculated as the September mean of 

the three most eastward / westward years for GLORYS12V1 SSS, LOCEAN SMOS and JPL 

SMAP. The same years are used to calculate “eastward” and “westward” September SST 

composites using GLORYS12V1 SST and L4 v2.1 CCI SST as well as for GLORYS12V1 

September SIC.  

“Eastward” and “westward” current velocity composites (for both eastward and northward 

velocity components) are also calculated from GLORYS12V1 mean June-August eastward and 

northward current velocity components. These current velocity composites are calculated to 

show the difference in current velocity observed eastward and westward wind forcing.  

The surface Ekman current expected from the wind stress is computed for each region 

according to Equations (1) and (2) (Price et al., 1987). The surface Ekman current in the u and 

v directions (𝑢′ and 𝑣′) are calculated from Ekman depth (d), the Coriolis parameter (f), surface 

density (𝜌0), depth of flow (z) and wind stress in the x and y direction (𝜏𝑥 and 𝜏𝑦).  

𝑢′ =
√2

𝜌0𝑓𝑑
𝑒𝑧∕ⅆ (𝜏𝑥 cos (

𝑧

𝑑
−
𝜋

4
) − 𝜏𝑦 sin (

𝑧

𝑑
−
𝜋

4
)) 

(1) 

𝑣′ =
√2

𝜌0𝑓𝑑
𝑒𝑧∕ⅆ (𝜏𝑥 sin (

𝑧

𝑑
−
𝜋

4
) − 𝜏𝑦 cos (

𝑧

𝑑
−
𝜋

4
)) 

(2) 

Surface Ekman currents (for z=0 m) are calculated using an Ekman depth (d) of 10 m (roughly 

equivalent to the average plume depth found from in-situ data) and a surface density (𝜌0) of 

1020 kg m-3 (roughly equivalent to an SSS of 25 pss and SST of 5 °C). Whilst previous studies 

have suggested an Ekman depth of 37 m in this region (Baumann et al., 2018; Tarasenko et al., 

2021), a notably shallower 10 m is used here to be consistent with the plume depth found in in-

situ data and to obtain surface current velocities roughly similar in magnitude to those in 

GLORYS12V1.  
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The expected surface Ekman current under average eastward and westward wind forcing is 

then calculated from the mean June-August eastward and northward wind stress for identified 

most eastward and westward years. This surface current is calculated for each pixel within the 

relevant region for each Chapter. These expected Ekman surface currents under eastward and 

westward wind forcing are then compared with those observed in GLORYS12V1 to visualise 

the contribution of the Ekman component to the overall surface current. The surface Ekman 

currents are calculated, rather than the overall Ekman transport, as they appear to align better 

with the difference in SSS pattern observed (north/south rather than east/west).  

An PCA (principal component analysis) was also conducted using GLORYS12V1 SSS over 

1993-2023 to identify the dominant modes of variability in SSS over the Eurasian Shelf Seas. 

This analysis was conducted both using the full GLORYS12V1 timeseries, and removing the 

average seasonal cycle (to try and isolate only interannual and decadal variability in SSS). 

However, due to the nature of the amplifying Arctic seasonal cycle with climate change, 

seasonal components remained regardless meaning it was a challenge to isolate the seasonal 

and interannual components of variability. Hence, this analysis was also conducted used only 

GLORYS12V1 September SSS (Figure 6.8, Figure 6.9). This analysis is discussed further in 

Chapter 6. 

 

2.5.1 Alternative methods considered 

The interannual variability in freshwater content was also calculated from both GLORYS12V1 

and satellite products. However, comparisons between vertical profiles in GLORYS12V1 and 

in in situ data in the Laptev Sea suggested considerable interannual variability in plume 

stratification and mixed layer depth (see section 3.3.1). This variability suggested that it would 

not be appropriate to use a constant mixed layer depth to estimate freshwater content. In 

addition, GLORYS12V1 seemed unable to accurately represent this variability, suggesting that 

it would also not be accurate to use GLORYS12V1 mixed layer depths to calculate plume 

freshwater content. 
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Chapter 3 Laptev Sea 

The majority of this chapter have been published in the Journal Ocean Science (Hudson et al., 

2024). However, some alterations have been made from its published format. These changes 

include: removing the abstract and key points, moving some of the introduction and methods 

from the paper into the thesis introduction and methods and moving some of the discussion 

relating to local and large-scale atmospheric dynamics to the Eurasian Shelf Seas chapter 

(Chapter 6). Given the differing products and time-period used in this chapter, specific 

validation of these products is conducted for this region. In addition, composites are now also 

calculated from GLORYS12V1 current velocities and the expected surface Ekman transport is 

calculated from ERA5 wind stress for eastward and westward wind forcing for consistency 

with other thesis chapters. In the paper, summer runoff is described as being for Julian day 

250 but this is described as autumn runoff in this thesis (as cumulative runoff is also calculated 

to Julian day 200, which is described throughout this thesis as cumulative summer runoff). 

Hence, this has also been changed here for consistency with the rest of the thesis.  

 

3.1 Introduction:  

The Laptev Sea, within the Eurasian Arctic (Figure 3.1), provides an ideal region to study the 

interactions between the changes the Arctic is experiencing, as it is a hotspot of Arctic 

warming, sea ice loss, and increases in river runoff (Kraineva and Golubeva, 2022; Stadnyk et 

al., 2021). Changes in this region will likely have considerable influence on the wider Arctic 

as the Laptev Sea is a key region of Arctic sea ice production and dominant contributor to 

Arctic-wide thermohaline structure, including to the surface Transpolar Drift and to the 

Beaufort Gyre (Johnson and Polyakov, 2001; Morison et al., 2012; Reimnitz et al., 1994; 

Thibodeau et al., 2014). The combination of these changes will also have considerable local 

impacts, including by increasing coastal erosion, altering nutrient availability and primary 

productivity (Juhls et al., 2020; Nielsen et al., 2020; Paffrath et al., 2021; Polyakova et al., 

2021).  

The Laptev Sea primarily receives runoff from the Lena River, the largest river in the Arctic, 

which outflows as a particularly shallow plume due to the confined depth (~2-3m) of the Lena 

Delta (Are and Reimnitz, 2000). Lena River fresh water dominates the spatial pattern of Laptev 

SSS and is the main control on stratification in this region (Janout et al., 2020). Lena runoff is 

very seasonal with very low flow throughout the winter, when the Lena River is partially 

frozen, and a strong peak between May and June following the melt of snow and land ice 

(Shiklomanov et al., 2021; Wang et al., 2021). Other rivers in this region, including the 

Khatanga, Olenyok and Indigirka, also contribute fresh water to the Laptev but all combined 
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provide a five times smaller contribution than the Lena (Pasternak et al., 2022). Kara Sea fresh 

water can also contribute riverine fresh water to some of the western and northern Laptev shelf 

via the Vilkitsky Straight but contributions vary considerably interannually (Janout et al., 2020, 

2015; Osadchiev et al., 2023a). Sea ice melt also provides fresh water to the Laptev Sea but 

has a negligible impact in summer/autumn as the freshwater contribution from sea ice melt is 

several orders of magnitudes smaller than the contribution from the Lena River (Dubinina et 

al., 2017), see section 6.2 (p104) for more information on the magnitudes of freshwater 

contributions from different sources.  

 

Figure 3.1: 2010-2020 LOCEAN SMOS satellite mean September SSS with GEBCO bathymetry contours for 20m, 

50m and 500m overlaid in blue with mean 2010-2020 ERA5 June-August wind vectors overlaid over the ocean. The 

inset in the top right corner depicts Arctic wide GEBCO bathymetry and the location of this region within the wider 

Arctic in red. The box used to calculate mean eastward/northward turbulent surface stress is overlaid in red. 
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Laptev Sea surface fresh water is typically characterized by eastward (cyclonic) circulation and 

weak tidal influence (Fofonova et al., 2014; Timokhov, 1994). This fresh surface layer exhibits 

considerable interannual variability, varying in meridional extent by over 500km, and has been 

widely studied using in-situ data and model output (Anderson et al., 2004; Dmitrenko et al., 

2005, 2008; Fofonova et al., 2014; Janout et al., 2020; Osadchiev et al., 2021a). The shallow 

Laptev shelf (depth ~20-25 m) is mostly controlled by wind forcing and bottom friction, and 

the strong stratification on this shallow shelf prevents a full Ekman spiral from developing and 

aligns the surface current ~45 degrees to the right of the wind (Dmitrenko et al., 2005; 

Kubryakov et al., 2016; Osadchiev et al., 2021a; Zhuk and Kubryakov, 2021). Summer 

precipitation and sea ice melt contribute significantly less freshwater than rivers and are only 

suggested to provide a minimal direct contribution to altering summer SSS (Dubinina et al., 

2017). River discharge variability has also been suggested as a driver of fluctuations in 

freshwater content and plume structure (Horner-Devine et al., 2015; Umbert et al., 2021). 

However, whilst there is general agreement that wind forcing is a driver of variability on the 

shelf, there is some debate as to the role of river discharge in controlling plume variability 

(Dmitrenko et al., 2005; Osadchiev et al., 2021a).  

Whilst Lena River water typically remains in the Laptev Sea for 2-3 years, its longer-term fate 

exhibits considerable variability as it can be transported out of the Laptev Sea either northward 

into the Transpolar Drift or eastward towards the Beaufort Gyre (Bauch et al., 2013; Johnson 

and Polyakov, 2001; Paffrath et al., 2021). The initial transport of the fresh layer have been 

suggested as the main control on its eventual transit (Johnson and Polyakov, 2001; Morison et 

al., 2012). 

In this chapter, I first establish that the reanalysis and satellite products used in this study 

capture the interannual variability in Laptev SSS observed in in-situ data (section 3.3.1). The 

dominant drivers of this variability are then investigated using GLORYS12V1: including the 

contribution of Lena River runoff and of local atmospheric forcing in driving these patterns of 

variability (section 3.3.2). The findings of this analysis are then tested using satellite SSS data 

(section 3.3.3). A similar analysis is also conducted with sea surface temperature (SST) and 

sea ice concentration (SIC) data to understand common and differing drivers of variability and 

how the components of this system interact (sections 3.3.2 and 3.3.4). 

 

3.2 Methods 

3.2.1 Data products 

3.2.1.1 In-situ data  

A subset of the data described and used for Eurasian wide validation is used for validation here, 

described below.  

CTD profiles from cruises in 2016 and 2019 are used for comparison with reanalysis data to 

study vertical salinity stratification in this region and to complement surface salinity data 

(supplementary materials (Osadchiev et al., 2021a). Additional in-situ data from CTD probes, 

floats, ice-tethered profilers, oceanographic cruises and other platforms in the Laptev Sea are 

used for validation of satellite and reanalysis products from a number of sources (UDASH, 

NABOS cruises, and cruises on Akademik Mstislav Keldysh). See Appendices for details on 
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in-situ data used to validate satellite SSS products used in this chapter (Appendix Figure A.1, 

Appendix Table A.1).  

Lena River runoff data from the Arctic Great Rivers Observatory (GRO) dataset is used to 

identify the main drivers of Laptev Sea interannual variability (Shiklomanov et al., 2021). 

Cumulative runoff until a certain Julian day of each year is calculated for spring (Julian day 

150), autumn (Julian day 250) and the full year (Julian day 365). The spring peak in runoff has 

been shown to be shifting earlier with the rapidly warming Arctic (Melnikov et al., 2019; Yang 

et al., 2002) so a notable trend is present in the spring cumulative runoff timeseries with the 

shift to earlier permafrost thaw / river ice melt. To avoid spurious correlation and to be able to 

differentiate drivers of interannual variability from decadal/longer term trends, the trend in 

cumulative runoff timeseries (over the GLORYS time period of 1993-2022) is identified and 

removed. The de-trended spring runoff timeseries is used throughout this study.  

 

3.2.1.2 Reanalyses   

The same reanalysis products are used here as throughout the rest of the thesis, and include 

GLORYS12V1, GLORYS2V4, ORAS5 and CGLO.  

 

3.2.1.3 Satellite data 

To validate and identify strengths and weaknesses of satellite-based SSS measurements over 

the Laptev Sea, this chapter uses two SMOS and two SMAP monthly products which are 

described in more detail in section 2.3 (p14) and are detailed in the table below (Table 3.1).  

Table 3.1: Satellite sea surface salinity products used in this Laptev Sea chapter and their start and end dates, and 

native and used temporal and grid resolutions 

SSS Products Start 

date 

used 

End 

date 

used 

Native 

temporal 

resolution 

Temporal 

resolution 

used 

Native grid 

resolution  

Grid 

resolution 

used 

L3 LOCEAN 

SMOS Artic 

v1.1 

2010-06 2019-

12 

Monthly  Monthly  25km 

EASE 

0.25° 

L3 BEC 

SMOS 

ARCTIC+ 

v3.1 

2011-01 2019-

12 

3day Monthly 25km 

EASE 

0.25° 

L3 JPL SMAP 

v5 (where 

uncertainty < 

1) 

2015-04 2022-

01 

Monthly Monthly 0.25° 0.25° 

L3 RSS 

SMAP v4 

2015-04 2022-

01 

Monthly  Monthly 0.25° 0.25° 
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SST measurements are taken from the gap-filled L4 CCI (Climate Change Initiative) SST CDR 

(Climate Data Record) v2.1 (Merchant et al., 2019). A monthly product of this data regridded 

at 0.1 ° resolution is used over the SSS satellite period (2010 to 2021).  

 

3.2.2 Methods 

Two Septembers are shown for comparison of how well interannual variability is captured in 

each satellite product: 2016, a year of predominant eastward wind and 2019, a year of 

predominant westward wind (Figure 3.2, Figure 3.3). This study does not consider variability 

in SSS below 20 pss due to the sparsity of in-situ observations with SSS values below this 

threshold. As is shown in Figure 3.2, JPL SMAP and LOCEAN SMOS are found to agree 

particularly well so are used for further analysis. 

To investigate the contribution of key drivers to Laptev Sea interannual variability, correlations 

are calculated between GLORYS12V1 SSS and both spring Lena runoff and mean June to 

August eastward turbulent surface stress over the Laptev Sea shelf: 120-160 °E, 70-80 °N for 

each grid cell (Figure 3.4). The same correlations are calculated with GLORYS12V1 

September SST and SIC at each grid cell (Figure 3.5, Figure 3.6).To identify years of 

anomalous eastward/westward wind over the shorter satellite timeseries, the mean ERA5 

eastward and northward turbulent surface stress are calculated for June to August over the 

Laptev Sea shelf: 120-160 °E, 70-80 °N. The period of June to August is chosen because of the 

particularly strong correlations found in the lagged correlation analysis between eastward 

turbulent surface stress in June, July and August and GLORYS12V1 September SSS (Figure 

3.4). A three-month mean is chosen to reduce the high temporal variability in wind stress (± 

0.05 N m-2) and only keep the lower frequency signal the ocean reacts to.  

Correlations are calculated between spring Lena runoff and eastward turbulent surface stress 

over the satellite timeseries (2010-2022) and over a longer timeseries (1993-2022). Whilst this 

study focuses on the satellite timeseries (and hence this is the period shown in Figure 3.7), 

correlations are also calculated over a longer timescale (1993-2022) to ensure robustness and 

consistency of correlations found.  

To be able to calculate “eastward” and “westward” SSS and SST composites, the 3 years of 

maximum and minimum eastward turbulent surface stress are identified for each of the two 

satellite periods (SMOS: 2011-2020 and SMAP: 2015-2022). The three years of maximum 

eastward turbulent surface stress are identified to be 2012, 2016 and 2017 over the SMOS 

timeseries, and identified to be 2016, 2017 and 2021 over the SMAP timeseries (Figure 3.7, 

Appendix Figure B.5). Conversely, the three years of westward (minimum eastward) turbulent 

surface stress are identified to be 2011, 2013 and 2019 over the SMOS timeseries, and 2015, 

2019 and 2020 over the SMAP timeseries (Figure 3.7, Appendix Figure B.4).  

The “eastward” SSS composite is then calculated as the September mean of the three most 

eastward years for GLORYS12V1 SSS and LOCEAN SMOS (2012, 2016, 2017), and for JPL 

SMAP (2016, 2017, 2021). The “westward” SSS composite is calculated as the September 

mean of the three most westward years for GLORYS12V1 SSS and LOCEAN SMOS (2011, 

2013, 2019) and for JPL SMAP (2015, 2019, 2020). The same years are used to calculate 

“eastward” and “westward” September SST composites using GLORYS12V1 SST and L4 v2.1 

CCI SST as well as for GLORYS12V1 September SIC.  
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The same years are also used to calculate “eastward” and “westward” current velocity 

composites (for both eastward and northward velocity components) from GLORYS12V1 mean 

June-August eastward and northward current velocity components.  

The surface Ekman current expected from the wind stress is computed for this region according 

to Equations (1) and (2) (Price et al., 1987). Surface Ekman currents (for z=0 m) are calculated 

using an Ekman depth (d) of 10 m (roughly equivalent to the mixed layer depth found from in-

situ data) and a surface density (𝜌0) of 1020 kg m-3 (roughly equivalent to an SSS of 25 pss 

and SST of 5 °C). The expected surface Ekman current under average eastward and westward 

wind forcing is then calculated from the mean June-August eastward and northward wind stress 

for identified most eastward and westward years. This surface current is calculated for each 

pixel over the Laptev Sea shelf: 120-160 °E, 70-80 °N. These expected Ekman surface currents 

under eastward and westward wind forcing are then compared with those observed in 

GLORYS12V1 to visualise the contribution of the Ekman component to the overall surface 

current (overlaid on Figure 3.8).  
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3.3 Results 

3.3.1 Comparison of SSS products 

 

Figure 3.2: Laptev Sea sea surface salinity field in September  2016 (left) and 2019 (middle) and the difference between 

2016 and 2019 (right) for the CMEMS GLORYS12V1 reanalysis (top) and for each of the 4 satellite products (RSS 

SMAP, JPL SMAP, LOCEAN SMOS, BEC SMOS) (top to bottom). ERA5 mean wind speed for June-August are 

overlaid on the GLORYS12V1 SSS field with a box over the region of interest (70-80°N, 120-160°E). The 

GLORYS12V1 30% sea ice concentration contour is also overlaid as a black line over the GLORYS12V1 SSS field.  In-

situ data for late September 2016 and early October 2019 are overlaid on satellite products using the same colour scale.  
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There is close agreement between the September SSS pattern in GLORYS12V1 and all satellite 

September SSS products in both years compared (Figure 3.2). The SSS off the continental shelf 

(> 100 m) or above 75 °N is typically > 28 pss in both years analysed and in both products. 

SSS generally decreases with proximity to shore, and is lowest near the outflow of the Lena 

River, around 130 °E, with salinity values as low as 10 pss nearshore. This low salinity area (< 

20 pss) extends considerably to the East of the Lena River outflow throughout the southern 

Laptev Sea and past the New Siberian Islands into the East Siberian Sea, extending to over 160 

°E in both years.  

The years 2016 and 2019 stand out as having notably different patterns of Laptev SSS, with 

differences in SSS of over 3 pss between years in all satellite products (reasons for these 

differences will be further discussed in section 3.3.3). GLORYS12V1 SSS and all satellite 

products except BEC capture the same SSS patterns as in-situ data from cruises in all years of 

overlap (2016 and 2019 shown in Fig. 1). In 2016, the freshest salinities are coastally confined 

and do not travel far off the continental shelf. In 2019, the freshest salinities travel considerably 

further offshore and extend over most of the Western Laptev and East Siberian Sea.  

Despite the strong overall similarity between gridded products, notable differences are visible 

between in-situ data and both the satellite products and GLORYS12V1 SSS. In 2019, the fresh 

layer appears to extend further offshore in in-situ data than in GLORYS12V1 (Figure 3.2). 

LOCEAN, JPL and RSS appear to capture this extended plume better, but still do not capture 

the full extent visible in in-situ data. This difference is likely primarily due to the temporal 

mismatch between the September monthly mean GLORYS12V1 and satellite products and in-

situ data collected in late September 2016 and early October 2019. Both GLORYS12V1 and 

satellite SSS do show the plume extending further offshore by the following month (not 

shown), supporting this suggestion. However, the better representation of plume extent in 

LOCEAN, JPL and RSS, as compared to GLORYS12V1, suggests the temporal mismatch is 

not the only driver of this difference.  

Most of the satellite products (LOCEAN SMOS and both SMAP products) and GLORYS12V1 

manage to capture a consistent pattern of interannual variability and agree well with in-situ 

data (Figure 3.2, Appendix Figure A.1). However, notably different patterns are observed in 

the BEC product, which also has a lower correlation with in-situ data (r = 0.79, Appendix Table 

A.2). All other satellite products analysed appear to capture the SSS pattern described above 

for 2016 and 2019 and correlate strongly with in-situ data (r > 0.9, Appendix Table A.2). This 

difference in SSS pattern agrees well with the two modes of SSS variability previously 

observed in in-situ data and described by other studies in this region (Dmitrenko et al., 2005; 

Osadchiev et al., 2021a). Of the four products considered here, the LOCEAN SMOS Arctic 

and JPL SMAP products capture particularly consistent patterns of interannual variability and 

have strongest correlations with in-situ data (r=0.92 for LOCEAN, r=0.95 for JPL, Appendix 

Table A.2). This is notable given they originate from different satellites and are generated from 

different processing algorithms. These two products (LOCEAN SMOS and JPL SMAP) are 

further used in this study, for their strong similarity and good correlation values with in-situ 

data.   

GLORYS12V1 and the two satellite products show similar areas of open water or of no 

retrievals (Figure 3.2). In 2019, the area of open water is particularly large in GLORYS12V1 

and in all satellite products, with no regions of notable sea ice (where SIC > 30%) below 80 

°N throughout the Laptev and East Siberian Sea. In 2016, there is more extensive sea ice and 
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few satellite SSS retrievals in the Laptev Sea but a large area of open water in the East Siberian 

Sea, which extends considerably offshore to over 80 °N.  

 

Figure 3.3: GLORYS12V1 salinity vertical transects for 2016 (top) and 2019 (bottom) as colour mesh with in-situ data 

overlaid with black rings and satellite data for that transect for JPL SMAP and LOCEAN SMOS SSS shown as a line 

of points (without black wings). JPL SMAP data is made semi-transparent where the provided SMAP SSS uncertainty 

is > 1 pss.). The location of these transects are shown in the inset in the bottom left by the black line which is interpolated 

through in-situ data (overlaid on a map of JPL SMAP SSS for each year) The GLORYS12V1 vertical levels are overlaid 

as black lines at 77 °N. 
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GLORYS12V1 features a well-mixed plume in the shallowest regions of the shelf in 2016 and 

2019 (Figure 3.3), and in almost all other years considered. Hence, it agrees well with in-situ 

data in regions and years where the plume is well-mixed nearshore (e.g. 2016 shown above and 

1994 and 2000 not shown) but fails to represent years with a stratified plume nearshore (e.g. 

2019 shown above and 2008 and 2011 not shown). The variability of stratification dynamics, 

even just in the two years examined, suggests it is not appropriate to assume a constant mixed 

layer depth on the shallow shelf, as previously applied to estimate fresh water content (Umbert 

et al., 2021). In all years examined, in-situ data shows the fresh layer (< 15 pss) is relatively 

shallow and only extends between 5 and 10 m, shallower than Kara due to weaker tidal mixing 

(Osadchiev et al., 2021).  

In 2019, differences in surface plume extent are visible between GLORYS12V1 and in-situ 

data. Some of these differences are due to spatio-temporal mismatch of September monthly 

1/12 degree data with point in-situ data (in late September/early October), as vertical 

stratification is very seasonally and regionally variable (and bathymetrically controlled) in this 

region, and can vary considerably on a weekly timescale (Janout et al., 2020; Tarasenko et al., 

2021). However, both satellite products more closely resemble the extended plume visible in 

in-situ data than GLORYS12V1, suggesting this is not the main reason for these differences. 

The reasons for these differences are discussed further in 3.4.3.  

In addition, previous studies show considerable interannual variability in the lowest values of 

SSS at the outflow of the Lena River. Whilst in certain years, there are only very small regions 

of SSS below 20 pss (2014), in other years, notable regions of SSS as low as 6 pss have been 

observed (in 2013) (Janout et al., 2020). Within GLORYS12V1, the shallow surface layer is 

consistently more saline (between 15-20 pss) than in-situ data and salinities below 20 pss are 

typically very confined to the shelf. Although there are few satellite SSS retrievals near the 

coast (due to land contamination), nearshore SSS are notably lower and quite variable (10-20 

pss) in LOCEAN SMOS and JPL SMAP and more consistent with in-situ data. Overall, within 

shallow shelf regions (< 20 m), the more saline surface waters, fresher subsurface waters and 

less extensive surface plumes suggest GLORYS12V1 is too well-mixed compared to in-situ 

data (discussed further in section 3.4.3). This is reinforced by the weak tidal influence in this 

region and as there is rarely sufficient wind-driven mixing to break up such strong stratification 

(Fofonova et al., 2014; Hölemann et al., 2011; Janout and Lenn, 2014; Shakhova et al., 2014).  

Salinity stratification on the shelf is much stronger than that of temperature and is by far the 

dominant control on density in this region (Appendix Figure B.6, Osadchiev et al., 2021). SST, 

and stratification in temperature also vary considerably over the course of September, so a 

higher temporal resolution analysis would be needed for investigating temperature 

stratification dynamics. This is visible from the difference between in-situ data (from late 

September/early October) and September mean satellite/reanalysis SST data (Appendix Figure 

B.1). Therefore, this study focuses on salinity stratification in this region, which is more 

consistent over the course of September, and more appropriately represented by the monthly 

data used for analysis in this study.  
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3.3.2 Impact of runoff and wind stress on SSS, SST and SIC in GLORYS12V1 

 

Figure 3.4: Correlation between GLORYS12V1 September SSS and the three-month mean ERA5 eastward turbulent 

surface stress (METSS) over June to August (6-8) (left) over 1993-2022. Correlation between GLORYS12V1 September 

SSS and cumulative Lena River runoff in spring (Julian day 150) (right) over 1993-2022. Regions where correlations 

are statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 

There is a significant spatial pattern in correlation between the three-month (June to August) 

mean eastward turbulent surface stress and GLORYS12V1 September SSS field for the 1993-

2022 time period (Figure 3.4, left). This pattern consists of a strong negative correlation 

nearshore (< -0.75) and a strong positive correlation offshore (> 0.75), particularly in the East 

Siberian Sea. The negative correlation suggests strong eastward wind stress is consistent with 

fresher SSS nearshore. The strong positive correlations offshore are present, albeit in different 

regions, throughout June, July and August, as well as in the three-month mean (Appendix 

Figure B.2). However, extensive negative correlations nearshore are only present in July and 

August, suggesting eastward turbulent surface stress in these months is a stronger control on 

near shore SSS. A small region of negative correlation (< -0.75) is also present just East of the 

Vilkitsky Strait, and is visible in all three months. These strong correlations are statistically 

significant at p < 0.05 (highlighted by the white contour).  

A weak, mostly non-significant spatial pattern in correlation is found between cumulative 

spring runoff and GLORYS12V1 SSS (Figure 3.4, right). This pattern suggests a positive 

correlation nearshore, particularly in the East Siberian Sea, and a negative correlation offshore. 

The weak positive correlation nearshore suggests increases in runoff are consistent with 

increases in SSS. This pattern is the opposite of what would be expected and what has 

previously been suggested: that an increase in runoff would drive nearshore freshening. 

However, there is almost nowhere that this correlation is statistically significant. Whilst there 

are some regions that yield significant p values, these regions are all relatively small and more 

confined to the East Siberian Sea. The spatial patterns of correlation between GLORYS12V1 

September SSS and both cumulative autumn and total annual runoff show similar correlations 

but are even weaker and are not statistically significant at p < 0.05 (Appendix Figure B.2).  
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Similar correlation analyses conducted between runoff and eastward surface stress with SSS in 

the other reanalysis products yielded similar spatial correlation patterns to those visible here in 

GLORYS12V1.  

 

Figure 3.5: Correlation between GLORYS12V1 September SST and the three-month mean ERA5 eastward turbulent 

surface stress (METSS) over June to August (6-8) (left) over 1993-2022. Correlation between GLORYS12V1 September 

SST and cumulative Lena River runoff in spring (Julian day 150) (right) over 1993-2022. Regions where correlations 

are statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 

Figure 3.5 depicts the strong spatial pattern of correlation between the three-month (June to 

August) mean eastward turbulent surface stress and GLORYS12V1 SST. This spatial pattern 

consists of strong negative correlations (< -0.75) near the edge of the continental shelf. This 

negative correlation suggests eastward wind stress is consistent with cooler SSTs near the edge 

of the continental shelf (and that westward wind stress is consistent with warmer SSTs in this 

region). The region of negative correlation differs in region between June and August 

(Appendix Figure B.3). It is closest to shore in June and appears to move offshore over July 

and August. Whilst this negative correlation is mainly confined to the Laptev Sea in June and 

August, it extends into the East Siberian Sea in July. No significant correlation is present 

nearshore in any month.  

A weak positive correlation is present between cumulative spring runoff and GLORYS12V1 

SST throughout the Laptev Sea. This positively correlation is not statistically significant 

anywhere except in the central Arctic (> 80 °N). This positive correlation suggests increased 

spring runoff is consistent with warmer SSTs throughout the Laptev Sea.  The spatial patterns 

of correlation between GLORYS12V1 September SST and both cumulative autumn and total 

annual runoff show similar correlations but are even weaker and are not statistically significant 

(Appendix Figure B.3).  
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Figure 3.6: Correlation between GLORYS12V1 September SIC and the three-month mean ERA5 eastward turbulent 

surface stress (METSS) mean over June to August (6-8) (left). Correlation between GLORYS12V1 September SIC and 

spring cumulative Lena River runoff (to Julian day 150) (right) over 1993-2022. Regions where correlations are 

statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 

Figure 3.6 depicts the strong spatial pattern of correlation between the three-month (June to 

August) mean eastward turbulent surface stress and GLORYS12V1 SIC. This pattern suggests 

a large region of strong positive correlation is present just off the continental shelf in the Laptev 

Sea and a region of strong negative correlation is present in the central Arctic (> 85 °N). In 

turn, this implies that eastward wind stress is consistent with increased SIC in the northern 

Laptev Sea and lower SIC in the central Arctic (and that westward wind stress is consistent 

with decreased SIC in the northern Laptev Sea and increased SIC in the central Arctic).  

A large region of weak negative correlation is present between cumulative spring runoff and 

GLORYS12V1, suggesting increased spring runoff is consistent with lower SIC. This negative 

correlation is present throughout almost all the Laptev Sea but is only significant (p < 0.05) 

near 84 °N. The relatively small regions of significant correlation with SIC may be due to the 

long-term decline in sea ice cover over this period, and hence the changing region of 

interannual variability in sea ice concentration. However, this hypothesis warrants further 

investigation.  

 

3.3.3 Drivers of interannual variability in September SSS 

The mean atmospheric circulation pattern, represented in Figure 3.7, is calculated as the mean 

surface stress over the box defined in Figure 3.2. Values are notably different in 2016 and 2019 

(Figure 3.2). In 2016, there is predominantly cyclonic circulation, with strong Eastward winds 

over the Laptev Sea shelf, and Northward winds present over the region of the Laptev Sea just 

off the continental shelf. In 2019, there is predominantly anticyclonic circulation with North-

westward winds dominant over the Laptev Sea shelf. The anticyclonic circulation visible in 

2019 more closely resembles the mean circulation pattern visible over 2011-2020 (Figure 3.1). 
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Figure 3.7: Three-month (June to August) mean ERA5 eastward (black solid) and northward (black dashed) turbulent 

surface stress over 70-80 North and 120-160 East. Overlaid are dots indicating the most eastward (red dots) and 

westward (blue dots) years chosen for analysis for both the longer SMOS/GLORYS12V1 timeseries (2011-2020) 

(darker red and blue dots) and the shorter SMAP timeseries (2015-2022) (lighter red and blue dots). The range of the 

maximum and minimum eastward turbulent surface stress between June and August is shaded in grey. Spring 

cumulative Lena River runoff (until the 150th Julian day) (green) is overlaid. 

The magnitude of variability in mean eastward turbulent surface stress (± 0.05 N m-2) across 

the entire timeseries is notably larger than that of northward turbulent surface stress, which 

remained within ± 0.02 N m-2. The years of highest eastward turbulent wind stress are 2012, 

2016, 2017 over the SMOS timeseries and 2016, 2017 and 2021 over the SMAP timeseries. 

The years of strongest westward turbulent wind stress are 2011, 2013 and 2019 over the SMOS 

timeseries and 2015, 2019 and 2020 over the SMAP timeseries. In years where the mean 

eastward turbulent surface stress is negative (denoting predominant westward turbulent surface 

stress), there is considerably more within-year variability (typically > 0.05 N m-2 in eastward 

turbulent surface stress in the months spanning June to August (denoted by the grey overlay in 

Figure 3.7).  

Spring cumulative runoff does not significantly co-vary with turbulent surface stress over 

2010-2022 (r=-0.30, p=0.31) or over 1993-2022 (r = -0.29, p = 0.11). Spring runoff is highest 

in 2012, 2013 and 2014 over the SMOS timeseries and 2015, 2020 and 2021 over the SMAP 

timeseries. Spring runoff is lowest in 2016, 2017 and 2018 over both the SMOS and SMAP 

timeseries. Interannual variability in runoff and turbulent surface stress over the short satellite 

period visible in Figure 3.7 are consistent with interannual variability over longer time periods 

(not shown). 



Chapter 4: Kara Sea 

37 

 

 

Figure 3.8: Eastward (E, top row) and westward (W, middle row) composites calculated for (left to right) 

GLORYS12V1 SSS, LOCEAN SMOS and JPL SMAP, from the identified three most eastward and westward years 

(over 2011-2020 for GLORYS12V1 and LOCEAN SMOS and over 2015-2022 for JPL SMAP). The difference 

composite (eastward – westward) for each product is shown on the bottom row. The GLORYS12V1 mean 30% sea ice 

concentration contour is overlaid on the respective composite plots. Eastward and westward GLORYS12V1 current 

velocity composites for June-August and the difference between them are overlaid as black arrows on the respective 

composite plots (masked by the region of mean sea ice concentration above 30%). Expected Ekman surface currents 

based on observed average eastward and westward wind stress (and their difference) are overlaid as grey arrows for 

comparison.  

The eastward/westward composites of all three SSS products agree strongly, regardless of the 

differing years chosen for analysis (Figure 3.8). The composite analysis highlights the differing 

pattern of SSS under positive (eastward) and negative (westward) zonal wind. The eastward 

composite closely resembles the 2016 SSS pattern visible in Figure 3.2, and the westward 
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composite closely resembles the 2019 SSS pattern. This strong resemblance between 

particularly anomalous individual years and the zonal wind composite plots supports that the 

zonal wind is the dominant driver of variability in this region.  

GLORYS12V1 current velocity composites and expected surface Ekman transport calculated 

from ERA5 wind stress also agree well in direction and magnitude. Years with strong westward 

wind have considerable expected and observed offshore transport, and northward spreading of 

the plume, denoted by northward current velocities in GLORYS12V1 and by the presence of 

anomalous fresh water in the Northern Laptev Sea and relatively higher salinity water in the 

East Siberian Sea in all products. Alternatively, years of eastward wind are associated with 

onshore and alongshore transport, and a coastally confined plume, denoted by southward 

current velocities in GLORYS12V1 and by more saline waters in the Northern Laptev Sea and 

fresher waters in the Southern Laptev and East Siberian Sea.  

The composite difference plots provide a clearer visualisation of the North/South 

(offshore/nearshore) dipole in current velocities and freshwater transport visible under 

eastward/westward wind forcing. The strong agreement between all three products strengthens 

the weighting of this finding, particularly as the difference plots appear to agree even more 

closely than the individual eastward/westward composites. This agreement suggests that 

although the three products have different mean SSS states, they capture very similar patterns 

of variability.  

There is a notable difference in SIC in years of westward and eastward wind forcing in both 

GLORYS12V1 and the satellite data (indicated by the absence of SSS data). Under westward 

wind forcing, the Laptev SIC is smaller in the Laptev Sea and the 30% SIC contour is nearer 

shore in the East Siberian Sea. The opposite is true under eastward wind forcing, with a larger 

SIC in the Laptev Sea and the 30% SIC contour further offshore in the East Siberian Sea.  
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3.3.4 Impact of variability in wind forcing on SST 

 

Figure 3.9: Eastward (E, top row) and westward (W, middle row) composites calculated from the identified three most 

eastward and westward years over 2011-2020 for (left to right) GLORYS12V1 SST and L4 CCI SST (masked by 30% 

sea ice concentration). The difference composite (eastward – westward) for each product is shown on the bottom row. 

The mean 30% sea ice concentration contour for eastward and westward years is used to mask L4 CCI data and is 

overlaid in GLORYS12V1 in black on both eastward and westward composite plots.  
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Similar to Figure 3.8, Figure 3.9 represents the eastward and westward composites of 

GLORYS12V1 and ESA CCI SST. Temperatures < 1 °C are typically present off the 

continental shelf in both composites (and all years analysed), with a rapid transition in 

temperature present at the 30% SIC margin (Figure 3.9). On the shelf, temperatures are 

typically warmer (> 1 °C) and riverine plume is typically > 2 °C, with large regions in excess 

of 4 °C. The presence of these two opposing water masses in GLORYS12V1 (i.e. the cold salty 

offshore water and the warm fresh river plume) and the mixing between them is clearly visible 

in GLORYS12V1 T-S plots (Appendix Figure B.6).  

The eastward/westward composites of both products agree very well and suggest notable 

differences in SST pattern under differing zonal wind forcing. Under eastward wind forcing, 

both GLORYS12V1 and CCI SST composites show that warm SST anomalies are confined to 

the southern Laptev Sea and travel alongshore towards the East Siberian Sea. This eastward 

wind state is coincident with a larger SIC in the Laptev Sea and a 30% SIC contour nearer 

shore in the East Siberian Sea. Under westward wind forcing, both SST composites show warm 

SST anomalies are mostly advected offshore to the Northern Laptev Sea. The westward wind 

state is coincident with lower SIC in the Laptev Sea and a 30% SIC concentration contour 

further from shore in the East Siberian Sea. A dipole composite pattern is also visible in the 

SST difference composite, as is visible in the SSS difference composite. However, the 

difference composite between eastward and westward wind states presents in an East/West 

direction rather than a North/South direction. The differing relationship between SST and SSS 

under eastward and westward wind forcing is also denoted by the differing T-S plot patterns 

and correlation coefficients under years of eastward and westward wind forcing, characterized 

by the presence of warm salty and cold fresh water under westward wind forcing (Appendix 

Figure B.6). 

 

3.4 Discussion 

3.4.1 Runoff as a driver of SSS, SST and SIC variability 

Spring, autumn and annual Lena River runoff do not appear to play a role in controlling 

GLORYS12V1 September SSS, SST or SIC in the Laptev or East Siberian shelf seas. 

Cumulative spring runoff is most strongly correlated to variability in SSS, SST and SIC, 

suggesting the timing of the initial peak in runoff has more of an impact on Laptev Sea 

dynamics than the cumulative runoff in autumn or the total runoff over the year. However, the 

correlations with spring cumulative runoff are almost entirely not significant.  

It might be expected that years with the largest magnitude of cumulative spring / autumn / 

annual river discharge would have the largest fresh surface layer (< 20 pss) as previously 

suggested of cumulative annual discharge (Umbert et al., 2021). However, the GLORYS12V1 

correlation analysis suggests no significant correlation near the outflow of the Lena River 

between SSS and cumulative runoff at any time of year. If anything, the opposite pattern 

appears true nearshore in the East Siberian Sea: with increases in spring runoff driving higher 

salinities near the coast and low salinities offshore. The differing result here, compared to 

Umbert et al. (2021) appears to be linked to differences in BEC and GLORYS SSS, and the 

variability in fresh surface layer area. No alternative mechanism to date explains the opposing 

behaviour observed here. It is possible there is some negative feedback whereby earlier spring 
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runoff drives earlier sea ice retreat, and expands the region of wind influence and spreads the 

plume further offshore. However, this counterintuitive correlation warrants further 

investigation but this is outside the scope of this thesis.  

The short nature of the satellite SSS timeseries prevents an in-depth correlation analysis with 

runoff as was done with GLORYS12V1 but visual comparison indicates no clear pattern 

between interannual variability in spring runoff and SSS over the SMOS or SMAP satellite 

periods. This comparison is also complicated by the interannually varying ice-free region, 

which determines the total area of SSS retrievals and any derived fresh surface layer areas. 

Over this period, spring runoff is lowest in 2016, 2017 and 2018. Whilst the fresh surface layer 

is extensive in 2018 (not shown), it is very small and coastally confined in 2016 and 2017 

(Appendix Figure B.5).  These two years were excluded from analysis in Umbert et al. (2021) 

due to lack of SSS data, which partially explains the differing results here. Whilst the area of 

satellite SSS retrievals is relatively small in these years compared to other years analysed, the 

edge of the plume is clearly visible in the area of open water. This suggests that the small plume 

observed in these two years is not just due to the relatively small area of open water and that 

there is no reason to exclude these years from analysis. Conversely, spring runoff is highest in 

2012, 2013 and 2014. Again, there is no conclusive SSS pattern as the fresh surface layer is 

relatively average in all three of these years (Appendix Figure B.4, Appendix Figure B.5). The 

inconsistent response in satellite data suggests cumulative spring runoff is not a major driver 

of interannual variability in SSS pattern, as is suggested from GLORYS12V1 and as has 

previously been suggested by other studies (Osadchiev et al., 2021a).  

 

3.4.2 Wind as driver of SSS variability 

Previous studies using sparse in-situ data have suggested wind forcing appears to drive some 

variability in freshwater transport (Dmitrenko et al., 2005; Osadchiev et al., 2021a). Satellite 

SSS data shown here provides a picture of SSS variability and confirms what has previously 

only been suggested from in-situ data: that zonal wind forcing is the dominant driver of Laptev 

SSS. Satellite SSS data also provides a clear, complete visualization of differences in 

freshwater transport throughout the sea ice free Laptev and East Siberian Sea under different 

wind regimes, augmenting the scattered view available from in-situ data. Westward wind 

drives considerable offshore transport, and northward spreading of the plume toward the 

Northern Laptev Sea. Conversely, eastward wind is found to drive alongshore transport, 

resulting in a coastally confined river plume, denoted by more saline waters in the Northern 

Laptev Sea and fresher waters in the Southern East Siberian Sea. Given the different eastward 

and westward years chosen for composite analysis for SMOS and SMAP, the agreement in 

eastward/westward SSS composites between JPL SMAP and LOCEAN SMOS products 

solidifies this finding.  

The composite analysis highlights the dominance of the zonal wind over the meridional wind 

in driving SSS patterns. Within regions with particularly shallow shelf bathymetry, such as in 

the South Laptev Sea, the Ekman current has been suggested to almost completely align with 

wind direction or to be transported ~60 ° to the right (Dmitrenko et al., 2005; Kubryakov et al., 

2016; Zatsepin et al., 2015). The relatively good agreement in direction between the expected 

surface Ekman current and the observed surface current in GLORYS12V1 suggests the surface 

current appears to follow Ekman theory and is aligned ~45 ° to the right of the wind. However, 
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the alignment between the expected Ekman surface currents and the observed strong 

North/South dipole in SSS composite difference plots suggests that mean transport is relatively 

well aligned with surface currents and therefore suggest that the full Ekman spiral does not 

manifest.  

Meridional wind stress also does appear to play a role in plume transport but only in the absence 

of strong zonal wind stress. This has previously been shown to be true for both 2014 (Janout et 

al., 2020) and 2018 (Tarasenko et al., 2021), where the wind is primarily north-westward and 

fresh water is transported directly offshore. Both LOCEAN SMOS and JPL SMAP support 

this.  

 

3.4.3 Vertical distribution of plume  

Nearshore in-situ data suggests that the two modes of SSS variability, visible under 

eastward/westward wind forcing appear to be related to very different stratification dynamics 

(Figure 3.3). In 2016, in-situ and GLORYS12V1 SSS agree particularly well and show a well-

mixed very fresh plume nearshore (Figure 3.3), likely driven by the strong consistent onshore 

Ekman transport driving downwelling (Osadchiev et al., 2021). This year (2016) stood out as 

having a particularly well mixed plume compared to all other in-situ data in this region, the 

extent of which had not previously been observed (Janout et al., 2020) . A similar dynamic 

appears to be visible in 1994, where strong eastward wind stress is coincident with a coastally 

confined and well-mixed plume (not shown but visible in in-situ data and GLORYS12V1 SSS 

and SST).  

Conversely, in-situ data showed a strongly stratified fresh layer in 2008, 2011 and 2019, even 

in shallow regions on the shelf (Osadchiev et al., 2021), which is poorly represented nearshore 

in GLORYS12V1 (Figure 3.3). The strong stratification on the shelf, visible in in-situ data in 

these years, suggests that the fresh layer is more strongly stratified in years with considerable 

northward spreading. This phenomenon appeared true in 1994 and 2016, where strong onshore 

Ekman transport appeared to drive the well-mixed plume observed. Hence, despite that the 

shallow shelf is shallower in many regions than both the Ekman depth used here (10 m) and 

the previously  calculated Ekman depth for this region (37 m) (Baumann et al., 2018; Tarasenko 

et al., 2021), Ekman transport plays a role in controlling vertical stratification, at least in years 

where eastward wind stress drives onshore transport and mixing / downwelling (Lentz and 

Helfrich, 2002). It is also possible that the magnitude of river discharge is a dominant control 

on the vertical distribution of SSS, given there is no conclusive evidence that the surface fresh 

layer varies with cumulative runoff.  

This hypothesis was not tested as the constant well-mixed plume nearshore suggests 

GLORYS12V1 is not capable of fully representing plume stratification dynamics in this 

complex environment. Other model output was considered for use (including CMEMS 

TOPAZ, GLORYS2V4, ORAS5, GloSea5/FOAM, CGLORS), but all models considered show 

the shallow shelf to be well-mixed in all years considered. The challenge of accurately 

representing mixing/stratification dynamics in Arctic shallow shelf seas has been widely 

documented (Hordoir et al., 2022; Janout et al., 2020). Given all models used here have many 

vertical levels but are all (except CMEMS TOPAZ) on z-level grids, it is likely the overmixing 

issue is a result of z-level vertical grids, as previously suggested (Arpaia et al., 2023; Heuzé et 

al., 2023; Wise et al., 2022). Even in years with a mostly well-mixed plume (EG 2016), in-situ 
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data typically shows a more saline layer at depth in certain regions on the shelf, which is almost 

never captured by GLORYS12V1. The challenge of accurately modelling stratification in 

Arctic shallow shelf seas and the very limited availability of in-situ data on the shelf prevents 

a more in-depth analysis of the representation of vertical plume structure within 

GLORYS12V1. Whilst GLORYS12V1 does assimilate some in situ observation in this region, 

incorporation of data on the shallow shelves (such as that used for comparison in this study) 

may help to improve representation of variability in stratification dynamics. It may be useful 

for future studies to consider if the inclusion of interannual runoff forcing would improve 

representation of stratification dynamics.  

 

3.4.4 Sea surface temperature / sea ice concentration variability 

SST is known to be a useful indicator of plume location in this region (Dmitrenko et al., 2005; 

Osadchiev et al., 2021a; Tarasenko et al., 2021). During the summer, Lena River water is 

typically at around 16 °C before entering the Laptev Sea,  which is much warmer than the 

typical SST below sea ice of < 0 °C (Juhls et al., 2020). This sets up the gradient in SST that is 

present over the Laptev Sea (Appendix Figure B.1), with temperatures < 0 °C off the 

continental shelf and below sea ice and temperatures > 4 °C present over much of the shelf. 

Similar results have previously been shown from in-situ data, with offshore SSTs typically < 0 

°C and SSTs near the mouth of the Lena River typically > 3 °C and up to 10 °C in the last 2 

decades (Osadchiev et al., 2021a). This represents a significant increase in September near-

shore SSTs over the last several decades (Kraineva and Golubeva, 2022; Polyakov et al., 2005).  

Many studies have considered the dominant drivers of SSS interannual variability and of the 

seasonal and decadal variability in SST (Janout et al., 2020; Osadchiev et al., 2021a), but few 

have considered whether SSS and SST co-vary with distance from the mouth of the Lena and 

what drives interannual variability in SST in this region. The lagged-correlation and composite 

analyses shows that zonal wind component is a key driver of interannual variability in SST as 

well as of SSS. This finding highlights that correspondence between SSS and SST is not only 

driven by their common source but also by their common driver of interannual variability. This 

strong correspondence is also highlighted by the significant correlations between 

GLORYS12V1 SST and all SSS products shown under both eastward and westward wind 

forcing (Appendix Figure B.6). The strong correlation and correspondence between 

eastward/westward SSS and SST composites on the shallow Laptev shelf is unsurprising given 

that warm and fresh Lena River water dominates oceanic properties in this region.  

Whilst the eastward/westward composites appear similar, considerable differences are 

observed between the SSS and SST composite difference and correlation plots. The SSS 

composite difference (eastward-westward) plots suggest a North/South dipole where eastward 

forcing appears to drive onshore / south-eastward transport of fresh SSS anomalies and 

westward wind forcing drives offshore / northward transport of fresh SSS anomalies. In the 

lagged-correlation analysis between mean eastward turbulent surface stress and SSS, this 

pattern is highlighted by the dipole between the strong negative correlation nearshore and 

strong positive correlation at the edge of the continental shelf. Conversely, the SST composite 

(eastward-westward) difference plots show an East/West dipole where eastward surface stress 

drives eastward transport of warm SST anomalies and westward surface stress drives north-

westward transport of warm SST anomalies. The lagged-correlation analysis between June to 
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August eastward turbulent surface stress and SST consists predominantly of a strong negative 

correlation in the northern Laptev Sea. Whilst there is a weak region of positive correlation in 

the East Siberian Sea, which would create the East/West dipole described above, it is not 

significant. The difference in strength of correlation indicates that whilst westward wind stress 

drives a strong increase in SST (and/or eastward wind stress a strong decrease in SST) in the 

northern Laptev Sea, eastward/westward wind stress drives a much smaller change in SST in 

the East Siberian Sea. These differences in composite difference plots likely occur due to 

feedback cycles between SST, SIC, SSS and albedo.  

Hence, whilst the zonal wind plays a key role in controlling both SSS and SST patterns, the 

differences between SSS and SST composite difference and correlation plots highlight that this 

warm and fresh water can be exposed to very different thermal and freshwater forcing after 

entering the Laptev Sea. This is reiterated by the difference in pattern in T-S diagrams under 

years of eastward and westward wind forcing, especially for GLORYS12V1 SSS and 

LOCEAN SMOS SSS (Appendix Figure B.6). Under eastward wind forcing, there is a very 

strong correlation between GLORYS12V1 SST and both GLORYS12V1 SSS and LOCEAN 

SMOS SSS. This strong correlation suggests that eastward wind is the primary driver of the 

pattern observed, with any thermal forcing predominantly warming the already warm, fresh 

river plume. Conversely, under westward wind forcing, the correlation between 

GLORYS12V1 SST and both GLORYS12V1 SSS and LOCEAN SMOS SSS is much weaker, 

and there is a much wider variation in SSS across the full range of SST.  Comparing the 

responses of SSS and SST provides unique insight into understanding the contribution of the 

zonal wind in distributing warm riverine anomalies and the contribution of summer heating to 

the September SST pattern.  

Regardless of differences in SSS and SST composite difference plots, the zonal wind clearly 

controls plume propagation. Under eastward wind forcing, it transports the fresh, warm plume 

along the coast to the East Siberian Sea, and otherwise, under westward wind forcing, it 

transports the plume offshore to the Northern Laptev Sea.  

Zonal wind forcing is also a dominant control on the spatial distribution of September SIC in 

this region. The similarity in correlation patterns between eastward wind stress and 

GLORYS12V1 SST and SIC and the strong correlation between mean SST over the Laptev 

Sea and September SIC highlight the strongly coupled nature of SST and SIC in this region. 

The strong correlation previously found between river-water fraction and melt-water fraction 

suggests that early plume transport may drive sea ice melt in that region (Bauch et al., 2013). 

However, despite this strong correspondence, the initial heat brought by river runoff is only 

suggested to contribute ~10% to sea ice breakup in early spring (Dean et al., 1994). However, 

the initial loss of sea ice near the river mouth and the dark-coloured water that replaces it (high 

in dissolved and suspended particulate matter) alters surface albedo and increases heat 

absorption creating a strong positive feedback (Bauch et al., 2013; Park et al., 2020). As SSTs 

are cooler than atmospheric air temperature in summer, SSTs will continue to warm until 

atmospheric temperatures start to cool in autumn (Janout et al., 2016). The strongly stratified 

summer halocline also increases stability of the water column, making summer heating more 

effective (Osadchiev et al., 2021). Whilst warm summer air temperatures will drive a warming 

of SST in open water regions, freshwater input from precipitation has a negligible impact on 

SSS and sea ice melt only plays a small role in altering summer SSS (Dubinina et al., 2017). 

These processes drive the observed differences in composite difference and correlation plots. 
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The SSS composite difference plots represent just the direct response of SSS to the zonal wind 

(offshore/nearshore). The SST composite difference plots also highlight the importance of the 

SST/SIC positive feedback whereby warm river runoff drives sea ice melt, increasing the area 

of shallow open water exposed to the warm atmosphere, and further driving SST warming in 

newly open water regions. The much stronger correlation between zonal wind stress and SST 

and SIC in the northern Laptev Sea, compared to the East Siberian Sea, may be related to this 

SST/SIC positive feedback and the timing and/or region of sea ice retreat.  

Under eastward wind forcing, the strong correlation between SST and SSS (Appendix Figure 

B.6) and the relatively smaller area of open water in the Laptev Sea suggests atmospheric 

thermal forcing either has little influence or only acts to strengthen the gradient between the 

warm, fresh plume and the cold, saltier waters offshore in years of eastward wind forcing. 

However, under westward wind forcing, it is possible that offshore transport drives earlier 

and/or more expansive sea ice melt, which would alter the area of open water exposed to the 

atmosphere and the length of time it is exposed to the warm summer atmosphere, driving more 

dramatic warming of SSTs. This process would explain the notably higher correlation between 

SSS and SST under westward wind forcing and can explain some of the difference in pattern 

in T-S diagrams under years of eastward and westward wind forcing. In particular, the warm, 

salty waters visible in westward T-S plots may be driven by enhanced warming of salty 

offshore waters that would otherwise be sea ice covered. Alternatively, these warm salty waters 

could be signatures of upwelling modified Lower Halocline Waters, with offshore Ekman 

transport. The northward plume expansion under westward wind forcing also explains the cold, 

fresh water visible in T-S diagrams, which is likely a product of mixing between the extended 

plume and the cold, salty water that typically sits offshore under sea ice. Whilst these 

hypotheses are consistent with results here, further work would be needed to confirm this. It is 

worth noting that the similarity between SSS and SST eastward/westward composites and the 

significant correlation between SSS and SST even under westward wind forcing highlight the 

importance of the zonal wind in modulating this SST/SIC warming positive feedback.  

The difference in spatial pattern of SIC under eastward and westward wind forcing and the 

relationship between SST and SIC suggests zonal wind is not only a key driver of variability 

in SSS and SST but also of Laptev SIC.  

Previous work in this region has suggested that variability in SSS is unrelated to sea ice 

dynamics (Osadchiev et al., 2021a). However, both the composite and correlation analysis here 

show that variability in zonal wind stress does play a role in controlling SST and SIC. 

Attributing interannual variability in SST and SIC to zonal wind stress is complex due to the 

SST/SIC warming positive feedback described above and the strong decline in SIC visible in 

the Laptev (Kraineva and Golubeva, 2022). Future work should be done to untangle the direct 

and indirect (via SST) influences of zonal wind on SIC in this region.  

The spatial pattern of GLORYS12V1 eastward and westward SST composites is consistent 

regardless of time period chosen (the full GLORYS12V1 time period, the LOCEAN SMOS 

time period or the JPL SMAP time period), suggesting this variability is interannual in nature 

and does not only exist due to the SIC trend (i.e. if years of westward/eastward forcing are 

present earlier/later in the timeseries). In addition, the spatial pattern of variability visible in 

both SST composite difference plots and in eastward turbulent surface stress and SIC 

correlation plots is different from the long-term pattern of SST warming or SIC decline 

(between 1993-2002 and 2010-2019 in GLORYS12V1), which suggests a pattern of more rapid 
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warming distributed across the continental shelf. The consistency of SST composites shown, 

the difference in spatial pattern of SST under differing wind forcing and the strength of 

correlation and similarity in correlation pattern between eastward turbulent surface stress and 

SST and SIC support that wind stress is a control on SST and in turn September SIC. The 

impacts of variability in SSS and SST on later sea ice formation and longer-term implications 

of these findings are explored further in section 6.6 (p123). 

 

3.5 Conclusions  

Satellite SSS agrees well with in-situ data (r ≥ 0.84) and provides notable improvement 

compared to GLORYS12V1 SSS (r ≤ 0.80) and the other reanalysis products (r ≤ 0.83) 

considered in capturing patterns and variability observed by in-situ SSS data. Hence, satellite 

SSS provides a useful tool to strengthen our current understanding of Laptev Sea and wider 

Arctic SSS dynamics, particularly in regions with strong SSS gradients. Comparison between 

satellite and in-situ data in this region highlights the need for more near-surface in-situ data for 

validation in this region, particularly nearshore over the lowest salinities. The current lack of 

nearshore low salinity in-situ data limits the confidence in and ability to validate satellite data 

over regions of very low salinities (< 20 pss) and limits our understanding of vertical 

stratification over the shelf, particularly given its high spatial and temporal variability.  

GLORYS12V1 and satellite SSS data confirms what in-situ data has previously suggested: that 

the zonal wind is the dominant driver of offshore/onshore Lena River plume transport, with 

strong consensus in SSS patterns under eastward and westward wind regimes in 

GLORYS12V1, LOCEAN SMOS and JPL SMAP. Annual, autumn and spring runoff do not 

appear to play a role in controlling interannual variability in SSS, SST or SIC in the Laptev 

and East Siberian Sea. The zonal wind also plays a key role in driving SST variability and 

appears to drive spatial variability in SIC across the Laptev and East Siberian Sea. The 

differences in spatial patterns of SSS and SST under eastward/westward wind forcing highlight 

the importance of the zonal wind for dispersing riverine heat and controlling the SST/SIC 

positive feedback, which plays a considerable role in driving further SST warming in shallow 

open water regions. 
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Chapter 4 Kara Sea 

4.1 Introduction  

The Kara Sea sits upstream and just to the west of the Laptev Sea and is partially enclosed by 

the Novaya Zemlya, to the west, and Severnaya Zemlya Archipelagos, to the east (Figure 4.1). 

Whilst the Laptev Sea has quite a shallow shelf (< 50m), with significant very shallow regions 

(< 20m), the Kara Sea is much deeper, as less than half the Kara Sea is < 50m. The enclosed 

nature of the Kara Sea limits transport from the Barents Sea and to the Laptev Sea, and the 

deeper bathymetry result in considerable differences in plume dynamics. The Kara Sea receives 

a third of the total fresh water to the Arctic, and almost double the volume of river runoff as 

the Laptev, primarily due to the contributions of both the Ob and Yenisei rivers. Despite this, 

the fresh layer generated by the Ob-Yenisei plume occupies a much smaller area than the fresh 

layer of the Lena plume (Osadchiev et al., 2023a). However, the Ob-Yenisei plume depth (15-

30m) is typically deeper than that the Lena plume depth (5-15 m) (Hudson et al., 2024; 

Osadchiev et al., 2021; Osadchiev et al., 2023a; Osadchiev et al., 2020; Zatsepin et al., 2010). 

Differences in geography / bathymetry and the presence and interaction of both Ob and Yenisei 

river plumes cause significant differences in both the area and position of the plume and in its 

seasonal, interannual and decadal variability.  
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Figure 4.1: Map of Kara Sea and Vilkitsky Strait with bathymetry contours overlaid in shades of blue/yellow with 

mean 2010–2023 ERA5 June–August wind stress vectors overlaid over the ocean. The box used to calculate mean 

eastward/northward turbulent surface stress is overlaid in red.  

The combined influence of both Ob and Yenisei runoff creates a large inflow of fresh water, 

concentrated over a short period in spring, which drives a strong seasonality in Kara Sea 

salinity, temperature and therefore stratification dynamics. Whilst runoff from both Ob and 

Yenisei rivers is relatively low in winter, the spring freshet transports almost three-quarters of 

the total freshwater input into the Kara Sea just over June to September (Pavlov and Pfirman, 

1995). This considerable riverine input drives freshening of the Ob and Yenisei deltas, setting 

up an intense gradient in SSS between the plume nearshore and the offshore ambient sea. Over 

June and July, this gradient causes spreading of this very fresh plume (<15 pss) from the Ob 

and Yenisei deltas over the central Kara Sea. However, initially this plume is suggested to 

occupy only the very surface layer of the Kara Sea (to ~ 10m). Over August and September, 

the loss of sea ice allows increased wind driven vertical mixing of this surface fresh layer with 
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sub-surface ambient sea water, deepening the mixed layer and increasing surface salinities 

(Osadchiev et al., 2021). Over winter, this fresh layer slowly dissipates, either transported into 

the Laptev Sea or becomes well-mixed with subsurface waters (Osadchiev et al., 2023a; Pavlov 

et al., 1996).  

Interannual variability in SSS is relatively low in the Kara Sea, compared to the neighbouring 

Laptev Sea, but the vertical profile is suggested to vary considerably between years (Osadchiev 

et al., 2021). However, it receives a much larger riverine freshwater input, which equates to 

around 25% of the total river runoff into the Arctic Ocean. Previously, three different modes 

of variability in SSS have been suggested: western, eastern, central (Kubryakov et al., 2016; 

Pivovarov, 2001; Polukhin and Makkaveev, 2017). These three types denote the predominant 

region where the plume is located, which can be primarily along the coast of the southeastern 

Kara Sea (eastern type) or in the western Kara Sea between the Novaya Zemlya Archipelago 

and the continent to the south (western) or a mix of these two, where the plume is primarily 

located in the central/northern Kara Sea (central).  

There is general agreement that wind forcing is the dominant driver of interannual variability, 

and appears to control geostrophic circulation (Kubryakov et al., 2016; Osadchiev et al., 2021). 

In the absence of strong wind forcing, the salinity gradient between plume and ambient sea 

water offshore and the impact of Coriolis drive eastward baroclinic transport along the coast 

(Garvine, 1987; Osadchiev et al., 2020). There is also general agreement that fresh water 

contributions from both sea ice and P-E are typically minimal over the summer period 

(Dubinina et al., 2017; Kazakova et al., 2024; Lambert et al., 2019; Makkaveev et al., 2010). 

However, there remains debate as to whether interannual variability in Ob and Yenisei runoff 

play a role in driving interannual variability in SSS. A number of studies have suggested that 

variability in cumulative Ob-Yenisei river runoff controls the size of the area of the fresh 

surface layer (Lemeshko and Tsyganova, 2022; Osadchiev et al., 2017; Umbert et al., 2021). 

The ratio between Ob and Yenisei runoff has also been suggested to impact the position and 

interaction between the Ob and Yenisei plumes (Osadchiev et al., 2017). However, there has 

also been suggestion that variability in runoff plays little or no role in driving variability in SSS 

(Harms and Karcher, 2005; Zatsepin et al., 2010). Most of the previous studies, especially those 

using satellite SSS, only consider cumulative Ob and Yenisei runoff or the ratio between them 

and not the individual contributions of each river (Lemeshko and Tsyganova, 2022; Umbert et 

al., 2021). 

In this chapter, I aim to identify the drivers of interannual variability in the Kara Sea and how 

these may resemble or differ from the Laptev Sea. To do so, in section 4.3.1, I first consider 

drivers of variability of GLORYS12V1 September SSS, including the influences of eastward 

and northward turbulent surface stress (section 4.3.1.1) and of the ratio of Ob/Yenisei runoff, 

as well as of the individual contributions of Ob and Yenisei runoff (section 4.3.1.2). The 

findings of this analysis are then tested using satellite SSS products in section 4.3.3 and 

discussed in sections 4.4.1, 4.4.2 and 4.4.3. A similar analysis is then conducted in sections 

4.3.2, 4.3.4 and 4.4.4 for GLORYS12V1 and satellite September SST and SIC. The overall 

conclusions of drivers of interannual variability in SSS, SST and SIC are then in section 4.5.  
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4.2 Methods 

Ob and Yenisei River runoff data from the Arctic Great Rivers Observatory (GRO) dataset are 

used to identify the main drivers of Kara Sea interannual variability (Hiklomanov et al., 2021). 

Cumulative runoff until a certain Julian day of each year is calculated for spring (Julian day 

150), summer (Julian day 200) and autumn (Julian day 250). Neither Ob nor Yenisei runoff 

were detrended over any integration time. Whilst there do appear to be trends in some of the 

timeseries, none of them are significant over GLORYS12V1 period, as was true for spring 

Lena runoff. In addition, the Ob and Yenisei rivers are known to have notable anthropogenic 

influence (in the form of watershed management), which causes significant decadal variability 

and alters any expected long-term trend (Davidson, 2018). There has also been previous work 

about the complexity of trends in Ob/Yenisei runoff and the danger of poor trend analysis 

(Stadnyk et al., 2021; Yang et al., 2004). Where relevant, the same analysis was conducted 

with de-trended timeseries to ensure the presence of trends do not impact results.   

As for the Laptev Sea, the key drivers of Kara Sea interannual variability are first assessed 

using a lagged-correlation analysis between Ob and Yenisei GRO runoff over different 

integration times (cumulative runoff until spring, summer, autumn and over the full-year), 

ERA5 eastward turbulent surface stress and GLORYS12V1 SSS, SST, and SIC over 1993–

2023 . However, as might be expected given the lag time between changes in gauged runoff 

and changes in SSS, correlations are strongest with spring and summer runoff, so only 

correlations with spring and summer runoff are shown.  

Pearson correlation coefficients are also calculated for the ratio of spring, summer and autumn 

Yenisei/Ob runoff. However, it has previously been suggested that there is a lag of ~50 days 

in the difference in the time it takes for Ob or Yenisei runoff to travel from the discharge station 

(Salekhard or Igarka) into the sea (Osadchiev et al., 2017). This lag is considered prior to 

calculating ratios. The ratio is calculated using cumulative Yenisei runoff on days 150, 200 and 

250 and cumulative Ob runoff up to 50 days before these days (IE on Julian days 100/150/200). 

The same correlations are also calculated with the ratio of Yenisei/Ob runoff and 

GLORYS12V1 September SST and SIC at each grid cell.  

Whilst there were small differences in correlation pattern with June, July and August ERA5 

eastward turbulent surface stress, correlations shown are calculated between GLORYS12V1 

SSS and mean June to August eastward turbulent surface stress over the Kara Sea shelf: 70-80 

°N, 60-80 °E for each grid cell (Figure 3.4) to be consistent with other chapters. The same 

correlations are calculated with GLORYS12V1 September SST and SIC at each grid cell 

(Figure 3.5, Figure 3.6). Given the difference in correlation patterns with June, July and August 

eastward turbulent surface stress, pearson correlation coefficients between ERA5 eastward 

turbulent surface stress in June, July and August and GLORYS12V1 September SSS (over 

1993–2023) in each grid cell are also included in Appendix Figure C.1.Similar correlations 

were calculated for varied (22.5°, 45°and 67.5°) wind directions rotated to be aligned with the 

coast (i.e. eastnortheast-ward and northnorthwest-ward for 22.5°, northeast-ward and 

northwest-ward for 45° and northnortheast-ward and westnorthwest-ward for 67.5°). However, 

similar patterns and no notable improvement in correlation strength were found with SSS so 

unrotated wind stress was used for consistency with the Laptev Sea (Chapter 3).  

 To identify years of anomalous eastward/westward wind over the shorter satellite time series, 

the mean ERA5 eastward and northward turbulent surface stress is calculated for June to 
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August over the Kara Sea shelf: 70-80 °N, 60-80 °E (region visible in the red box in Figure 

4.1). The June-August averaging period was chosen to be consistent with Laptev Sea (Chapter 

3) and given that previous studies have suggested wind over June-September is relevant for 

plume regime (Kubryakov et al., 2016).  

The 3 years of maximum and minimum eastward turbulent surface stress are identified for each 

of the two satellite periods (SMOS: 2011–2022 and SMAP: 2015–2023), which happen to be 

the same years for both periods. Eastward wind stress is highest in 2016, 2018 and 2021 and 

lowest (most westward) in 2015, 2019 and 2020.  

The eastward SSS composite is then calculated as the mean of the 3 most eastward years for 

GLORYS12V1 SSS, CCI, JPL SMAP and LOCEAN SMOS (2016, 2018, 2021). The 

westward SSS composite is calculated as the mean of the 3 most westward years for 

GLORYS12V1 SSS, CCI, JPL SMAP and LOCEAN SMOS (2015, 2019, 2020). The same 

years are used to calculate eastward and westward SST composites using GLORYS12V1 SST 

and L4 v2.1 CCI SST as well as for GLORYS12V1 SIC. 

The same years are also used to calculate “eastward” and “westward” current velocity 

composites (for both eastward and northward velocity components) from GLORYS12V1 mean 

June-August eastward and northward current velocity components.  

The surface Ekman current expected from the wind stress is computed for this region according 

to Equations (1) and (2) (Price et al., 1987). Surface Ekman currents (for z=0 m) are calculated 

using an Ekman depth (d) of 10 m (roughly equivalent to the mixed layer depth found from in-

situ data) and a surface density (𝜌0) of 1020 kg m-3 (roughly equivalent to an SSS of 25 pss 

and SST of 5 °C). The expected surface Ekman current under average eastward and westward 

wind forcing is then calculated from the mean June-August eastward and northward wind stress 

for identified most eastward and westward years. This surface current is calculated for each 

pixel over the Kara Sea shelf: 70-80 °N, 60-80 °E. These expected Ekman surface currents 

under eastward and westward wind forcing are then compared with those observed in 

GLORYS12V1 to visualise the contribution of the Ekman component to the overall surface 

current (overlaid on Figure 4.7 and Figure 4.8).  

Composites are also calculated for years of high and low ratios of summer Yenisei/Ob runoff. 

The 3 years of highest and lowest ratios of summer Yenisei/Ob runoff are identified for each 

of the two satellite periods (SMOS: 2011–2022 and SMAP: 2015–2023). The 3 years of highest 

runoff ratio are identified to be 2010, 2013, and 2018 over the SMOS time series and to be 

2018, 2021 and 2023 for the SMAP time series. Conversely, the 3 years of lowest runoff ratio 

are identified to be 2011, 2012 and 2016 over the SMOS time and 2016, 2017 and 2020 over 

the SMAP time series.  

The high Yenisei/Ob runoff ratio SSS composite is then calculated as the mean of the 3 years 

of highest runoff ratio for GLORYS12V1 SSS, CCI and LOCEAN SMOS (2010, 2013, 2018) 

and for JPL SMAP (2018, 2021, 2023). The low Yenisei/Ob runoff ratio SSS composite is 

calculated as the mean of the 3 years of lowest runoff ratio for GLORYS12V1 SSS and 

LOCEAN SMOS (2011, 2012, 2016) and for JPL SMAP (2016, 2017, 2020). The same years 

are used to calculate high and low SST composites using GLORYS12V1 SST and L4 v2.1 CCI 

SST as well as for GLORYS12V1 SIC. 



Chapter 4: Kara Sea 

52 

 

As for wind, the same years are also used to calculate current velocity composites under high 

and low ratios of Yenisei/Ob runoff (for both eastward and northward velocity components) 

from GLORYS12V1 mean June-August eastward and northward current velocity components.  

 

4.3 Results  

4.3.1 Impact of runoff and wind stress on SSS in GLORYS12V1 

4.3.1.1 Wind Stress 

 

 

Figure 4.2: Correlation between GLORYS12V1 September SSS and ERA5 eastward and northward turbulent surface 

stress over June to August (6-8) over 1993-2023. Regions where correlations are statistically significant (p≤0.05) are 

denoted by the white contour and brighter colours. 

In the Kara Sea, a strong correlation pattern is present with June-August eastward wind stress, 

which depicts a narrow band of negative correlation that extends nearest the coast, particularly 

east of the Ob and Yenisei deltas, and a wider band of positive correlation just offshore (Figure 

4.2). However, whilst this pattern is relatively consistent across all months, the regions with 

significant correlations are often quite small and differ notably by month (Appendix Figure 

C.1).  

The negative nearshore / positive offshore correlation pattern suggests that years of notable 

eastward wind forcing are consistent with particularly low SSS nearshore, particularly along 

the eastern coast of the Kara Sea, and higher SSS in the western Kara Sea and further offshore 

and vice versa under westward wind forcing (Figure 4.2). This suggests that eastward wind 

forcing is consistent with the Ob-Yenisei plume remaining nearshore and to the east of the 

initial Ob and Yenisei deltas. Conversely, westward wind forcing is consistent with the Ob-

Yenisei plume being transported further offshore and spreading both east and west of the Ob 

and Yenisei deltas. Whilst the correlation pattern between eastward turbulent surface stress and 
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SSS in the Kara Sea is somewhat similar to that present in the Laptev Sea, the plume tends to 

travel further East under eastward forcing and further west under westward forcing in the Kara 

Sea, rather than traveling onshore or offshore as in the Laptev Sea.   

The correlations between SSS and August eastward turbulent surface stress (Appendix Figure 

C.1) are notably stronger than correlations with eastward turbulent surface stress in other 

months. This has previously been explained by the sea ice covered nature of the Kara Sea 

leading up to June and the calm conditions typically present in July (Osadchiev et al., 2021b; 

Pavlov et al., 1996). The higher standard deviation of eastward turbulent surface stress over the 

Kara Sea in August (0.030 N m-2), compared to in September (0.022 N m-2), July (0.024 N m-

2) or June (0.023 N m-2) also support this suggestion. In addition, Ob and Yenisei runoff must 

be transported down the Ob and Yenisei deltas before entering the central Kara Sea and being 

subject to wind forcing. This lag likely accounts for the lack of correlation with June and July 

wind forcing, as is present in the Laptev Sea.  

In the Kara Sea, the spatial correlation patterns between GLORYS12V1 SSS and mean 

northward turbulent surface stress over 1993-2023 (Figure 4.2, right), resemble those with 

mean eastward turbulent surface stress but are generally weaker and smaller. The band of 

negative correlation near the coast, to the east of the Ob and Yenisei deltas, visible in 

correlation plots with eastward turbulent surface stress is also visible in July-August northward 

turbulent surface stress plots. The band of positive correlation in the central Kara Sea is also 

visible with northward turbulent surface stress but is considerably narrower, less extensive and 

is more confined to the western Kara Sea. As with eastward wind stress, the August northward 

turbulent surface stress pattern is the largest, and closely resembles that of eastward turbulent 

surface stress in August, but with less extensive regions of significant positive/negative 

correlations.  

Overall, this suggests that both eastward and northward wind stress are consistent with a band 

of low SSS nearshore which extends from the mouths of the Ob and Yenisei deltas, through 

the Vilkitsky Strait. Conversely, westward or southward wind stress is coincident with lower 

SSS offshore, in the central Kara Sea. Whilst June and July eastward and northward wind stress 

seem to have some influence on SSS, August eastward and northward wind stress appear far 

more dominant.  

 

4.3.1.2 Runoff 

Spatial correlations between Ob, Yenisei and the ratio of Yenisei/Ob runoff and 

GLORYS12V1 September SSS are examined to understand the influence of runoff in 

controlling Kara Sea SSS. Correlations are strongest for spring (Julian day 150) Ob runoff and 

summer (Julian day 200) Yenisei runoff so these are shown below (Figure 4.3).  The correlation 

with ratio between summer Yenisei and spring Ob runoff is also shown. The ratio is calculated 

using different integration times for Ob and Yenisei runoff to take into account the difference 

in lag time between the two rivers (of ~50 days). 
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Figure 4.3: Correlation between GLORYS12V1 September SSS and cumulative Ob River runoff in spring (Julian day 

150), cumulative Yenisei River runoff in summer (Julian day 200), and the ratio of summer Yenisei and spring Ob 

River runoff over 1993-2022. Regions where correlations are statistically significant (p≤0.05) are denoted by the white 

contour and brighter colours. 

Only spring Ob runoff has a notable correlation pattern with GLORYS12V1 SSS over the 

1993-2023 time period (Figure 4.3, first panel). This pattern consists of patches of positive 

correlation below 82 °N and a significant negative correlation pattern above this latitude, in the 

central Arctic. This positive correlation has multiple patches where it is significant, including 

at the outflow of the Ob delta, most of the way around the Novaya Zemlya Archipelago, in 

several patches of the northern Kara Sea and in the western Laptev Sea. No notable correlation 

patterns were present with cumulative runoff over other integration times. Hence, high spring 

Ob runoff appears to drive increased SSS in September right at the mouth of the Ob Delta. The 

reasoning for this counter-intuitive correlation will be further discussed in section 4.4.1. 

Summer Yenisei runoff has a large region of negative correlation with GLORYS12V1 SSS 

over the 1993-2023 time period (Figure 4.3, middle panel). This significant negative correlation 

extends throughout most of the central Kara Sea and in multiple regions in the Barents Sea A 

similar, but weaker, correlation pattern is also visible with Yenisei runoff over other integration 

times. This strong negative correlation pattern suggests that increased summer Yenisei runoff 

is consistent with low SSS in September over most of the Kara Sea.  

The cumulative Ob-Yenisei runoff (not shown) presents a similar spatial correlation to that of 

cumulative Yenisei runoff. This suggests that the strong negative correlation visible with 

summer Yenisei runoff dominates over the weaker positive correlation visible with spring Ob 

runoff. On average, the magnitude of Yenisei runoff is about 1.5 times larger than Ob runoff, 

supporting the more dominant role of Yenisei runoff. The magnitude of interannual variability 

in Yenisei runoff (standard deviation of 4.58x1010 m3 year-1) is also larger compared to that of 

Ob runoff (standard deviation of 2.05e10 m3 year-1). The stronger and larger area of significant 

correlation with Yenisei runoff and the larger magnitude of Yenisei runoff and of its variability, 

compared to Ob runoff, suggests Yenisei runoff is a dominant control on Kara Sea SSS. 

Whilst Yenisei runoff appears to play a stronger role in controlling SSS variability than Ob 

runoff, previous studies have suggested a stronger role for the ratio of Yenisei/Ob runoff than 

of either individual contributor (Osadchiev et al., 2017). Here, the ratio of Yenisei/Ob runoff 
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has a consistent correlation pattern with GLORYS12V1 SSS over 1993-2023 for all runoff 

integration times. However, the strongest correlation pattern is found with the ratio of spring 

Ob / summer Yenisei runoff (Figure 4.3, right panel). This pattern consists of a negative 

correlation in the central Kara Sea and a positive correlation in the central Arctic, above 80 °N. 

The large region of significant negative correlation with the summer runoff ratio resembles the 

region of negative correlation with summer Yenisei runoff, and covers the region of positive 

correlation with spring Ob runoff, so extends all the way from the edge of the Ob Delta, into 

the western Kara Sea and across to the Vilkitsky Strait. This correlation pattern suggests that 

high Yenisei runoff and/or low Ob runoff are consistent with decreased SSS over the central 

and western Kara Sea, and conversely that low Yenisei runoff and/or high Ob runoff are 

consistent with increased SSS over the central and western Kara Sea. Hence, opposing 

variability in Ob and Yenisei runoff has a stronger influence on SSS than either river’s 

individual or their cumulative contribution.  

 

4.3.2 Impact of runoff and wind stress on SST and SIC in GLORYS12V1 

4.3.2.1 Wind stress 

As for GLORYS12V1 SSS, spatial correlations between June, July and August eastward wind 

stress and GLORYS12V1 September SST are examined to understand the influence of zonal 

wind stress in controlling Kara Sea SST. 

However, there are relatively few, small regions of significant correlation between eastward 

turbulent surface stress and GLORYS12V1 SST so results are summarized here (see Kara Sea 

additional figures for full results). Only August northward turbulent surface stress has regions 

of significant positive correlation with GLORYS12V1 SST nearshore (Appendix Figure C.2) 

and regions of significant negative correlation with GLORYS12V1 SIC (Appendix Figure 

C.3). The small regions of significant positive correlation with SST are located in the eastern 

coastal Kara Sea, in the offshore Kara Sea, and in the eastern Barents and western Laptev Sea. 

A negative correlation is also visible between August northward turbulent surface stress and 

GLORYS12V1 SIC but only extends throughout the western Laptev Sea. There are no notable 

regions of significant correlation between eastward turbulent surface stress in any month and 

GLORYS12V1 SST or SIC. There are no notable regions of significant correlation between 

northward turbulent surface stress in June and July and GLORYS12V1 SST or SIC. Hence, 

only August turbulent surface stress is consistent with increased SSTs, particularly in the 

eastern Kara Sea, and with decreased SIC in the western Laptev Sea.  

The small regions of positive correlation nearshore between August northward turbulent 

surface stress and SST are consistent with the previous suggestion that eastward wind stress 

will drive increased eastward transport of the relatively warm water from the Barents Sea into 

the Kara Sea (Karcher et al., 2003; Mäkinen and Vanhatalo, 2016; Zhang et al., 1998). In 

addition, Barents Sea water is warmer under positive AOI, as intensified cyclonic flow drives 

increased Atlantic Water inflow, accelerating sea ice retreat and providing a longer period 

where the open ocean is exposed to atmospheric warming. Increased cyclonic flow, and the 

location of the positive correlation in August also support that the Pechora plume likely enters 

the Kara Sea under eastward wind forcing. This is consistent with the previous suggestion that 

(south/) eastward winds spread the Pechora plume along the coast and drive transport into the 

Kara Sea through the Kara Strait (Rogozhin et al., 2023). However, it is worth noting that the 
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Pechora plume rarely makes it far into the Kara Sea before being mixed with ambient sea water, 

due to the strong internal waves frequently present in this region (Morozov et al., 2017; 

Rogozhin et al., 2023).  

There is no correlation between northward turbulent surface stress and either SST or SIC in 

July but there is a notable weak positive correlation in August (Appendix Figure C.2, Appendix 

Figure C.3). This is likely to be partly driven by the greater variability of August northward 

turbulent surface stress (STDV = 0.020 N m-2) than of July (STDV = 0.018 N m-2).  As 

southward wind drives offshore transport and upwelling, it is likely that the southward wind 

dominant in this region, regularly drives upwelling from the southwestern Kara Sea onto the 

shelf and into the surface waters, lowering SST. Conversely, northward wind drives transport 

onto shore and downwelling, maintaining the warm SST present on the shallower region of the 

shelf. This would explain the positive correlation visible in this region, which appears 

coincident with the region where the Kara Sea is shallowest. This is consistent with previous 

work that has suggested bathymetry is positively correlated with SST in this region (Mäkinen 

and Vanhatalo, 2016). As might be expected, this causes loss of any sea ice still in the eastern 

Kara Sea and/or helps to slow late-September sea ice formation. This correlation pattern arises 

due to the southwest/northeast alignment of the coast, and the contrast of the deep western and 

the shallow southeastern Kara Sea. It also helps to explain the much stronger correlation with 

northward wind stress in the Kara Sea than is visible in the Laptev Sea.   

 

4.3.2.2 Runoff  

As with GLORYS12V1 SSS, spatial correlations between Ob, Yenisei and the ratio of 

Yenisei/Ob runoff and GLORYS12V1 September SST are examined to understand the 

influence of runoff in controlling Kara Sea SST. Correlations are shown for spring (Julian day 

150) Ob runoff, summer (Julian day 200) Yenisei runoff (Figure 4.4).  The correlation with the 

ratio between summer Yenisei and spring Ob runoff is also shown. The ratio is calculated using 

different integration times for Ob and Yenisei runoff to take into account the difference in lag 

time between the two rivers (of ~50 days). 
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Figure 4.4: Correlation between GLORYS12V1 September SST and cumulative Ob River runoff in spring (Julian day 

150) and cumulative Yenisei River runoff in summer (Julian day 200) over 1993-2022. Regions where correlations are 

statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 

Spring Ob runoff has a large region of significant positive correlation with GLORYS12V1 

September SST that extends throughout most of the Barents, Kara and Laptev Sea (Figure 4.4, 

left panel). A similar but notably weaker and mostly non-significant pattern is also visible with 

summer Ob runoff. Hence, high spring Ob runoff is coincident with increased SST over all of 

the Kara Sea and in the western Laptev Sea.  

The spatial pattern of correlation between cumulative summer Yenisei runoff and 

GLORYS12V1 September SST over the 1993-2023 time period (Figure 4.4) is the opposite of 

that with spring Ob runoff. Summer Yenisei runoff is negatively correlated with 

GLORYS12V1 SST over almost the entire region visible (Figure 4.4, middle panel). This 

negative correlation is significant over large regions of the Barents, Kara and Laptev Sea, 

except for a wide band in the central Kara Sea. Whilst high summer Yenisei runoff appears 

coincident with decreased September SSTs in the eastern Barents and western Kara Sea, it does 

not appear related to September SST in the central Kara Sea. This opposing correlation is likely 

due to interactions between Ob and Yenisei runoff, as discussed in section 4.4.1. 

Given lack of significant correlation with Yenisei runoff in the central Kara Sea and the fact 

all regions of significant negative correlation with Yenisei runoff are also regions of significant 

positive correlation with Ob runoff, the correlation with the ratio of Yenisei/Ob runoff is 

omitted. The stronger correlations with Ob runoff, compared to Yenisei runoff suggest Ob 

runoff is the dominant control on Kara Sea SSTs, unlike with SSS, where Yenisei runoff is the 

dominant control. 

As with GLORYS12V1 SSS and SST, spatial correlations between Ob, Yenisei and the ratio 

of Yenisei/Ob runoff and GLORYS12V1 September SIC are examined to understand the 

influence of runoff in controlling Kara Sea SIC. Correlations are shown for spring (Julian day 

150) Ob runoff, summer (Julian day 200) Yenisei runoff (Figure 4.5). The correlation with the 
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ratio between summer Yenisei and spring Ob runoff is also shown. The ratio is calculated using 

different integration times for Ob and Yenisei runoff to take into account the difference in lag 

time between the two rivers (of ~50 days). 

 

Figure 4.5: Correlation between GLORYS12V1 September SIC and cumulative Ob River runoff in spring (Julian day 

150) and cumulative Yenisei River runoff in summer (Julian day 200) over 1993-2022. Regions where correlations are 

statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 

The correlation pattern between cumulative spring Ob runoff and GLORYS12V1 September 

SIC over the 1993-2023 time period (Figure 4.5, left) is somewhat opposite of those with 

GLORYS12V1 September SST. Spring Ob runoff is very weakly negatively correlated with 

SIC almost everywhere below 82 °N (Figure 4.5, left panel). This negative correlation is 

strongest, and only significant, in the eastern Kara and western Laptev Sea and extends over a 

large area from the coast to ~80 °N, both sides of the Vilkitsky Strait. This region of significant 

negative correlation suggests increased spring Ob runoff is consistent with decreased sea ice 

nearshore in the eastern Kara and western Laptev Sea.  

The correlation pattern between Yenisei runoff and GLORYS12V1 September SIC over the 

1993-2023 time period (Figure 4.5, middle) is almost exactly the opposite of those with 

GLORYS12V1 September SST but notably weaker. Summer Yenisei runoff is positively 

correlated with SIC. However, there are no regions of significant correlation with Yenisei 

runoff in the central Kara Sea. Given the lack of correlation with Yenisei runoff, the correlation 

with the ratio of Yenisei/Ob runoff is omitted as it is clear Yenisei runoff has no impact on 

Kara Sea SIC.  

This correlation pattern suggests that low Ob runoff is consistent with increased SIC over the 

central and western Kara Sea, and conversely that high Ob runoff is consistent with decreased 

SIC over the central and western Kara Sea. Unlike with SSS, Yenisei runoff has no notable 

impact on Kara Sea SST.  
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4.3.3 Drivers of interannual variability in September SSS 

A metric of eastward (and northward) wind stress is devised to identify anomalous years of 

wind forcing and calculate SSS composites for particularly anomalous years (shown in Figure 

4.6). Given June, July and August eastward (and northward) turbulent surface stress appear 

dominant drivers of variability in GLORYS12V1 September Kara Sea SSS, and to be 

consistent with the Laptev Sea study, the mean of these three months is used for this metric.  

The ratio of summer Yenisei / spring Ob runoff is also used as a metric to help identify the role 

of runoff in controlling variability in Kara Sea SSS, given the strong correlation found between 

the runoff ratio and GLORYS12V1 September SSS. The ratio of summer Yenisei / spring Ob, 

the variability of summer Yenisei runoff and spring Ob runoff are also overlaid in Figure 4.6.  

To ensure no coverability exists between different variables, the Pearson correlation coefficient 

is calculated between each of the variables (June-August mean eastward turbulent surface 

stress, June-August northward turbulent surface stress, spring Ob runoff, summer Yenisei 

runoff and the ratio of summer Yenisei/spring Ob runoff).  

 

Figure 4.6: Three-month (June to August) mean ERA5 eastward (black solid) and northward (black dashed) turbulent 

surface stress over 70-80 °N and 60-80 °E. Overlaid are dots indicating the most eastward (red dots) and westward 

(blue dots) years chosen for analysis for both the longer SMOS/GLORYS12V1 timeseries (2011-2022) (darker red and 

blue dots) and the shorter SMAP timeseries (2015-2023) (lighter red and blue dots). The range of the maximum and 

minimum eastward turbulent surface stress between June and August is shaded in grey. The ratio of summer (until 

the 200th Julian day) Yenisei runoff to spring (until the 150th Julian day) Ob runoff is in purple with the highest (orange) 

and lowest (green) years chosen for analysis for both the longer SMOS/GLORYS12V1 timeseries (2011-2022) (darker 

orange and green dots) and the shorter SMAP timeseries (2015-2023) (lighter orange and green dots). Spring 

cumulative Ob River runoff (until the 150th Julian day) (pink), and summer cumulative Yenisei runoff (until the 200th 

Julian day) (light orange) anomalies from climatology are overlaid. 

As with the Laptev Sea, the magnitude of variability in June to August mean eastward turbulent 

surface stress over the Kara Sea is larger (range of -0.03 to 0.04 N m-2) than that of mean 

northward turbulent surface stress (range of -0.05 to 0 N m-2) (Figure 4.6). However, unlike 

the Laptev Sea, northward turbulent surface stress was almost always negative over the Kara 

Sea, indicating persistent southward turbulent surface stress. This has previously been 

suggested to be the dominant wind forcing over this region (Osadchiev et al., 2021). The 
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standard deviation of eastward turbulent surface stress over the Kara Sea (over 1993-2023) is 

also notably higher in August (0.030 N m-2) than in September (0.022 N m-2), July (0.024 N m-

2) or June (0.023 N m-2). The standard deviation of northward turbulent surface stress over the 

Kara Sea (over 1993-2023) is also higher in September (0.028 N m-2) than in August (0.020 N 

m-2), July (0.018 N m-2) or June (0.025 N m-2). Eastward turbulent surface stress does not co-

vary with northward turbulent surface stress over 2010-2022 (r = 0.29, p = 0.31) and is weakly, 

but significantly correlated over 1993-2023 (r = 0.37, p = 0.04). The years of highest eastward 

turbulent surface stress were 2016, 2018 and 2021 over both the SMOS timeseries and SMAP 

timeseries. The years of strongest westward turbulent surface stress were 2015, 2019 and 2020 

over both the SMOS and SMAP timeseries.  

The ratio of summer Yenisei/Ob runoff varies between 0.18 and 0.45 over the SMOS time 

period. The average magnitude of cumulative summer Yenisei runoff (3.86e11 m3 year-1) is 

over three times greater than that of cumulative summer Ob runoff (1.09e11 m3 year-1) over 

2010-2023, which explains the consistently low ratio of summer Ob/Yenisei runoff. In 

addition, the standard deviation of cumulative summer Yenisei runoff (4.47e10 m3 year-1) is 

around double that of cumulative spring Ob runoff (2.03e10 m3 year-1) over 2010-2023. Both 

the mean and standard deviation of summer Yenisei runoff are also much greater than that of 

spring Ob runoff over the GLORYS12V1 time period (1993-2023). It is also worth noting that 

both the magnitude and standard deviation of cumulative Yenisei runoff are larger than 

cumulative Ob runoff regardless of integration time chosen. The years of highest Yenisei/Ob 

runoff ratio were 2010, 2013 and 2018 over the SMOS timeseries and 2018, 2021 and 2023 

over SMAP timeseries. The years of strongest westward turbulent surface stress were 2011, 

2012 and 2016 over the SMOS timeseries and 2016, 2017 and 2021 over SMAP timeseries. 

There is no co-variability between the ratio of summer Yenisei runoff / spring Ob runoff and 

either eastward or northward turbulent surface stress. Summer Yenisei/Ob runoff does not co-

vary with eastward turbulent surface stress over 2010-2023 (r = -0.07, p = 0.80) or over 1993-

2023 (r = -0.25, p = 0.17). Summer Yenisei/Ob runoff also does not co-vary with northward 

turbulent surface stress over 2010-2023 (r = 0.15, p = 0.62) or over 1993-2023 (r = 0.11, p  = 

0.54).  

Conversely, both spring Ob and summer Yenisei runoff co-vary with the ratio of Yenisei/Ob 

runoff. Summer Yenisei/Ob runoff is significantly negatively correlated with spring Ob runoff 

over both 2010-2023 (r = -0.84, p < 0.01) and 1993-2023 (r = -0.90, p < 0.01). Summer 

Yenisei/Ob runoff is also positively correlated with summer Yenisei runoff over both 2010-

2023 (r = 0.39, p = 0.17) and over 1993-2023 (r = 0.30, p = 0.09). Summer Yenisei runoff does 

not co-vary with spring Ob runoff over 2010-2023 (r = 0.10, p = 0.73) or 1993-2023 (r = -0.04, 

p = 0.84).   

 

4.3.3.1 Wind composite 

The identified three most eastward and westward years are then used to calculate eastward and 

westward composites for GLORYS12V1, LOCEAN SMOS, JPL SMAP and CCI SSS (Figure 

4.7, Figure 4.8).  
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Figure 4.7: Eastward (E, left column) and westward (W, right column) composites calculated for (top to bottom) 

LOCEAN SMOS, JPL SMAP, CCI and GLORYS12V1 SSS, from the identified three most eastward and westward 

years (over 2011-2023 for GLORYS12V1 and LOCEAN SMOS and over 2015-2023 for JPL SMAP). The 

GLORYS12V1 mean 30% sea ice concentration contour is overlaid on the respective composite plots. Eastward and 

westward GLORYS12V1 current velocity composites for June-August are overlaid as black arrows on the respective 

composite plots (masked by the region of mean sea ice concentration above 30%).  
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All products suggest relatively consistent SSS patterns under both positive (eastward) and 

negative (westward) zonal wind forcing. Under eastward wind forcing, the freshest salinities 

(<24 pss) are mostly coastally confined and extend further eastward along the coast. 

Conversely, under westward wind forcing, all four products suggest these freshest salinities 

travel further offshore and occupy most of the central Kara Sea. A mid-composite (composite 

of three years without strong eastward or westward wind forcing) was also calculated, but is 

not shown, which closely resembles the westward composites, suggesting years with no strong 

east/westward wind forcing tend to spread offshore and resemble the westward wind SSS 

composite. However, years with westward wind forcing do appear to spread further into the 

western Kara Sea than those with more moderate/low zonal wind forcing, which appear to 

remain in the central Kara Sea and not extend as far westward.  

The eastward/westward composites of the satellite SSS products agree strongly (Figure 4.7). 

GLORYS12V1 broadly agrees with the satellite products, but the freshest salinities are notably 

more coastally confined in both GLORYS12V1 composites than in the satellite products. 

Whilst this difference is visible in eastward composites, it is much clearer in westward 

composites, where low salinities (< 25 pss) in satellite products extend up to 77 °N, compared 

to barely extending above 75 °N in the GLORYS12V1 westward composite.  

A weak pattern is visible in GLORYS12V1 surface current velocity composites with more 

onshore or southward transport under eastward wind forcing and more offshore or northward 

transport under westward wind forcing. However, surface current velocities are much more 

variable and complex in the Kara Sea, compared to the Laptev Sea, so the general circulation 

pattern dominates over this difference. Therefore, whilst the expected surface Ekman current 

does match the observed circulation in some nearshore regions, the expected and observed 

currents do not agree as well as in the Laptev Sea. This difference may be due to the more 

complex bathymetry in this region.  
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Figure 4.8: The difference between eastward and westward composites calculated for GLORYS12V1 SSS, CCI SSS, 

LOCEAN SMOS, and JPL SMAP, from the identified three most eastward and westward years (over 2010-2023 for 

GLORYS12V1, CCI and LOCEAN SMOS and over 2015-2023 for JPL SMAP). Regions in blue represent regions with 

lower salinities under eastward wind forcing and regions in red represent lower salinities under westward wind forcing. 

The GLORYS12V1 mean 30% sea ice concentration contour under eastward (blue) and westward (red) wind forcing 

is overlaid. The difference between eastward and westward GLORYS12V1 current velocity composites for June-

August are overlaid as black arrows on the composite difference plot (masked by the region of mean sea ice 

concentration above 30%). The difference in expected Ekman surface currents based on observed average eastward 

and westward wind stress are overlaid as grey arrows for comparison. 

The differences in SSS under eastward and westward wind forcing are re-iterated by the 

composite difference plots (Figure 4.8). All composite difference plots clearly depict a notable 

onshore/offshore dipole of freshwater transport.  This dipole pattern consists of a thin negative 

SSS anomaly along the eastern coast of the Kara Sea, which extends from the Ob delta through 

to the western Laptev Sea. A large positive SSS anomaly is present throughout almost all of 

the offshore Kara Sea. Hence, all products show a consistent pattern of lower SSS nearshore 

and higher SSS offshore under eastward wind forcing.  
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Whilst all composite difference plots depict the same pattern of difference in SSS, the 

magnitude of offshore SSS transport in GLORYS12V1 is much smaller than that in satellite 

products. The satellite products depict notably larger freshwater transport northwards under 

westward wind forcing compared to under eastward wind forcing. This larger northward 

freshwater transport is visible both from the magnitude of the SSS difference in this region (> 

5 pss) and the large area of the positive anomaly, which extends throughout most of the central 

Kara Sea, and over regions of the western Kara Sea. The much lower SSS in the central Kara 

Sea under westward wind forcing is much more clearly visible than the lower SSS nearshore 

under eastward wind forcing. Whilst satellite products do have some evidence of 

eastward/alongshore plume transport under eastward wind forcing, sea ice and land 

contamination contribute to a notable lack of observations near the coast, and mean there is no 

data where you would expect the negative SSS anomaly. The reasons for these differences are 

discussed further in section 4.4.1 (p70).  

Despite that a clear difference in surface currents is not particularly visible from individual 

eastward and westward composites (Figure 4.7), the GLORYS12V1 surface current velocity 

composite difference plot suggests a clear difference in current velocity under eastward and 

westward wind forcing (Figure 4.8). This pattern indicates much more southward current 

velocities under eastward wind forcing than westward wind forcing, indicating onshore 

transport. Observed differences in surface current closely match both the magnitude and 

direction of the expected difference in Ekman surface current calculated from wind stress.  

 

4.3.3.2 Runoff Composite 

The identified years of highest and lowest ratio of summer Yenisei / spring Ob runoff are then 

used to calculate eastward and westward composites for GLORYS12V1, LOCEAN SMOS, 

JPL SMAP and CCI SSS (Figure 4.9, Figure 4.10).  
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Figure 4.9: High (H, left column) and low (L, right column) Yenisei/Ob runoff composites calculated for (top to bottom) 

LOCEAN SMOS, JPL SMAP, CCI and GLORYS12V1 SSS, from the identified three years of highest and lowest ratio 

between summer (Julian day 200) Yenisei and spring (Julian day 150) Ob runoff (over 2011-2023 for GLORYS12V1 

and LOCEAN SMOS and over 2015-2023 for JPL SMAP). The GLORYS12V1 mean 30% sea ice concentration 

contour is overlaid on the respective composite plots.  
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The high and low Yenisei/Ob runoff ratio composites somewhat resemble the east/west-ward 

wind composites, despite the different years used to calculate them (Figure 4.9). However, the 

low Yenisei/Ob runoff ratio composites extend much further offshore than the eastward wind 

composites, particularly in LOCEAN and JPL. In addition, the high Yenisei/Ob runoff ratio 

composites appear to not extend as far westward, into the western Kara Sea, compared to the 

westward wind composites. Despite this, it is clear that a low ratio of Yenisei/Ob runoff is 

coincident with the plume remaining more coastally confined and extending into the eastern 

Kara Sea and that a high ratio of Yenisei/Ob runoff is coincident with the plume extending 

further offshore into the central Kara Sea.  

 

Figure 4.10: The difference between high and low composites calculated for GLORYS12V1 SSS, CCI SSS, LOCEAN 

SMOS, and JPL SMAP, from the identified three years of highest and lowest ratio between spring (Julian day 150) Ob 

and Yenisei runoff (over 2010-2023 for GLORYS12V1, CCI and LOCEAN SMOS and over 2015-2023 for JPL SMAP). 

Regions in blue represent regions with lower salinities under eastward wind forcing and regions in red represent lower 

salinities under westward wind forcing. The GLORYS12V1 mean 30% sea ice concentration contour under high (blue) 

and low (red) ratios of Yenisei/Ob runoff is overlaid. The difference in GLORYS12V1 current velocity for June-August 

in years of high and low ratios of Yenisei/Ob runoff is also overlaid as black arrows (masked by the region of mean sea 

ice concentration above 30%).  
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The satellite runoff ratio composite difference plots all have much more notable negative 

anomalies than positive anomalies (Figure 4.10). However, the location of these negative 

anomalies differs between products. In GLORYS12V1, the spatial pattern of runoff composite 

difference plots is very different from the wind composite difference plots, which appear to 

have alternating bands of positive and negative anomalies along the coast. These bands consist 

of a negative anomaly in the very western Kara Sea, then alternating positive and negative 

anomalies which extend offshore from the coast until a positive anomaly extends through the 

Vilkitsky Strait. In the satellite products, the composite difference plots generally resemble 

zonal wind composite difference plots (Figure 4.8) but the negative anomaly is predominantly 

positioned over the central Kara Sea in runoff composite difference plots, covers a smaller area 

and does not extend into the western Kara Sea as the positive anomaly does in wind composite 

difference plots. In both CCI and LOCEAN products, there is a positive anomaly in the western 

Kara Sea, as there is in GLORYS12V1. The JPL composite difference plot is the only satellite 

product that has a notable region of positive anomaly in the eastern Kara Sea, which appears 

to extend into the Laptev Sea. Both LOCEAN and CCI have no clear positive anomaly 

nearshore. Differences between GLORYS12V1 and satellite products may occur as 

GLORYS12V1 is forced with climatological, rather than interannually varying Ob and Yenisei 

runoff. This may also account for the smaller, patchier pattern observed.  

The negative anomaly visible in runoff ratio composite difference plots, particularly those for 

satellite products, somewhat resemble the wind composite difference plots (Figure 4.8) as 

several of the years of high runoff ratio were also years of strong eastward wind. Hence, the 

composites for high and low years of Ob/Yenisei runoff ratios were also re-calculated 

excluding the three most eastward years (2016, 2018, 2021). Whilst the high runoff composites 

did appear to extend notably further offshore when these years were excluded, the composite 

difference pattern remained consistent (but was weaker in all products). This reiterates that 

high and low ratios of Ob/Yenisei do also drive the onshore/offshore dipole in plume location 

visible in composite difference plots and that the consistency between wind and runoff 

composites is not because similar years are chosen for both composites.  

Only a very weak pattern is visible in the GLORYS12V1 current velocity composite difference 

plot, which suggests no notable differences over most of the Kara Sea. This suggests that 

observed differences in SSS are not due to differences in wind forcing (or associated current 

velocities) that happen to be present in the years chosen. However, there are several small 

differences right at the outflow of the Ob and Yenisei rivers. This difference suggests that high 

Yenisei and/or low Ob runoff drive increased offshore transport at the outflow of the Yenisei 

delta, which likely drive the lower SSS under high Yenisei / low Ob runoff in this region.   

 

4.3.4 Impact of variability in wind forcing on SST 

As with SSS, the identified most eastward and westward years are then used to calculate 

eastward and westward composites for GLORYS12V1 and CCI SST (Figure 4.11).  
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Figure 4.11: Eastward (E, top row) and westward (W, middle row) composites calculated from the identified three most 

eastward and westward years over 2010-2020 for (left to right) GLORYS12V1 SST and L4 CCI SST (masked by 30% 

sea ice concentration). The difference composite (eastward – westward) for each product is shown on the bottom row. 

The mean 30% sea ice concentration contour for eastward and westward years is used to mask L4 CCI data and is 

overlaid in GLORYS12V1 in black on both eastward and westward composite plots. 
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The eastward/westward CCI composite plots closely resemble GLORYS12V1 composite plots 

(Figure 4.11). In both products, SST varies in a strong gradient, with the warmest SSTs 

nearshore and in the southern Barents and southwestern Kara Sea (> 6 °C) and much cooler 

SSTs (< 1 °C) offshore. SSTs in the Barents and Kara Sea are notably warmer (often > 4 °C) 

than in the north-western Laptev Sea (-1.5 to 2 °C) (Figure 3.9). In addition, the region of 

warmest SSTs extends throughout the eastern Barents Sea and western Kara Sea as well as 

along the coast of the Kara Sea, which make it difficult to differentiate the Ob-Yenisei plume 

from background warm SSTs present here (Figure 4.11). This represents a notable difference 

from the Laptev Sea, where the Lena River plume is clearly identifiable by the it’s SST 

signature (Figure 3.9). Whilst the SST pattern is similar in CCI and GLORYS12V1 products, 

the CCI product suggests that warm SSTs extend further into the Vilkitsky Strait under 

eastward wind forcing than GLORYS12V1, which causes a notable difference in composite 

difference pattern between the two products (Figure 4.11, bottom row).  

Whilst it is difficult to differentiate the Ob-Yenisei plume from background SSTs, there is still 

a notable difference in SST under eastward and westward forcing. Under eastward wind 

forcing, the warmest SST appear somewhat more coastally confined, particularly in CCI in the 

eastern Kara Sea and these warmest SSTs are particularly warm (> 6 °C). Conversely, under 

westward wind forcing, relatively warm SSTs (> 4 °C) propagate further offshore and occupy 

a larger region of the Kara Sea. This difference is again highlighted by the composite difference 

plots, which show a weak onshore / offshore dipole. This dipole clearly re-iterates that under 

westward wind forcing, the warm SSTs propagate offshore and occupy the central Kara Sea. 

However, this dipole also suggests there is relatively little difference in SST nearshore in the 

central Kara Sea, suggesting plume transport has little impact on nearshore SST. The presence 

of this pattern in the SST composite difference plots is particularly notable given the same 

pattern is not visible in GLORYS12V1 SST correlation plots with eastward wind stress.  

 

4.3.4.1 Ob and Yenisei runoff as a driver of GLORYS12V1 SST and SIC  

Spring Ob runoff has large significant correlations with GLORYS12V1 September SST and 

SIC (Figure 4.4, Figure 4.5). Spring Ob runoff is coincident with warmer SSTs over most of 

the central Kara Sea. It is likely that this correlation is at least partly a result of auto-correlation 

with atmospheric forcing. Spring Ob runoff is relatively strongly positively correlated to March 

AOI (Appendix Figure C.4). Positive March AOI has previously been suggested to be 

coincident with warm surface air temperatures and anomalously warm springs drive both an 

increase in spring Ob runoff and earlier sea ice melt, which drive warmer summer SSTs 

throughout the Kara Sea (Kryjov, 2002; Lim et al., 2022). This autocorrelation may also drive 

increased Atlantic Water inflows, which would explain why this positive correlation extends 

from the Barents Sea and through the St Anna Trough. This positive correlation could also 

suggest that spring Ob runoff timing (IE freshet timing) plays a role in controlling central Kara 

Sea September SSTs. However, the very extensive region of significant correlation between 

Ob runoff and SST is more indicative of autocorrelation with atmospheric forcing. The direct 

and indirect relationship between runoff and larger-scale atmospheric forcing should be better 

assessed (for example by further investigating relationships with large-scale atmospheric 

forcing in the previous winter / spring and precipitation patterns over the continent).  

Summer Yenisei runoff is significantly negatively correlated to GLORYS12V1 SST over most 

of the Barents Sea and in the very western and eastern Kara Sea (Figure 4.4). A negative 
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correlation between Yenisei runoff and SST has previously been suggested, but only offshore 

(Mäkinen and Vanhatalo, 2016). It is worth noting that when the negative trend in Yenisei 

runoff (over the GLORYS12V1 time period) is removed, there are much smaller regions where 

this negative correlation remains significant, and none of these are within the central Kara Sea. 

Hence, it is likely that this correlation is strengthened because of coincident trends in both SST 

and in summer Yenisei runoff.  

The consistently opposing correlation patterns (between Ob or Yenisei runoff) with SST and 

SIC highlights a level of coupling between SST and SIC in this region. However, significant 

correlations with SIC are only present in the eastern Kara Sea and around the Vilkitsky Strait. 

It is likely that correlations with SIC are only significant in this region as this is one of the few 

regions of the Kara Sea that still has sea ice at this time of year. Hence, whilst there is a weak 

level of coupling between SST and SIC throughout the Kara Sea and Vilkitsky Strait, this 

coupling is notably stronger in the eastern Kara Sea and Vilkitsky Strait. Therefore, this region 

currently represents a transition zone between the seasonally sea ice free Kara Sea and the 

consistent partial sea ice covered Laptev Sea.  

In addition, the very different spatial correlation pattern of Ob/Yenisei runoff with SSS and 

SST highlights that SSS and SST/SIC are controlled by notably different processes in this 

region. Unlike with SSS, where both Ob and Yenisei runoff appear to interact to play a stronger 

role in controlling variability, spring Ob runoff appears to play a notably stronger role in 

controlling SST/SIC variability over the Kara Sea, with Yenisei runoff only playing a role in 

the eastern Kara Sea. This depicts another key difference from the Laptev Sea and suggests a 

lack of co-variability between SSS and SST in this region. This has previously been suggested 

for the Vilkitsky Strait (Tarasenko et al., 2021) and suggests SST should not be used alone, in 

the place of SSS, to infer variability in plume transport.  

 

4.4 Discussion 

4.4.1 Ob and Yenisei runoff as joint and individual drivers of SSS variability 

Previous studies have predominantly investigated the impact of cumulative Ob-Yenisei runoff 

on interannual variability in SSS (Lemeshko and Tsyganova, 2022; Umbert et al., 2021). 

However, there has also been suggestions that the ratio of Yenisei/Ob runoff can influence the 

resulting interaction between the Ob and Yenisei plumes, in addition to wind forcing, and 

contribute to the differing patterns of SSS observed (Osadchiev et al., 2017). The strong 

(significant) negative correlation between the ratio of summer Yenisei/Ob runoff and 

GLORYS12V1 SSS supports the influence of this ratio (Figure 4.3), highlighting that a high 

ratio of Yenisei/Ob runoff drives decreased SSS over most of the offshore Kara Sea. This 

negative correlation is consistent with the suggestion that under low Ob runoff and high Yenisei 

runoff, the Ob and Yenisei plumes spread further offshore and occupy the western and central 

Kara Sea (Osadchiev et al., 2017). The dominant role of the ratio of summer Ob/Yenisei runoff 

in this region is also nicely highlighted in runoff composite difference plots (Figure 4.10) by 

the strong negative anomaly in the central Kara Sea, which is consistently present for all 

products, and by the offshore surface current velocities nearshore in the GLORYS12V1 

composite difference plot.  
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Whilst previous studies typically focus on the joint impacts of both Ob and Yenisei runoff, here 

I also try to identify the individual contributions of Ob and Yenisei runoff on Kara Sea 

dynamics. Understanding the individual contributions is only becoming increasingly important 

given the strong differences in hydrography of the two watersheds (Osadchiev et al., 2019) and 

their likely differing responses to climate change. This is particularly pertinent given the very 

different impacts of upstream watershed regulation and of the differing seasonal cycle between 

the two rivers (Shiklomanov and Lammers, 2009; Stadnyk et al., 2021; Yang et al., 2004). This 

choice to focus on the individual contributions is also due to the challenge of calculating and 

interpreting cumulative Ob/Yenisei runoff given the differing locations and lag-times, of runoff 

observation stations at Salekhard (Ob) and Igarka (Yenisei) stations (Dianskii et al., 2015; 

Dolgopolova, 2015; Osadchiev et al., 2021; Osadchiev et al., 2017; Semizhon et al., 2010).  

This challenge, and the importance of correct consideration of this lag, is nicely highlighted by 

the notable difference in the runoff integration times with the strongest correlations to Ob and 

Yenisei runoff (Figure 4.3). GLORYS12V1 SSS is most strongly correlated with spring Ob 

runoff but is most strongly correlated with summer Yenisei runoff. This difference may be 

partially due to the differing lag-times caused by the greater distance between the Ob 

observation station, Salekhard, and where the Ob River discharges into the sea, which is 

suggested to be ~80 days (compared to the distance between the Yenisei observation station, 

Igarka, and where the Yenisei River is discharged into the sea, which is suggested to cause a 

lag of 30 days). This difference in lag times, of ~50 days, explains the stronger correlation of 

GLORYS12V1 September SSS with cumulative summer Yenisei runoff (up to Julian day 200) 

and cumulative spring Ob runoff (up to Julian day 150). However, this difference is also likely 

due to the difference in seasonal discharge between the two rivers. Ob runoff is relatively 

consistent interannually; it typically peaks slightly earlier than Yenisei runoff but has a very 

low prolonged peak in discharge (Yang et al., 2003). Conversely, Yenisei runoff has a 

substantial peak between May and June, the timing of which varies considerably interannually, 

but has very low discharge after this.  

The GLORYS12V1 correlation analysis clearly shows that variability in Yenisei runoff appears 

to play a dominant role in controlling SSS, especially in the central and western Kara Sea 

(Figure 4.3). The strong negative correlation with summer cumulative Yenisei runoff follows 

expectation given a larger volume of runoff provides a greater freshwater input to the Kara Sea, 

and therefore lowers salinities. Conversely, an opposite pattern is visible with Ob runoff as 

there are small patches of positive correlation with spring Ob runoff (Figure 4.3). This positive 

correlation suggests increased Ob runoff is consistent with increased salinity at the outflow of 

the Ob delta. This opposing correlation is consistent with the previous suggestion that high Ob 

runoff / low Yenisei runoff drive higher salinities at the edge of the delta by causing an 

“isolated” plume configuration (Osadchiev et al., 2017). This isolated plume configuration is 

suggested to only occur when there is sufficient Ob runoff to surround the Yenisei plume, 

confining it to the coast and isolating it from the saline ambient sea water, minimizing mixing. 

This manifests with higher salinities offshore, indicative of the Ob plume, and fresh salinities 

nearshore, indicative of the fresher Yenisei plume. Conversely, low Ob runoff / high Yenisei 

runoff allows the Yenisei plume to occupy more of the central and western Kara Sea and lowers 

salinities in this region. The presence of increased (decreased) freshwater offshore following 

low (high) Ob runoff and/or high (low) Yenisei runoff is clearly visible from the negative 

correlation in Yenisei/Ob ratio correlation plots and the negative anomaly in composite 

difference plots. However, no positive correlation is visible nearshore, which would denote the 
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presence of the very fresh “isolated” Yenisei plume. Despite this, small regions of positive 

anomaly are visible in the GLORYS12V1 runoff ratio composite (Figure 4.10), which may 

indicate the presence of this fresh isolated plume. No similar positive anomaly is visible in 

satellite runoff ratio composites (Figure 4.10). However, the absence of this positive anomaly 

may be simply due to the lack of satellite SSS data nearshore. Hence, whilst high (/low) Yenisei 

runoff and low (/high) Ob runoff both clearly contribute to driving the low (/high) SSS visible 

throughout the central Kara Sea (Figure 4.3, Figure 4.10), there is insufficient evidence here to 

suggest that low Yenisei runoff and high Ob runoff drive an isolated plume configuration and 

low SSS nearshore, as has previously been suggested (Osadchiev et al., 2017). The interactions 

between these two rivers should be explored further (such as with a particle tracking study to 

isolate the interactions between rivers).  

However, the much larger and stronger (significant) correlation patterns with cumulative 

Yenisei runoff, compared to those with Ob runoff, suggests variability in Yenisei runoff plays 

a stronger role in controlling SSS over most of the offshore Kara Sea. High and low Yenisei 

runoff composites (not shown here) also suggest high Yenisei runoff is consistent with lower 

SSS over the central and western Kara Sea, which also supports this suggestion. Whilst the 

Yenisei’s individual contribution has not previously been widely established, it has previously 

been suggested to be correlated with low SSS in the western Kara Sea (Mäkinen and Vanhatalo, 

2016). The dominant role of Yenisei runoff is also unsurprising given the larger magnitude of 

Yenisei runoff and of its variability, compared to Ob runoff, and therefore its larger fresh water 

contribution (Zatsepin et al., 2010). It is also worth noting that Yenisei runoff composites 

closely resemble Yenisei/Ob ratio composites, supporting the suggestion that Yenisei runoff 

plays a dominant role in driving low SSS over the central Kara Sea. Whilst there is clearly 

strong evidence that variability in Yenisei runoff plays a dominant role in controlling SSS over 

the central and western Kara Sea, it is not possible to discount the role of spring Ob runoff.  

It is also worth noting that there is a negative trend in the summer Yenisei timeseries over the 

GLORYS12V1 time period (1993-2023). However, this trend is not consistent over longer 

time-periods, and appeared to indicate a shift to a different mode of decadal variability, so was 

not removed. In addition, whilst there is a trend in summer Yenisei runoff, there are no 

significant trends in autumn or full year runoff, which present the same negative correlation 

pattern in the western Kara Sea. The same correlation pattern also remains regardless of if you 

detrend or of the time period used to calculate the trend. Hence, it does not appear that the 

decadal variability present impact correlation patterns.  

Whilst there are very few regions of significant correlation between Ob runoff and 

GLORYS12V1 September SSS (Figure 4.3), a notable (significant) positive correlation is 

present right at the outflow of the Ob delta, suggesting an increase in spring Ob runoff drives 

higher SSS in this region. This correlation pattern is consistent with the previous suggestion 

that the ratio of Ob/Yenisei runoff can influence the resulting interaction between the Ob and 

Yenisei plumes, and cause an isolated or non-isolated plume configurations (Osadchiev et al., 

2017). However, whilst previous work suggests that both high Ob runoff and low Yenisei 

runoff are needed to cause the non-isolated plume configuration, the correlation here with 

GLORYS12V1 SSS suggests Ob runoff is the dominant driver of differences in SSS at the 

outflow of the Ob delta. It is possible that increased Ob runoff prevents/slows the westward 

transport of Yenisei runoff into the edge of the Ob delta, which would drive the high salinities 

observed in this region.  
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An attempt is made here to identify the individual contributions of Ob and Yenisei runoff. 

However, the highly correlated nature of the ratio of spring (and summer) Yenisei/Ob runoff 

with both spring (and summer) Ob and Yenisei runoff prevents complete isolation of the 

contributions of Ob and Yenisei runoff. Regardless, whilst it is difficult to untangle the 

individual contributions of Ob and Yenisei runoff, it is clear that a low (/high) ratio of spring 

Yenisei/Ob runoff does drive higher (/lower) SSS in the central and western Kara Sea.  

 

4.4.2 Wind as driver of SSS variability 

As is true in the Laptev Sea, the zonal wind is a clear driver of Kara Sea SSS. This is visible 

from the consistent eastward/westward composite (Figure 4.7) and composite difference 

(Figure 4.8) plots for both GLORYS12V1 and satellite SSS, and from the consistency in 

eastward turbulent surface stress correlation patterns (Figure 4.2). The key role of wind forcing 

has also been highlighted by many previous papers (Kubryakov et al., 2016; Osadchiev et al., 

2017). However, the dominant role of zonal wind forcing is emphasized here. Eastward wind 

forcing drives onshore transport, resulting in a very coastally confined Ob-Yenisei plume, 

which appears to extend all the way along the coast, through the Vilkitsky Strait and into the 

Laptev Sea. Conversely, westward wind forcing appears to drive offshore plume transport into 

the central, and western Kara Sea. The spatial extent and magnitude of this pattern are notably 

larger than that in the Laptev Sea, particularly under westward wind forcing, likely due to the 

much larger magnitude of runoff entering the Kara Sea from both Ob and Yenisei rivers.  

Whilst eastward/westward wind components drive southeast/northwestward plume transport, 

there is a suggestion that there is a third central type of plume propagation, when the wind is 

relatively symmetrical (Kazakova et al., 2024; Kubryakov et al., 2016; Lemeshko and 

Tsyganova, 2022). Whilst there was relatively close similarity between the westward wind 

composite and the “mid” wind composite, calculated from years with no strong east/westward 

wind component, there was some evidence that the plume appeared to propagate further into 

the western Kara Sea in the westward composite. However, there are greater differences 

between “mid” composites for each of the satellite products, than between westward and mid 

composites, which complicate interpretation of the drivers of these differences. Analysis of 

westward plume propagation is further complicated by the poor representation of 

GLORYS12V1 Ob-Yenisei surface plume propagation, particularly as it does not appear to 

propagate into the western Kara Sea, which prevents analysis of this third plume type.  

Kara Sea SSS is significantly correlated with northward as well as eastward turbulent surface 

stress (Figure 4.2). This may be partly due to the (weak) correlation between eastward and 

northward turbulent surface stress over this region over the GLORYS12V1 time period (1993-

2020). The autocorrelation between eastward and northward wind stress complicates 

interpreting their individual contributions. However, previous studies have suggested that 

northward wind is required to drive zonal Ekman transport and downwelling of the Yenisei 

plume and formation of a deep and narrow alongshore current which propagates along the 

Tamyr Peninsula (Osadchiev et al., 2017). This represents a notable difference from the Laptev 

Sea, where zonal wind stress clearly drives eastward transport of the Lena plume, and where 

the correlation pattern is notably different between SSS and eastward and northward wind 

stress. The differing role of meridional wind stress in the Kara Sea, and the coherence between 

correlation patterns of SSS with eastward and northward wind stress, may be primarily due to 
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geographical differences between the deltas/coastlines of the two regions. Whilst the coastline 

of the Laptev Sea runs almost exactly East/West, the Kara Sea coastline runs 

Southeast/Northwest. The differing coastline orientation suggests more northward transport 

may be needed to drive the alongshore plume structure in the Kara Sea, compared to in the 

Laptev Sea. In addition, runoff from the Ob and Yenisei must travel a considerable distance 

northward to make it out of their respective deltas, compared to Lena runoff which outflows 

directly into the central Laptev Sea.  The climatological circulation in these two regions may 

also contribute to these differences. Southward wind forcing dominates circulation in the Kara 

Sea in July and August, which limits northward plume transport and lowers interannual 

variability in Kara Sea SSS (Osadchiev et al., 2021b). Hence, a weakening of this southward 

wind may be required to help promote earlier / more rapid transport out of the Ob and Yenisei 

deltas.  

Whilst the composite difference plot patterns are the same in GLORYS12V1 and satellite 

products (Figure 4.8), composite difference plots also suggest GLORYS12V1 SSS varies much 

less than satellite SSS. This is particularly visible in the offshore Kara Sea, where satellite 

products all have an extensive region of high (/low) SSS under eastward (/westward) wind 

forcing with differences of > 5 pss but GLORYS12V1 only has differences of ~2 pss. These 

differences may originate partly because GLORYS12V1 is forced using climatological runoff. 

This has previously been suggested to be true of other reanalyses, particularly given reanalyses 

likely assimilate little or no in-situ data in this region (Tang et al., 2018). This hypothesis is 

particularly interesting given that the region where GLORYS12V1 tends to be too saline is 

coincident with the region of strongest correlation with Yenisei runoff and where there is the 

greatest difference in satellite SSS composite difference plots between years of high and low 

Yenisei runoff. Therefore, it is possible that whilst GLORYS12V1 manages to capture at least 

a component of the relationship between interannual variability in runoff and SSS by 

assimilating in-situ data, the lack of interannual variability in the climatological runoff used as 

forcing means this relationship is too weak, which drives the lower variability observed in SSS.  

 

4.4.3 Combined influence of wind and runoff on SSS variability 

In the Laptev Sea, cumulative Lena runoff for all integration times has little influence on 

interannual variability in the spatial pattern of SSS. The same is not true of Ob and/or Yenisei 

discharge in the Kara Sea. The key role of the ratio of Yenisei/Ob runoff is clear from both the 

significant negative correlation with GLORYS12V1 SSS (Figure 4.3) and the consistent runoff 

composite difference pattern visible in all satellite products (Figure 4.10). These findings are 

also supported by the lack of correlation between the timeseries of eastward (or northward) 

wind stress with the ratio of Yenisei/Ob runoff or with summer Yenisei or spring Ob runoff. 

This contradicts previous work suggesting runoff plays little to no role in controlling 

interannual variability in river plume transport (Harms and Karcher, 2005; Zatsepin et al., 

2010). This highlights the significant difference in key controls of interannual variability in 

SSS in the Kara and Laptev Sea. These differences are not surprising given the dramatic 

differences in geography/bathymetry of the two regions and the much larger magnitude of fresh 

water that enters the Kara Sea. It is also likely that the presence of two large rivers, and in 

particular their interactions, also help to drive the notable differences in dynamics in this region 

(Osadchiev et al., 2017). 
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There is a notable difference between eastward and westward wind and runoff composites from 

GLORYS12V1 SSS and those from the other satellite products (Figure 4.7). In particular, the 

fresh layer extends much further offshore in the satellite products than in GLORYS12V1 SSS. 

These differences complicate untangling the effects of wind and runoff. The stronger horizontal 

gradient in salinity offshore visible in GLORYS12V1, which is present regardless of wind 

forcing, may occur due to overmixing in GLORYS12V1. The challenges of accurately 

representing mixing and stratification dynamics is well established and is discussed more 

extensively in the Laptev Sea Chapter (3) (Hordoir et al., 2022; Janout et al., 2020). Overmixing 

is observed in GLORYS12V1 in the Laptev Sea and causes a similar difference between 

GLORYS12V1 and satellite SSS (Hudson et al., 2024). However, this difference is more 

dramatic in the Kara Sea, possibly as the western Kara Sea, where the greatest differences from 

satellite SSS are present, is much deeper than the Laptev Sea (>100m rather than <50m). 

However, this difference also may be as GLORYS12V1 is forced with climatological Ob and 

Yenisei runoff. The ratio of Yenisei/Ob runoff has previously been suggested to divert the 

plume offshore/ keep the plume nearshore (Osadchiev et al., 2017). Whilst GLORYS12V1 

appears to capture a similar pattern as satellite runoff composite difference plots, the pattern 

observed is notably weaker and patchier in this central Kara Sea region, supporting that the 

lack of interannually varying runoff may drive these differences. Regardless, improved 

representation of the Ob-Yenisei plume is needed to accurately represent Kara Sea dynamics, 

and Russian Arctic freshwater transport.  

Both runoff ratio composite and correlation plots (Figure 4.3, Figure 4.10) suggest that runoff 

does influence Kara SSS. This is also supported by the consistency of runoff composites even 

when the years of strongest eastward wind forcing are removed. However, whilst both wind 

and runoff influence Kara SSS, untangling the effects of wind from those of runoff is a 

challenge. This is particularly true given the weak similarity between wind and Yenisei/Ob 

runoff composites (Figure 4.7, Figure 4.9). Regardless, the strong pattern in runoff ratio 

composites suggests a notable role for runoff regardless of wind forcing, and suggests that both 

westward wind forcing and low Ob / high Yenisei runoff both contribute to northward plume 

transport into the central Kara Sea (Osadchiev et al., 2017). This contradicts previous 

suggestions that runoff only controls the position of the plume edge when there is 

minimal/similar wind forcing (Lemeshko and Tsyganova, 2022). However, the lack of positive 

correlation or anomaly nearshore in runoff correlation and composite plots, in comparison to 

the strong negative correlation and anomaly in wind correlation and composite plots suggests 

wind forcing is the dominant driver of alongshore transport regardless of runoff conditions. 

Therefore, it seems that whilst eastward wind confines the plume to the coast and drives 

eastward transport regardless of the magnitude of Ob and/or Yenisei runoff, low Ob runoff and 

high Yenisei runoff help to strengthen offshore plume transport under westward wind forcing.  

 

4.4.4 Wind as driver of SST/SIC variability 

Whilst there are only small regions of significant correlation pattern between 

eastward/northward turbulent surface stress and SST in GLORYS12V1, the SST wind 

composites suggest a notable difference in SST pattern under differing eastward/westward 

wind forcing. This pattern suggests westward wind forcing drives increased SSTs offshore, 

which is consistent in both CCI and GLORYS12V1. CCI composites also suggest that eastward 

wind forcing drives warm SSTs nearshore, particularly in the Vilkitsky Strait, but this is not 
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visible in GLORYS12V1. The lack of consistency between SST correlation and composite 

plots suggests that whilst interannual variability in plume dynamics do have an impact on 

driving SST variability, this is just one component of interannual variability in SST and is not 

the dominant component.  

Despite wind being a common driver of SST as well as of SSS, zonal wind is not the dominant 

driver of SST in the central Kara Sea. The difference in dominant drivers of SSS and SST 

suggests a lack of co-variability between SSS and SST. This difference in dominant driver is 

highlighted by the considerable differences between SSS and SST zonal wind stress correlation 

plots, particularly the lack of strong correlation between wind stress and SST in the central 

Kara Sea. This lack of co-variability is consistent with previous findings for the Vilkitsky Strait 

(Tarasenko et al., 2021) but represents a key difference from the Laptev Sea. This lack of co-

variability may also help to explain the relatively weak correlations with turbulent surface 

stress, especially in August, due to competing impacts of zonal wind driving increased warm 

Atlantic Water inflows but also eastward plume transport, which favours cooler temperatures 

over the central Kara Sea.  

The opposite correlation pattern is visible between GLORYS12V1 SIC and eastward turbulent 

surface stress in July, August and September (Appendix Figure C.3) (as was visible with 

GLORYS12V1 SST). These opposing correlation patterns with eastward turbulent surface 

stress highlight the strong correspondence between SST and SIC in this region. This suggests 

zonal wind differences, and associated changes in SST are also associated with changes in SIC, 

as was true in the Laptev Sea. However, the lack of notable correlation patterns with eastward 

turbulent surface stress suggests this does not dominate SIC variability. This is also reiterated 

by the lack of notable difference in the position of the 30% sea ice concentration contour under 

eastward and westward wind forcing.  

This minimal difference suggests interannual variability in plume dynamics have little to no 

impact on SIC in the Kara Sea. This may contribute to the notable difference in the SST 

composite difference plots in the Kara and Laptev Sea. The Laptev SST composite difference 

plots suggest an East/West dipole, as eastward (/westward) plume transport drives sea ice loss 

in the eastern Laptev and western East Siberian Sea (western Laptev Sea), and allowing 

increased ocean warming in this region. Conversely, Kara Sea SST composite suggests an 

onshore/offshore dipole.  The majority of the Kara Sea remains sea ice free in all Septembers, 

so there is a much less interannual variability in sea ice cover, which prevents the positive 

feedback cycle that occurs in the Laptev from occurring in the Kara Sea. The deeper Kara Sea 

is also less prone to the dramatic shallow-shelf warming that occurs in the southern Laptev Sea.  

However, wind stress does appear a more dominant driver of SST (and SIC) in the eastern Kara 

and western Laptev Sea. Meridional wind, particularly in August, also appears to be a more 

dominant control on SST, by controlling Ekman transport and the associated 

upwelling/downwelling on/off the shallow shelf in the eastern Kara Sea. Whilst there are no 

notable differences in the 30% SIC contour (Figure 4.8), there is a very small difference in 

position of the 0% SIC contours (not shown), particularly in the eastern Kara Sea, which are 

slightly further offshore under westward wind forcing than eastward wind forcing. This 

suggests that the zonal wind may promotes transport and accumulation of sea ice in the eastern 

Kara Sea (Yang et al., 2024). This provides an explanation for the notable area of no SSS 

retrievals / region with sea ice contamination in the eastern Kara Sea in eastward SSS 
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composite plots, which is not present in westward SSS plots (Figure 4.8). This region, and this 

relationship is explored further in the Vilkitsky Strait (Chapter 5, p79).  

 

4.5 Conclusions 

As for the Laptev Sea, the zonal wind appears to be the main driver of whether the fresh plume 

is transported offshore or alongshore. This is highlighted by the strong agreement between 

GLORYS12V1 and satellite eastward and westward wind composites. However, unlike the 

Laptev Sea, the zonal wind in August appears to play a notably larger role than June or July, 

likely due to the large freshwater volume discharged by this time and the larger ice-free area 

and higher variability in zonal wind stress in August. Meridional wind, particularly in August, 

also appears to play a role in controlling this variability but the correlation between northward 

and eastward wind stress complicates determining their respective roles.  

The ratio of summer Yenisei/Ob runoff also plays a role in controlling how fresh the plume is, 

but primarily only when the plume travels offshore, into the central and western Kara Sea. It 

appears that variability in summer cumulative Yenisei runoff is the dominant control on this 

ratio, and on SSS in the central Kara Sea. However, spring Ob runoff also appears to play a 

role in controlling this interaction, by hindering or promoting transport of the Yenisei plume 

offshore, and controlling SSS at the outflow of the Ob Delta.   

Zonal wind forcing also has a clear influence on SST. However, the difference between 

correlation and composite difference plots highlights that the zonal wind is not the dominant 

control on SST, and that SSS and SST are notably less closely coupled in the Kara Sea than in 

the Laptev Sea. Whilst it is clear that there is coupling between SST and SIC, the persistent sea 

ice free nature of the central Kara Sea in September drives notably lower interannual variability 

in SIC. This has knock on effects on SST, as the positive feedback cycle that strongly couples 

SST and SIC in the Laptev, is not present in the Kara Sea. 
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Chapter 5 Vilkitsky Strait 

5.1 Introduction to Vilkitsky Strait 

The Vilkitsky Strait sits between the Kara and Laptev Sea and connects the Russian Arctic 

shelf seas (Figure 5.1). Whilst very narrow (~ 50km wide), the Vilkitsky Strait facilitates 

freshwater transport from the Kara to the Laptev Sea, and is a primary component in the 

pathway of Arctic freshwater transport. Whilst other freshwater pathways have previously been 

suggested by modelling studies, including eastward advection through Shokalsky Strait (100-

150k northwest of the Vilkitsky Strait) and northward advection to central Arctic, transport 

throughout these pathways has never yet been observed in-situ (Kelly et al., 2018; McClimans 

et al., 2000; Osadchiev et al., 2023a; Panteleev et al., 2007). Transport through Vilkitsky Strait, 

whilst initially suggested by a numerical circulation study (Aksenov et al., 2011), has now been 

widely confirmed by in-situ data (Osadchiev et al., 2023a, 2020b). As the only confirmed 

observed pathway of freshwater transport, it is crucial to understand Vilkitsky Strait processes, 

and particularly drivers of variability in freshwater transport, to predict changes to future Arctic 

freshwater storage.  
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Figure 5.1: Map of Vilkitsky Strait with bathymetry contours overlaid in shades of blue/yellow with mean 2010-2023 

ERA5 June-August turbulent surface stress vectors overlaid over the ocean. The box used to calculate Vilkitsky Strait 

mean eastward/northward turbulent surface stress is overlaid in red. 

Hydrographic observations suggest the Ob-Yenisei plume propagates as a narrow (20km) but 

deep (20 m) plume, with a sharp gradient between the well-mixed fresh plume (< 25 pss) and 

the adjacent sea water (> 30 pss) (Osadchiev et al., 2020). This sharp salinity gradient is 

suggested to almost always promote buoyancy driven baroclinic eastward plume transport 

(Fong and Geyer, 2002; Garvine, 1987). Model simulations suggest this transport is strongest 

in October to March, with velocities over 0.5 m s-1 in winter (Janout et al., 2015).  
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However, whilst there is almost always some eastward plume transport, the strength of this 

transport is suggested to be controlled by local wind forcing. It has previously been suggested 

that northward winds are needed to promote plume propagation, but that alongshore wind over 

the eastern, rather than central, Kara Sea is most strongly correlated to propagation along the 

coast (Osadchiev et al., 2020). Whilst there is considerable locally-forced interannual 

variability in Vilkitsky Strait transport, previous modelling studies have suggested no direct 

relationship to the AOI or large-scale atmospheric circulation (Bauch et al., 2010; Janout et al., 

2015; Rabe et al., 2014). 

It was previously suggested that strong, sustained (> 25 days) northeastward winds are required 

for the plume to reach the Vilkitsky Strait (Osadchiev et al., 2020). Lack of evidence of 

northward plume transport to the central Arctic Ocean in turn suggests freshwater accumulation 

in Kara Sea under weaker or westward wind forcing (Osadchiev et al., 2020; Pavlov et al., 

1996; Zatsepin et al., 2010). However, seafloor sediments in the region suggest that the plume 

does not remain in the central Kara Sea long-term (Osadchiev et al., 2023a). It has recently 

been shown that eastward plume transport can occur over winter regardless of wind forcing 

(below sea ice), and hence suggested that the plume may be transported into the Laptev Sea 

over winter each year (Osadchiev et al., 2023a). Whilst this will not be extensively tested here 

as there are no satellite observations under sea ice, the implications are discussed.  

The role of wind stress in controlling transport through the strait has previously been widely 

suggested from model output and in-situ data. Transport through the strait has also been 

observed from satellite data (Tarasenko et al., 2021). However, the role of wind stress as a 

driver of plume transport through the strait has not previously been shown from satellite data. 

The Vilkitsky Strait is too narrow for non-land contaminated satellite retrievals, SSS just to the 

east/west of the Strait can provide insight into transport through the strait.  Hence, I here use a 

combination of in-situ, satellite and reanalysis data from this region to investigate if satellite 

SSS supports the current understanding that wind stress controls the transport of the Ob-Yenisei 

plume through the Vilkitsky Strait. I first investigate the variability in spatial pattern of SSS in 

and around the Vilkitsky Strait, particularly under varying zonal wind forcing. I then compare 

the distribution of SSS across the strait in in-situ, satellite and reanalysis products under 

eastward and westward wind forcing. I also comment on the roles of Ekman transport and 

buoyancy forcing in driving this transport and on the representation of transport through the 

Vilkitsky Strait by reanalyses as compared to satellite and in-situ data.  

 

5.2 Methods 

As in the Laptev Sea Chapter, lagged correlations are calculated between GLORYS12V1 SSS 

and mean June to August eastward and northward turbulent surface stress over the Vilkitsky 

Strait: 80-110 °E, 72-80 °N for each grid cell (Figure 5.2).  

Given the lack of notable correlation patterns found with GLORYS12V1 SST and SIC in the 

Kara Sea, and to not duplicate analysis unnecessarily, discussion in this chapter of variability 

in SST and SIC refers to the results from the correlation analysis conducted for the Kara Sea 

Chapter (section 4.3.2).  
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Whilst a relatively consistent pattern is visible in the Vilkitsky Strait under Kara and Laptev 

Sea eastward or westward wind stress, to be consistent with the Laptev Sea and Kara Sea 

Chapters a new metric is devised for identifying years as eastward / westward 

(northward/southward) for the Vilkitsky Strait, based on the previous suggestion that transport 

through the strait does not vary with wind around the central Kara Sea and at the edge of the 

Ob and Yenisei deltas, but rather that it depends on wind in the eastern Kara Sea, over the 

Tamyr Peninsula (Osadchiev et al., 2020). This metric is calculated as the mean ERA5 eastward 

and northward turbulent surface stress over June-August over 72-80 °N and 80-110 °E (red 

rectangle in Figure 5.1). Using this metric, eastward wind stress is found to be strongest in 

2012, 2016 and 2021 and westward wind stress is found to be strongest for 2011, 2015 and 

2020 (Figure 5.3). I then calculate eastward (and westward) September SSS composites from 

the identified three most eastward and westward years, for CCI, LOCEAN SMOS and JPL 

SMAP and for all four reanalysis products. Individual eastward and westward composites are 

not shown here as they closely resemble those in both the Laptev and Kara Sea chapters. 

However, the difference between these composites is then calculated and shown for satellite 

products (Figure 5.4), for GLORYS12V1 (Figure 5.5, left panel) and for the other reanalyses 

(Appendix Figure D.1). The same is done for SST for GLORYS12V1 (Figure 5.5, middle 

panel) and the other reanalyses (Appendix Figure D.2).  

The same years are also used to calculate “eastward” and “westward” current velocity 

composites (for both eastward and northward velocity components) from GLORYS12V1 mean 

June-August eastward and northward current velocity components.  

The surface Ekman current expected from the wind stress is computed for this region according 

to Equations (1) and (2) (Price et al., 1987). Surface Ekman currents (for z=0 m) are calculated 

using an Ekman depth (d) of 10 m (roughly equivalent to the mixed layer depth found from in-

situ data) and a surface density (𝜌0) of 1020 kg m-3 (roughly equivalent to an SSS of 25 pss 

and SST of 5 °C). The expected surface Ekman current under average eastward and westward 

wind forcing is then calculated from the mean June-August eastward and northward wind stress 

for identified most eastward and westward years. This surface current is calculated for each 

pixel over the Vilkitsky Strait: 80-110 °E, 72-80 °N. These expected Ekman surface currents 

under eastward and westward wind forcing are then compared with those observed in 

GLORYS12V1 to visualise the contribution of the Ekman component to the overall surface 

current (overlaid on Figure 5.5).  

Transport of the plume through the Vilkitsky Strait has recently been suggested to occur over 

winter even after summers of westward (/weak eastward) wind forcing (Osadchiev et al., 

2023a). To test this suggestion and determine the impact of summer zonal wind on SSS in the 

following spring, SSS composites are also calculated for March of the years following the 

previously identified most eastward / westward years, for all four reanalysis products. Again, 

the difference between these composites is calculated and shown for GLORYS12V1 (Figure 

5.5, right panel) and for all four reanalyses (Appendix Figure D.3). 

The same years are also used to calculate “eastward” and “westward” current velocity 

composites (for both eastward and northward velocity components) from GLORYS12V1 mean 

September-February eastward and northward current velocity components to estimate the 

difference in transport between September and March following summers of particularly 

eastward or westward wind forcing.  
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September SSS distributions are calculated over the Vilkitsky Strait for both satellite and 

reanalysis products. To be consistent between satellite and reanalysis products, distributions 

are only calculated over a region that is sea ice free in all satellite products in all years (region 

in black in Figure 5.6). This masking is done to ensure sea ice cover variability does not impact 

the SSS distributions. These distributions are calculated for 1 pss salinity bins and shown as 

the percentage of the total (sea ice free) area that falls within that salinity bin. To clearly identify 

the presence of different water masses in this region, the 28 pss and 25 pss isohalines are used 

to differentiate spreading and non-spreading regimes. These isohalines were chosen as the 28 

pss isohaline has previously been used as a threshold for the minimum salinity expected under 

non-spreading regimes (Osadchiev et al., 2020b). Similarly, the 25 pss isohaline has been used 

previously in the Kara Sea to denote the presence of the Ob-Yenisei plume (Osadchiev et al., 

2020; Tarasenko et al., 2021). Only years with strong eastward (>0.02 N m-2) or westward wind 

stress (<-0.02 N m-2) are included on plots. This threshold was chosen given the previous 

suggestion that only strong eastward wind has sufficient force to drive transport all the way 

through the strait in one summer season (Osadchiev et al., 2020), and as this was around the 

lowest wind stress that was coincident with low salinities in the strait. The distributions were 

also calculated for unmasked products (not shown) and are very similar regardless of if 

products are masked or unmasked, and regardless of whether the products are masked by where 

that satellite product is sea ice free in all years or where all products are sea ice free in all years.  

A similar distribution is also calculated and shown for all in-situ data in the strait (100-115 °E, 

77-78.5 °N, red box in Figure 5.6). In-situ data was not masked (to include only the sea-ice 

free region) prior to plotting to maximise the amount of data used due to the limited amount of 

in-situ data. Hence, the regional coverage of in-situ data is not consistent across different years 

shown. However, only in-situ data in the red box is used to try and ensure similar coverage in 

eastward and westward years. In addition, the similarity in reanalysis distributions when 

masked (by only where satellite products have data) and not masked suggests water in the 

central strait is of similar composition to that in the very western Laptev Sea, in the (persistently 

sea-ice free) masked region.  

 

5.3 Results  

5.3.1 Spatial patterns of freshwater transport through Vilkitsky Strait: Findings from Kara 

and Laptev Sea wind forcing 

Both Kara and Laptev Sea spatial correlation plots (in chapters 3 and 4) suggest a significant 

correlation between June, July and August eastward and northward turbulent surface stress and 

SSS. Hence, spatial correlations between mean June-August eastward (and northward) wind 

stress in the Vilkitsky Strait and GLORYS12V1 September SSS are examined to understand 

the influence of Vilkitsky Strait zonal (and meridional) wind stress in controlling SSS in the 

Vilkitsky Strait and in the western Laptev. 
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Figure 5.2: Correlation between GLORYS12V1 September SSS and the three-month mean ERA5 eastward turbulent 

surface stress (METSS) and northward turbulent surface stress (MNTSS) over June to August (6-8) (left) over 1993-

2022. Regions where correlations are statistically significant (p≤0.05) are denoted by the white contour and brighter 

colours. 

A significant correlation pattern is visible between June to August eastward mean wind stress 

and GLORYS12V1 September SSS over 1993-2023 (Figure 5.2, left). This pattern consists of 

a dipole correlation pattern with a negative correlation nearshore and a positive correlation 

offshore. The negative correlation nearshore is very coastally confined and extends from the 

eastern Kara Sea, through the Vilkitsky Strait and into the western Laptev Sea. The region 

where this correlation is significant differs with June, July and August eastward wind stress 

(Kara Sea Chapter 4 Figure 4.2). This significant correlation pattern suggests that mean June 

to August eastward wind stress is consistent with fresher salinities in the Vilkitsky Strait and 

western Laptev Sea in September, and higher salinities offshore, particularly in the offshore 

Kara Sea. Very similar significant negative correlation patterns are also present with Laptev 

and Kara Sea eastward turbulent surface stress in the southern Vilkitsky Strait (Kara Sea 

Chapter 4 Figure 4.2, Laptev Sea Chapter 3 Appendix Figure B.2). A small band of negative 

correlation is also present in a thin band just east of the Severnaya Zemlya Islands, suggesting 

eastward wind stress is also consistent with lower SSS in this region. Overall, this suggests that 

eastward wind stress over the Vilkitsky Strait, as well as over the Kara and Laptev Sea, is 

coincident with fresher SSS in the Vilkitsky Strait and western Laptev Sea. This process will 

be discussed further in section 5.4.1.  

A very similar significant correlation pattern is also visible between June to August northward 

wind stress and GLORYS12V1 SSS (Figure 5.2, right panel). This pattern consists of a similar 

thin band of negative correlation which extends along the coast, and a larger region of positive 

correlation in the offshore eastern Kara Sea. As with eastward wind stress, the band of negative 

correlation with August northward surface stress extends almost all the way from the mouth of 

the Ob delta but covers a much thinner region in the Laptev Sea. This correlation pattern 

suggests that both Kara and Laptev Sea northward wind stress in July and August is consistent 

with fresher SSS in the Vilkitsky Strait in September, but that northward wind stress is not 

coincident with fresh SSS in the western Laptev Sea. 
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No notable correlation patterns are visible between Ob, Yenisei or the ratio of Ob/Yenisei 

runoff and GLORYS12V1 September SSS in the Vilkitsky Strait. Hence, there is nowhere 

along the Kara Sea coast that has a significant correlation with runoff. There are also no notable 

correlation patterns between Lena runoff and GLORYS12V1 September SSS in the Vilkitsky 

Strait. This suggests Ob, Yenisei and Lena river runoff do not play any role in controlling 

freshwater transport through the Vilkitsky Strait.  

No notable significant correlation patterns are visible between Kara or Laptev Sea eastward 

turbulent surface stress in June, July or August and GLORYS12V1 September SST in the 

Vilkitsky Strait.  However, a significant positive correlation is present between Kara Sea 

August northward turbulent surface stress and GLORYS12V1 SST, both along the coast of the 

eastern Kara Sea and in the western Laptev Sea (Appendix Figure C.2). A notable correlation 

also appears present between Ob and Yenisei runoff and GLORYS12V1 SST in the Vilkitsky 

Strait (Kara Sea Chapter Figure 4.4). However, these correlations are expected to be due to 

autocorrelation with atmospheric forcing (as discussed in section 3.4.1), given the overly 

extensive region of correlation with Ob runoff and the spatial disparity between the Yenisei 

delta and the region of significant correlation with Yenisei runoff. 

Hence, Ob, Yenisei and Lena runoff have no impact on SSS in the Vilkitsky Strait or western 

Laptev Sea. Conversely, June to August mean eastward and northward turbulent surface stress 

are consistent with fresher SSS in the Vilkitsky Strait. However, eastward wind stress is 

consistent with a larger region of fresh salinities in the western Laptev Sea (as well as through 

the strait). Only northward wind stress is consistent with increased SST in the Vilkistky Strait 

and western Laptev Sea.  

 

5.3.2 Spatial patterns of freshwater transport through Vilkitsky Strait: Reanalysis comparison 

under Vilkitsky Strait wind forcing 

A metric of eastward (and northward) wind stress is devised to identify anomalous years of 

wind forcing and calculate SSS composites for particularly anomalous years. Given June, July 

and August eastward (and northward) turbulent surface stress appear dominant drivers of 

variability in GLORYS12V1 September SSS in the Vilkitsky Strait, and to be consistent with 

the Laptev and Kara Sea Chapters (3 and 4), the mean of these three months is used for this 

metric (Figure 5.3). The Arctic Oscillation Index (AOI) mean for June-August is also overlaid 

for comparison. Given the lack of correlation between Lena or Ob/Yenisei runoff and 

GLORYS12V1 September SSS in this region, no further comparison is made with runoff.  
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Figure 5.3: Three-month (June to August) mean ERA5 eastward (black solid) and northward (black dashed) turbulent 

surface stress over 72-80 °N and 80-110 °E. Overlaid are dots indicating the most eastward (red dots) and westward 

(blue dots) years chosen for analysis for the longer SMOS/GLORYS12V1 timeseries (2010-2023) (darker red and blue 

dots) and for the shorter SMAP timeseries (2015-2023) (lighter red and blue dots). The range of the maximum and 

minimum eastward turbulent surface stress between June and August is shaded in grey.  

As with the Laptev and Kara Sea, the magnitude of variability in June to August mean eastward 

turbulent surface stress over the Vilkitsky Strait is larger (range of -0.05 to 0.1 N m-2) than that 

of mean northward turbulent surface stress (range of -0.03 to 0.01 N m-2) (Figure 5.3). As was 

true for the Kara Sea, northward turbulent surface stress is almost always negative over the 

Kara Sea, indicating persistent southward turbulent surface stress. This has previously been 

suggested to be the dominant wind forcing over this region (Osadchiev et al., 2021b). Eastward 

turbulent surface stress is weakly, but not significantly, correlated with northward turbulent 

surface stress over 2010-2022 (r = 0.44, p = 0.11) and is weakly, significantly correlated over 

1993-2023 (r = 0.38, p = 0.03). Correlations between eastward wind stress and the AOI will be 

further discussed in the Eurasian Shelf Seas Chapter (section 6.3, p109). The years of highest 

eastward turbulent surface stress were 2012, 2016 and 2021 over the SMOS period and 2016, 

2017 and 2021 over the SMAP period. The years of strongest westward turbulent surface stress 

were 2011, 2015 and 2020 over the SMOS period and 2015, 2019 and 2020 over the SMAP 

period.  

 

5.3.2.1 Kara and Laptev Sea composite plots 

The identified three most eastward and westward years are then used to calculate eastward and 

westward composites for LOCEAN SMOS, JPL SMAP and CCI SSS. Individual eastward and 

westward composites for the Vilkitsky Strait closely resemble those calculated for the Laptev 

and Kara Sea so to not replicate analysis, discussion of initial eastward/westward composites 

refers to Kara and Laptev Sea zonal wind composite plots. However, the difference between 

Vilkitsky Strait composites is shown in Figure 5.4 and discussed below.  
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Due to the lack of correlation with eastward turbulent surface stress and SST, composites are 

not re-calculated for the Vilkitsky Strait but the SST composites from the Kara and Laptev Sea 

chapters are discussed.  

 

Figure 5.4: The difference between eastward and westward SSS composites calculated for CCI SSS, LOCEAN SMOS, 

and JPL SMAP, from the identified three most eastward and westward years (over 2010-2023 for CCI and LOCEAN 

SMOS and over 2015-2023 for JPL SMAP). Regions in blue represent regions with lower salinities under eastward 

wind forcing and regions in red represent lower salinities under westward wind forcing.  

A difference in SSS is visible in the Vilkitsky Strait and western Laptev Sea in Kara Sea 

eastward and westward SSS composites (Kara Sea Chapter 4 Figure 4.6). In the western Laptev 

Sea, westward SSS composites suggest almost solely SSS values > 28 pss. In all products, there 

is also a region of increased salinity (>29 pss) in the eastern Kara Sea, which appears to 

distinguish the eastern edge of the Ob-Yenisei plume. However, whilst this is clearly visible in 

most products, including in JPL, CCI and GLORYS12V1, this region of higher salinity is 

confined to only a few pixels in LOCEAN, due to more extensive masking. Conversely, Kara 

Sea eastward SSS composites for all products show notable regions of SSS <28 pss in the 

western Laptev Sea. In some products, including in JPL and GLORYS12V1, the region of low 

salinity in the western Kara Sea appears clearly separated from the low salinities of the Lena 

plume. In LOCEAN and CCI, there also appears to be a small separation between the two 

plumes but this is much less clear. Whilst there is a clear difference in eastward and westward 

composites in all products, the lack of retrievals in this region, due to land and sea ice 

contamination, complicate interpretation.  

The difference between eastward and westward composites is more clearly visible in Vilkitsky 

Strait composite difference plots (Figure 5.4). All three products highlight a strong negative 

anomaly in SSS (of < -2 pss) in the western Laptev Sea, indicating lower values of SSS under 

eastward wind forcing. Whilst the difference between low SSS values associated with the Ob-

Yenisei and Lena plumes are not clearly visible in the eastward composite plots for all products, 

the composite difference plots for all products show a clear separation between the fresher 

anomalies associated with the Ob-Yenisei plume in the northwestern Laptev Sea and more 

saline anomalies in the southwestern Laptev Sea. In JPL, the negative anomaly pattern in the 

northwestern Laptev Sea appears to extend throughout most of the coastal Kara Sea, through 

the Vilkitsky Strait and into the western Laptev Sea, although there is a data gap around the 
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Vilkitsky Strait. The same negative anomaly along the coast is also visible in CCI and 

LOCEAN products but only very weakly. However, it is worth noting that this signal is clearly 

visible in the CCI product when the land contamination mask is not applied. A similar pattern 

in also visible in Kara and Laptev Sea composite and composite difference plots (Laptev Sea 

Chapter 3 Figure 3.8, Kara Sea Chapter 4 Figure 4.6). In Laptev Sea composite plots, LOCEAN 

and JPL eastward composites clearly show notable regions of SSS <28 in the western Laptev 

Sea, and westward plots show a large region of SSS >29 that extends throughout most of the 

offshore western Laptev Sea. Very similar findings are also visible in Laptev Sea composite 

difference plots, which also suggest a clear negative anomaly which extends throughout the 

western Laptev Sea, indicating lower SSS under eastward wind forcing. 

Kara Sea SST composites suggest a large negative anomaly over most of the central and eastern 

Kara Sea and western Laptev Sea. This suggests eastward wind forcing over the Kara Sea is 

coincident with cool SSTs across almost all the offshore Kara Sea. However, in both 

GLORYS12V1 and CCI, there is a weaker negative anomaly nearshore in the southern Kara 

Sea, and a weak positive anomaly in the Vilkitsky Strait. In CCI, this weak positive anomaly 

is much stronger and larger than in GLORYS12V1, and extends from the eastern Kara Sea, 

through the Vilkitsky Strait and into the western Laptev Sea. A similar, but stronger positive 

SST anomaly is also visible in Laptev Sea composite difference plots in the Vilkitsky Strait 

and very western Laptev Sea. Hence, eastward wind forcing over the Kara or Laptev Sea is 

consistent with low SSS and high SST in the Vilkitsky Strait and western Laptev Sea.  

September eastward and westward SSS and SST composites are then calculated for all four 

reanalyses, using the previously identified years of most eastward and westward turbulent 

surface stress. The difference between eastward and westward composites is then calculated 

and shown for GLORYS12V1 (Figure 5.5 left and middle panels) and for all four reanalyses 

(Appendix Figure D.1, Appendix Figure D.2). Similar eastward and westward SSS composites 

are also calculated for all reanalyses for March of the year following the previously identified 

years of eastward and westward summer wind forcing. The difference between eastward and 

westward March composites is then calculated and shown for GLORYS12V1 (Figure 5.5 right 

panel) and for all four reanalyses (Appendix Figure D.3). 
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Figure 5.5: The difference between eastward and westward SSS composites calculated for September GLORYS12V1 

SSS (left) from the identified three years of most eastward and westward wind forcing (over 2011-2023). The difference 

between eastward and westward SSS composites for the following March (15) calculated for GLORYS12V1 SSS is then 

shown (left). Regions in blue represent regions with lower salinities under eastward wind forcing and regions in red 

represent lower salinities under westward wind forcing. The difference between eastward and westward 

GLORYS12V1 current velocity composites for June-August are overlaid as black arrows on the September composite 

difference plot. The difference in expected Ekman surface currents based on observed average eastward and westward 

wind stress are overlaid as grey arrows for comparison. The difference between eastward and westward GLORYS12V1 

current velocity composites for September-February are overlaid as black arrows on the March composite difference 

plot.  

Under eastward wind stress over the Vilkitsky Strait, all reanalyses show a very consistent 

pattern of fresh anomalies all the way along the Kara Sea coast which extend into the western 

Laptev Sea (Figure 5.5 left panel, Appendix Figure D.1). The SSS anomalies appears strongest 

in GLORYS12V1 (and in ORAS), which have large regions with anomalies < -5 pss. The 

negative anomaly is relatively similar in CGLO and GLOR but is weaker and less extensive. 

This negative anomaly pattern is consistent with the difference in SSS pattern observed under 

eastward wind forcing in both the Kara and Laptev Sea. This anomaly pattern suggests that 

eastward wind stress is consistent with alongshore transport of the Ob-Yenisei plume along the 

south coast of the Kara Sea and through the Vilkitsky Strait. A positive anomaly pattern is 

visible offshore in all products, suggesting offshore freshwater transport under westward wind 

forcing, although this is much weaker than the negative pattern nearshore.  

Whilst there is relatively strong agreement between anomalies through the Kara Sea, there is 

notably different behaviour upon entering the western Laptev Sea. In GLORYS12V1, the 
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negative anomaly extends considerably further eastward than the other products, to above 120 

°E. This fresh anomaly is clearly isolated from fresh anomalies along the coast of the Laptev 

Sea by a salty anomaly that extends from the mouth of the Khatanga River. This salty anomaly 

is visible in all four reanalysis products both right at the mouth of the Khatanga River and over 

the southwestern Kara Sea, and is bounded to the south by a fresh anomaly along the coast. 

These two salty anomalies are connected in both GLORYS products, and extend considerably 

far offshore. However, in both CGLO and ORAS, these two sections are separated by the fresh 

anomaly that propagates southward upon entering the Laptev Sea, leaving a small section of 

salty anomaly right in the mouth of the Khatanga River, and another region in the southwestern 

Kara Sea. These differences are discussed further in section 5.4.1.2 (p99). 

A strong pattern is also visible in the GLORYS12V1 current velocity composite difference 

plot. This pattern indicates much more southward current velocities over most of the Kara and 

eastern Laptev Sea under eastward wind forcing than westward wind forcing, indicating 

onshore transport. These observed differences in surface current closely match the direction of 

the expected difference in Ekman surface current calculated from wind stress over most of the 

Kara and eastern Laptev Sea. Whilst they also agree relatively well in magnitude, expected 

currents tend to be stronger than those observed, potentially suggesting the 10m Ekman depth 

used to calculate expected currents may be too shallow for much of this region.  

However, notable differences in both magnitude and direction of current velocities are present 

in the nearshore Kara Sea and through the Vilkitsky Strait. The expected Ekman surface current 

in this region is similar to that further offshore, and suggests onshore current velocities. 

However, the observed surface current in GLORYS12V1 is much stronger and more eastward 

or alongshore in direction. These differences suggest that GLORYS12V1 nearshore current 

velocities are not only driven by the expected differences in Ekman transport.    

GLORYS12V1, and all three other reanalyses, suggest a very consistent SST composite 

difference pattern (Appendix Figure D.2), which is almost exactly the reverse pattern of that 

visible in SSS composite difference plots. This dipole pattern contains a positive anomaly that 

is visible all the way along the coast, from the edge of the Ob and Yenisei deltas, through the 

Vilkitsky Strait and in the western Laptev Sea. This positive anomaly suggests eastward wind 

forcing is consistent with warm SSTs in the Vilkitsky Strait and western Laptev Sea. 

Conversely, a negative anomaly is visible offshore in the central and northern Kara Sea, 

suggesting westward wind forcing is coincident with warmer SSTs offshore. 

All reanalysis products suggest there is a difference in the 30% SIC contour under eastward 

and westward wind forcing, which is relatively consistent across all products. However, this 

difference is relatively minimal. Under eastward wind forcing, the 30% SIC contour roughly 

follows the 83 °N parallel north of the Kara Sea but is notably further south in the offshore 

Laptev Sea, around 80 °N. Under westward wind forcing, the 30% SIC contour is further south 

(compared to the eastward 30% SIC contour) offshore of the Kara Sea but further north 

offshore of the Laptev Sea. All reanalyses suggest the 30% SIC contour never reaches the strait, 

regardless of wind forcing, but also suggest the 30% SIC contour is nearer the Severnaya 

Zemlya Archipelago under westward wind forcing.  

March composite difference plots for GLORYS12V1, and all three other reanalyses, suggest a 

weak but consistent pattern is visible (Figure 5.5 left panel, Appendix Figure D.3). This pattern 

is nearly opposite of that visible in September SSS composite difference plots (Figure 5.5) but 
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is notably weaker (differences of ~ 1-2 pss rather than up to 5 pss). This pattern consists of a 

positive anomaly along most of the coast of the Kara Sea, which extends from the Ob and 

Yenisei deltas, through the Vilkitsky Strait and into the western Kara Sea. However, whilst the 

negative anomaly in September composite difference plots is bounded by a positive anomaly 

offshore, the positive anomaly nearshore in March composite difference plots spreads further 

offshore and there are almost no regions of negative anomaly over the Kara Sea. This suggests 

that in the March following a year of westward summer transport, there is anomalous fresh SSS 

which occupies much of the southern Kara Sea, but also extends through the Vilkitsky Strait. 

A negative anomaly is also visible in the southwestern Laptev Sea, suggesting the fresh 

transport visible in September after a summer of strong eastward wind forcing, persists until at 

least March.  

Only very weak patterns are visible in March current composite difference plots, indicating 

there is no notable difference in current velocities in the September to February after a summer 

of particularly eastward or westward wind forcing. The notable difference in SSS composite 

difference despite the lack of notable difference in current velocity composites suggests that 

the observed difference in SSS is simply due to differences in initial September SSS not 

differences in surface circulation over winter.  
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5.3.3 SSS distribution in the Vilkitsky Strait in in-situ, satellite and reanalyses 

 

Figure 5.6: Map of available in-situ data present in years of eastward (left), mid (middle) and westward (right) wind 

forcing. Eastward (/westward) years are identified as having mean zonal wind above (/below) the 0.02 (/-0.02) N m-2 

threshold. Only in-situ data located in the red box (100-115 °E, 77-78.5 °N) are used for distributions. The masked 

region of common satellite retrievals is also included and is shaded in black.  
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Figure 5.7: Satellite SSS distribution in the Vilkitsky Strait for CCI, LOCEAN SMOS and JPL SMAP and 

GLORYS12V1 SSS distribution for years of strong (> 0.02 N m-2) eastward (red) and westward (blue) wind stress. The 

distribution is shown as the percentage of total area in each 1 pss salinity bin over the 22 to 33 pss range. The total area 

used is the common area where all satellite products have retrievals in all years (shown in black in Figure 5.6). Darker 

red and blue bar colours indicate years of stronger eastward/westward wind stress. The mean values for all eastward 

(red) and westward (blue) years are overlaid as lines across all bins.  The total percentage of cells below 28 pss and 26 

pss in the eastward and westward means are overlaid as text.  
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There is a notable difference in the distribution of SSS in the Vilkitsky Strait under eastward 

and westward wind stress, which is relatively consistent across all three satellite products 

(Figure 5.7, top three panels). The same difference under eastward and westward wind forcing 

can also be seen in T-S plots for this region (Appendix Figure D.5). Under westward years 

(including 2011, 2015 and 2020), SSS was above 28 pss across almost all of the Vilkitsky 

Strait, and was confined to a relatively small number of salinity bins. Conversely, under 

eastward years (2012, 2016, 2017, 2021), SSS was distributed across the full range of values, 

from 22 to 33 pss. On average under eastward wind forcing, a significant proportion of SSS is 

below 28 pss (25% for CCI, 18% for LOCEAN and 36% for JPL). This compares to 5% for 

CCI, 0% for LOCEAN and 0% for JPL on average under westward wind forcing. On average 

under eastward wind forcing, a significant proportion of SSS is also below 25 pss (6% for CCI, 

0% for LOCEAN and 6% for JPL). This compares to 0% for CCI, LOCEAN and JPL under 

westward wind forcing.  

Whilst there is a consistent shift in distribution between eastward and westward wind forcing 

between all products, notable differences in distribution were present between satellite 

products. In CCI, under westward wind forcing, all SSS values were between 27 and 31. On 

average in CCI, over half (55%) of the total area had SSS values between 29 and 30 pss, with 

29% between 28 and 29 pss and 11% between 30 and 31 pss. In LOCEAN, under westward 

wind forcing, all SSS values over the region were between 28 and 31. On average in LOCEAN, 

the percent of the total area was highest between 30 and 31 pss (41%), with significant 

proportions also between 29 and 30 pss (34%) and between 28 to 29 pss (24%) and with almost 

no years/regions with SSS values outside this range. In JPL, under westward wind forcing, SSS 

was distributed across notably higher SSS bins, with no values below 30 pss. On average in 

JPL, the majority (42%) of the total area was between 31 and 32 pss with a significant 

proportion (31%) above 32 pss and 12% between 30 and 31 pss.  

In both CCI and LOCEAN, under eastward wind forcing, the majority of SSS was still in 

relatively high salinity bins, with the majority of SSS for both products between 29 and 30 pss 

(30% in CCI and 26% in LOCEAN), and a significant proportion between 30 and 31 pss (22% 

in CCI and 17% in LOCEAN). In JPL, under eastward wind forcing, 17% of the total area had 

SSS values between 27 and 28 pss, with 16% between 28 and 29 pss.  

The SSS distribution in GLORYS12V1 (Figure 5.7) and the other reanalyses (Appendix Figure 

D.4) is similar to that in satellite products, and there is a similar level of variability in the 

distribution pattern between reanalysis products as there is between satellite products. 

However, whilst all satellite products (Figure 5.7) and the in-situ data (Figure 5.8) show a clear 

difference in the average SSS distribution under eastward and westward wind stress, this 

distinction is less clear, or not apparent in the reanalysis products. In addition, most of the 

reanalyses tend to be biased to higher SSS values than the satellite products or the in-situ data.  

Under westward wind forcing (2011, 2015, 2020), all reanalysis products have the highest 

percentage of the region in high SSS bins. For GLORYS12V1, on average under westward 

wind forcing, most (84%) of the total area was above 31 pss, with 44% between 31 and 32 pss, 

and 40% above 32 pss. Under eastward wind forcing (2012, 2016, 2017, 2021), the 

GLORYS12V1 distribution is shifted to lower SSS values (IE the largest proportions of the 

total area in lower SSS bins). On average under eastward wind, the majority (34%) of the area 

has SSS values between 30 and 31 pss, with a significant portion (23%) between 29 and 30 

pss, 17% between 31 and 32 pss and 16% over 32 pss.  
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Whilst the distinction between SSS distribution under eastward and westward wind forcing is 

less clear in reanalysis products, GLORYS12V1 and most other products still show a 

difference. Under westward wind forcing, most reanalyses only have SSS values above 28 pss 

(0% of the total area is below 28 pss for GLORYS12V1), consistent with satellite products and 

in-situ data. Conversely, under eastward wind forcing, GLORYS12V1 and most other products 

have a higher percentage of area below 28 pss (7% for GLORYS12V1) than under westward 

wind forcing. This pattern is consistent with that observed in satellite products. However, 

whilst satellite products suggest notable regions with SSS < 26 pss under eastward wind, 

GLORYS12V1 has no regions of SSS < 26 pss. Only the ORAS reanalysis has SSS values < 

26 pss under eastward wind forcing and has notably less area in this bin (2%) than most of the 

satellite products, and the in-situ data.   

A very similar pattern of distribution was also visible (in both satellite and reanalyses) when 

the total area was not restricted to only where all products were sea ice free in all years (and 

when each product was masked by where that product was sea ice free in all years). A very 

similar pattern is also visible when SSS distributions are calculated from years of high and low 

AOI.  

 

Figure 5.8: In-situ SSS distribution in the Vilkitsky Strait for years of strong (> 0.02 N m-2) eastward (red) and 

westward (blue) wind stress. Years of mid wind stress (< 0.02 N m-2 and > -0.02 N m-2) are shown in grey. The 

distribution is shown as the percentage of retrievals in each 1 pss salinity bin over the 22 to 33 pss range. Darker red 

and blue bar colours indicate years of stronger eastward/westward wind stress. The mean values for all eastward (red) 

and westward (blue) years are overlaid as lines across all bins.   

There is a notable difference in the SSS distribution of in-situ data under eastward and 

westward wind forcing (Figure 5.8). Under westward wind forcing (2011, 2015), all SSS values 

are above 29 pss (and below 32 pss), with the majority of values between 30 and 31 pss in both 
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years. Conversely under eastward wind forcing (2012, 2017), almost all values are below 29 

pss, with the majority of values between 25 and 26 pss. Under eastward wind forcing on 

average 95% of SSS is below 28 pss and 65% is below 26 pss. Conversely, under westward 

wind forcing on average 0% of SSS is below 28 (or 26) pss.  

The same threshold (of ± 0.02 N m-2) was used to identify years of eastward/westward wind 

stress in Figure 5.8, for consistency with satellite and reanalysis distributions. However, 2018 

is also included and overlaid. In 2018 (wind forcing of ~ 0.02 but below the threshold used), 

SSS values are widely spread across all salinity bins from 22 to 32 pss. Overall, this suggests 

that under negative or even weak positive zonal wind stress, no low SSS values < 28 pss are 

present in this region, suggesting low SSS anomalies are not transported this far east over the 

summer season. Conversely, under strong positive zonal wind stress, all years have regions of 

SSS < 26 pss, implying transport of low SSS anomalies through the Vilkitsky Strait. Whilst 

this pattern is very clear, it is worth noting that there is notably more data in years of strong 

eastward wind forcing than in years of strong westward wind forcing, which may impact these 

results. However, the regional coverage of in situ data under eastward and westward wind 

forcing is relatively consistent (Figure 5.6). 

There is relatively good similarity between in-situ and satellite SSS distributions despite the 

differences in data location, as in-situ data is primarily in the Vilkitsky Strait, compared to 

satellite data in the western Laptev Sea. The similarity in distribution suggests SSS in western 

Laptev Sea is a good proxy for transport through the strait. This confirms that differences in 

SSS observed in satellite data in the Laptev Sea are indicative of changes in SSS in the Vilkisky 

Strait.  

 

5.4 Discussion  

5.4.1 The Vilkitsky Strait as an enabler of freshwater transport / Drivers of transport through 

the Vilkitsky Strait 

The strong role of wind forcing in driving transport through the Vilkitsky Strait has been widely 

suggested (Janout et al., 2015; Lentz and Fewings, 2012; Osadchiev et al., 2020; Pimenta and 

Kirwan Jr., 2014). These previous findings are consistent with the strong negative correlation 

pattern visible in the Kara Sea (Chapter 4) between GLORYS12V1 September SSS and June 

to August eastward and northward wind stress. The similarity between correlation patterns with 

both northward and eastward wind stress are unsurprising given their autocorrelation and are 

consistent with findings in the Kara Sea (Chapter 4) and with previous work (Osadchiev et al., 

2020).  

Satellite data suggests a clear spatial difference in SSS in both the eastern Kara Sea and western 

Laptev Sea under eastward/westward wind stress, supporting the dominant role of zonal 

turbulent surface stress. This is visible from both Kara and Laptev Sea composite and 

composite difference plots (Chapter 3 and 4), which all have a consistent negative anomaly in 

the western Laptev Sea under eastward wind stress. All products also suggest this negative 

anomaly extends almost all the way from the mouth of the Ob delta, through the Vilkitsky 

Strait and into the western Laptev Sea. Whilst this pattern is most clearly visible in JPL, which 

has a clear strong negative anomaly most of the way along the coast, more extensive sea ice 
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and land masking in CCI and LOCEAN mean this anomaly is much less clear. Regardless, all 

products suggest a negative anomaly in the western Laptev Sea.  

Whilst data gaps in satellite SSS maps due to land and sea ice contamination complicate 

interpretation of the spatial pattern of SSS, all satellite SSS products clearly suggest that there 

is a distinct difference in SSS distribution in the Vilkitsky Strait under eastward and westward 

wind forcing. The difference in distribution is consistent with that visible from in-situ transects 

across the region. Eastward wind forcing is consistent with the presence of fresh water (< 28 

pss) in the Vilkitsky Strait, implying freshwater transport from the Kara into the Laptev Sea. 

Conversely under westward wind forcing, almost no fresh water is present in the Vilkitsky 

Strait, and a larger proportion of higher salinities waters (> 28 pss) are present. This consistent 

pattern is particularly notable given the considerable differences in average SSS distribution 

between satellite products. All products, particularly JPL and CCI (along with in-situ data) 

suggest a considerable percentage of SSS is below 26 pss under eastward wind forcing. The 

presence of this water with this very fresh signature supports that this is likely Ob-Yenisei 

plume water, rather than water of other origin (Osadchiev et al., 2020b), and represents a 

distinct difference from all four reanalysis SSS distributions.  

 

5.4.1.1 Scale of transport and relationship with large-scale atmospheric circulation  

The difference in distribution under eastward and westward wind forcing is particularly 

interesting given the region considered is in the western Laptev Sea, rather than within the strait 

itself. Transport from the Ob-Yenisei deltas all the way into the Vilkitsky Strait has previously 

suggested to be possible, although only under strong, sustained alongshore wind forcing 

(Osadchiev et al., 2020). The very fresh signature of water in this region (the western Laptev 

Sea) suggests that the Ob-Yenisei plume can propagate all the way through the Vilkitsky Strait 

and into the Laptev Sea. This very fresh signature also suggests this water to be of Kara Sea 

origin, rather than from sea-ice or glaciers on the Severnaya Zemlya Archipelago. This water 

is currently understood to be of Kara Sea origin but the contribution of freshwater from 

different sources is also discussed further in (section 6.2, p104) (Osadchiev et al., 2023a; 

Tarasenko et al., 2021).  

Whilst the fresh salinities are expected to be of Kara Sea origin, there remains some debate as 

to if this magnitude of transport can occur over one summer season. It is worth noting that 

transport all the way through the Vilkitsky Strait and into the Laptev Sea is only shown here to 

occur in years with average wind stress > 0.02 N m-2 over June to August. This strong eastward 

wind stress is expected to drive onshore Ekman transport. The expected difference in surface 

Ekman current, visible in the left panel of Figure 5.5, supports this nicely. This difference in 

surface Ekman current is also in relatively good agreement with the GLORYS12V1 surface 

current velocity composite difference in most of the Kara and eastern Laptev Sea.  

However, in the nearshore Kara Sea, GLORYS12V1 surface current velocities do not agree 

well with the expected surface Ekman current. In addition, the distance of travel that would 

occur from the surface Ekman current under this wind stress cannot account for the scale of 

transport observed (given the ~1200 km distance between the Ob delta to the western Laptev 

Sea).  
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Equations (1) and (2) are used here to calculate Ekman surface currents using a latitude of 75 

°N and a surface density of 1020 kg m-3. Assuming an Ekman Depth of 20 m (previously 

suggested as a plume mixed layer depth in this region (Osadchiev et al., 2020)), an eastward 

wind stress of 0.02 N m-2 would equate to a surface velocity of ~ 0.007 m s-1 or ~ 50 km of 

distance traveled over the three-month period)1. This Ekman depth was chosen for use here 

both due to prior use in literature and as expected surface Ekman currents calculated from 

ERA5 wind stress (using an Ekman depth of 10m) appeared stronger than GLORYS12V1 

surface currents (Figure 5.5). Even if the Ekman depth was assumed to be much shallower (5 

m), the same wind stress would only equate to a surface velocity of ~ 0.03 m s-1 or ~ 200 km 

of distance travelled over the three-month period, still only 1/5 of the distance observed. Even 

using a stronger mean eastward wind stress of 0.08 N m-2 (as observed in 2016, the year of 

maximum summer eastward turbulent surface stress) and the shallower Ekman depth of 5m 

only gives a surface velocity of ~ 0.1 m s-1 or ~ 850 km of distance traveled over the three-

month period.  

𝑢𝑠 = −
𝑔

𝑓𝜌0
∫

𝜕𝜌

𝜕𝑦
𝑑𝑧

𝑧𝑠

𝑧0

 

 

(3) 

 

The alongshore component of the surface buoyancy current (𝑢𝑠) was then calculated using 

Equation (3), given gravitational acceleration (g = 9.81 m s-2) and the meridional density 

gradient (
𝜕𝑝

𝜕𝑦
). The buoyancy current was calculated for the surface assuming there is no 

horizontal transport at the base of the mixed layer (using a mixed layer depth of 20m as above). 

A density difference (𝜕𝑝) between the freshest bit of the plume under eastward wind forcing 

(density of ~ 1015 kg m-3 for SST of 6 °C and SSS of 20 pss) and the edge of the plume (density 

of ~ 1021 kg m-3 for SST of 4 °C and SSS of 26 pss) of 6 kg m-3 occurs over a distance (𝜕𝑦) of 

50 km (or ~2 JPL gridcells in latitude where 1 degree of latitude equates to ~110 km), would 

result in a buoyancy current of 0.17 m s-1, which would equate to ~ 1300 km of distance traveled 

over the three-month period. This compares to the buoyancy current under westward wind 

forcing, where the plume is spread further out (i.e. where a similar density gradient occurs over 

a distance of ~150 m (or ~6 JPL gridcells in latitude) would give a buoyancy current of 0.05 m 

s-1, equating to a distance of 400 km over the 3-month period.  

Whilst the strength of salinity gradients under eastward and westward wind forcing differ by 

product, the buoyancy current driven by the difference in meridional salinity gradient is the 

only thing capable of generating the considerable magnitude of plume movement observed. 

This finding is consistent with previous suggestions (Osadchiev et al., 2020).The significance 

of this buoyancy current also explains the much stronger relationship with zonal (rather than 

meridional) wind stress, which facilitates the horizonal across-shore density gradient observed 

and drives this buoyancy current. The presence and significance of this buoyancy current (in 

addition to the surface Ekman current) is also supported by the strong alongshore surface 

currents visible in the GLORYS12V1 September composite difference plot, and their 

misalignment with expected difference in Ekman surface current (Figure 5.5). 

Freshwater transport through the Vilkitsky Strait is visible under eastward wind stress in the 

Kara Sea, Laptev Sea and in the Vilkitsky Strait. This pattern is consistent in Kara and Laptev 
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Sea correlation plots and composite and composite difference plots calculated from satellite 

and reanalysis products using Kara, Laptev and Vilkitsky Strait zonal wind stress metrics.  The 

consistency of this pattern is particularly notable given the different forcing and years chosen 

for composites in each region. This consistency suggests a level of co-variability in local wind 

forcing, and fresh water transport, over the Eurasian shelf seas. This suggests a potential role 

of large-scale atmospheric circulation / the Arctic Oscillation Index (AOI) in controlling 

Vilkitsky Strait transport. This will be discussed further in the following chapter (p103). 

 

5.4.1.2 Challenges of studying the Vilkitsky Strait 

Whilst all reanalyses suggest a notable difference in SSS under eastward/westward wind 

forcing, which is relatively consistent with that suggested by satellite products, there are several 

notable differences. The most notable is a considerable disparity in the proportion of SSS above 

32 pss which varies between satellite products (Figure 5.7) as well as between reanalysis 

products (Appendix Figure D.4). This bias is present under both eastward and westward wind 

forcing but it is more evident under westward wind forcing, when there is a larger area in high 

SSS bins. Under westward wind forcing, JPL and both GLORYS products suggest the majority 

of SSS values are greater than 31 pss, with a considerable proportion above 32 pss. Conversely, 

none of the in-situ data in this region suggests SSS values above 32 pss. For satellite and in-

situ data, some of this difference may be related to the location of observations. JPL has 

observations closer to the ice edge than any of the other products, which might be expected to 

have the highest salinities. This is supported by the presence of SSS > 32 in LOCEAN and JPL 

in some years when no sea-ice mask is applied. However, this does not entirely explain the 

difference, as these more saline anomalies are visible in Kara and Laptev Sea westward 

composite plots. These more saline anomalies are known to be present both offshore and at 

depth in this region (Janout et al., 2015) so differences in reanalyses are likely due to circulation 

differences. However, the presence of these saline anomalies on the shelf warrants further 

investigation and suggests a need for additional in-situ data in this region to understand what 

drives this saline water onto the shelf.  

The other notable differences between satellite /in-situ and reanalysis SSS distributions is the 

absence of any very fresh plume waters (< 26 pss) in any of the reanalyses or in LOCEAN 

SMOS. The lack of low SSS values in LOCEAN may be due to the lack of validation data 

available and therefore used at very low SSS values (< 25 pss) (Boutin et al., 2024; Supply et 

al., 2020b). For the reanalyses, both of these differences may be due to overmixing in this 

region, as has been suggested in both the Laptev and Kara Sea and the wider Arctic (Chapter 

3 and 4) (Heuzé et al., 2023; Hudson et al., 2024; Wise et al., 2022). The challenge of accurately 

representing Arctic freshwater transport is well-known and much work is underway to improve 

vertical mixing parameterization (Allende et al., 2024; Arpaia et al., 2023). Nevertheless, the 

poor representation of waters with SSS < 25 pss represents a considerable flaw in reanalysis 

products’ ability to accurately represent freshwater transport around the Eurasian shelf seas. In 

addition, this may cause the reanalyses to dissipate anomalies in freshwater transport too 

rapidly, and underestimate the influence of these differences. This will likely only become 

increasingly important with the additional freshwater input the Arctic is receiving and will 

continue to receive.  

There is some disagreement between reanalyses in the direction of plume transport upon 

entering the Laptev Sea. Previous transects in this region suggest some mixing of plume 
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towards the Laptev Sea shelf but mostly spreading directly eastward, offshore and over the St 

Anna Trough. (Janout et al., 2015). This pattern appears to be true in both GLORYS products, 

as the fresh anomaly extends directly eastward (rather than southeastward along the coast). The 

fresh anomaly also extends much further east in GLORYS12V1. In both CGLO and ORAS, 

this fresh anomaly extends to the southeast and remains near the coast. High resolution models 

and those with an unstructured mesh with ~1/10 ° resolution nearest the coast have been 

suggested to be needed to accurately resolve transport through the Vilkitsky Strait (Aksenov et 

al., 2016; Chen et al., 2020; Janout et al., 2015; Proshutinsky et al., 2016). Therefore, it is 

possible that the better representation by the 1/12 degree GLORYS12V1 reanalysis allows 

better representation of the Strait’s bathymetry and in turn better surface transport because of 

its higher resolution.  

 

5.4.2 Implications of variability in Vilkitsky Strait transport 

Satellite SST has previously been used (often as a proxy for SSS) to study plume propagation, 

and the warm signature of the plume has been observed to travel through the Vilkitsky Strait 

(Osadchiev et al., 2020). A very similar composite difference pattern is visible in SST as in 

SSS, suggesting eastward wind forcing drives a notable increase in coastal SSTs, as well as a 

decrease in SSS and suggesting co-variability between SSS and SST in the eastern Kara Sea 

and Vilkisky Strait. This similarity in pattern represents a notable difference from dynamics in 

the western/central Kara Sea, where SSS and SST did not appear to co-vary (Chapter 4). This 

highlights the importance of wind forcing in the eastern, rather than central/western Kara Sea 

in driving alongshore plume transport through the Vilkitsky Strait. This also denotes a 

considerable difference in regime between the western/central Kara Sea, which is most strongly 

influenced by inflowing Atlantic Water, and the eastern Kara Sea and Laptev Sea, where 

differences in plume transport appear to be more of a dominant control on SST.  

Whilst there is a level of co-variability between SSS and SST over the Vilkitsky Strait in 

September, the impact this has on sea ice is minimal and varies between reanalyses. However, 

it is notable that all the analysed reanalyses products suggest no sea ice in almost any of the 

strait under eastward wind forcing, suggesting no solid freshwater transport into the Laptev 

Sea. Whilst there is some variability between reanalyses in very low SIC under westward wind 

forcing, there is good agreement in sea ice concentration in all reanalyses in the location of the 

30% SIC contour. Therefore, despite the notable differences in SST under eastward and 

westward wind stress, there is no clear difference in sea ice concentration in the Vilkitsky Strait. 

This represents a notable difference from the Laptev Sea, and likely occurs as there is very 

little sea ice in the Vilkitsky Strait in September (typically < 15% sea ice concentration), 

compared to the Laptev Sea where there is a considerable portion of sea ice that remains even 

in September. 

The lack of sea ice in September in this region means there is no sea-ice albedo feedback to 

intensify/alter the pattern of warming. This may explain the strong consistency between the 

impact of zonal wind on SSS and SST observed here, and their strong co-variability, which 

appears even stronger here than that in the Laptev Sea. These differences likely have notable 

impacts on later winter stratification and sea ice dynamics. This is considered further in 

(Chapter 4).  
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Thus far, most of the discussion has revolved around transport under years of particularly 

strong eastward and westward wind stress. However, freshwater transport through the 

Vilkitsky Strait has recently been suggested to occur more frequently than previously thought. 

The presence of fresh water in the eastern Kara Sea in September has been suggested to play a 

key preconditioning role in winter freshwater transport into the Laptev Sea, as transport in the 

Vilkitsky Strait is strongest over October to March (Janout et al., 2015). The lack of alternative 

observed fate of this freshwater (i.e. the lack of observed northward transport to the central 

Arctic and the lack of sediment evidence that the plume remains in the Kara Sea) has even led 

to the suggestion that transport through the Vilkitsky Strait may occur most winters (Osadchiev 

et al., 2023a). The strong role of buoyancy forcing in driving alongshore transport over summer 

also supports the existence of this winter transport, which cannot be wind driven due to the 

persistent sea-ice cover in this area over winter. The presence of increased freshwater transport 

over winter is visible in March in all reanalyses under westward wind forcing. There is also 

some evidence of additional freshwater in the western Laptev Sea in satellite (and reanalysis) 

data in early summer of the year following a westward event, which would support the 

suggestion of winter transport. However, the extensive sea ice and land contamination in this 

region prevents more thorough investigation in satellite data.  

The existence of this winter transport may make these strong summer transport events seem 

less significant. However, this fresh anomaly appears to clearly persist over winter in the 

southwestern Laptev Sea and is visible in March in all reanalysis products. This persistence is 

particularly notable given the lack of representation of low salinities (< 25 pss) and overmixing 

tendencies of reanalyses, which if anything would imply these anomalies would be even 

stronger than observed in reanalyses. Whilst these transport events have little impact on 

September SIC given the lack of sea ice cover in this region, the difference in timing of these 

transport events appear to have impacts on later sea ice formation (see Chapter 6).  

 

5.5 Conclusion 

Satellite, reanalysis and in-situ SSS all support that strong eastward wind sets up a strong 

meridional density gradient which promotes buoyancy driven transport of the Ob-Yenisei 

plume through Vilkitsky Strait and into the western Laptev Sea, over one summer season. 

Whilst GLORYS12V1 and other reanalyses appear to adequately capture freshwater transport 

dynamics through the Vilkitsky Strait, the poor representation of very low salinities and the 

overmixing tendencies need addressing for accurate representation of Arctic freshwater 

transport. Differences in plume transport also have a notable SST signature, which closely 

resembles that of SSS, suggesting strong co-variability between SSS and SST in this region in 

September. Despite the co-variability between SSS and SST in this region, zonal wind 

dynamics do not appear to have a notable impact on September SIC.  

Although the zonal wind clearly plays a dominant role in controlling summer freshwater 

transport through the Vilkistky Strait, plume transport through the strait still appears to occur 

over winter even in years with no strong eastward wind forcing. However, differences in timing 

drive very different SSS/SST patterns and in turn stratification dynamics, which appear to 

persist through much of winter and may impact later winter sea ice formation or melt the 

following summer. 
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Chapter 6 Eurasian Shelf Seas 

6.1 Introduction to wider Eurasian shelf seas 

The Artic Oscillation Index (AOI) is a mode of large-scale atmospheric variability, defined by 

the sea level pressure difference between the Arctic and mid-latitudes. A low sea level pressure 

over the Arctic results in a positive AOI, a strengthening of the jet stream and more cyclonic 

Arctic Ocean circulation resulting in an expanded Eurasian gyre, and a contracted Beaufort 

Gyre. The influence of the AOI on surface geostrophic circulation is relatively well established 

(Armitage et al., 2018; Morison et al., 2012). Under positive AOI, the Transpolar Drift is 

shifted towards the Amerasian Basin, resulting in an expanded cyclonic gyre over the Eurasian 

Arctic and a contracted Beaufort Gyre (Steele et al., 2004). This is suggested to drive increased 

Atlantic Water (AW) inflows, decreased Pacific Water inflows and increased freshwater export 

through the Fram Strait (Armitage et al., 2018; Dickson et al., 2000).  

However, there remains debate as to whether this translates to changes in freshwater transport, 

and to longer term freshwater storage (Cornish et al., 2020; Rabe et al., 2014). This is 

complicated by the positive phase of the AOI driving increased Atlantic Water inflows and by 

driving increased sea ice export out of the Fram Strait, which both act to lower the overall 

Arctic freshwater content (Morison et al., 2021). There is, however, a suggestion that the AOI 

is not the dominant control over large-scale long-term Arctic-wide freshwater storage (Rabe et 

al., 2014; Thibodeau et al., 2014). Nevertheless, there is general agreement that the AOI is a 

strong influence on local wind stress and controls many aspects of Eurasian fresh water 

transport (Armitage et al., 2018; Lemeshko and Tsyganova, 2022; Morison et al., 2012; 

Tarasenko et al., 2021). There is also general agreement that positive AOI drives freshwater 

transport to the Amerasian Arctic where it either increases the freshwater content of Beaufort 

Gyre or is transported to Canadian Arctic (Morison et al., 2021, 2012; Q. Wang et al., 2021). 

There is also debate about pathway of freshwater transport under negative AOI. Whilst there 

is agreement that freshwater first enters Transpolar Drift, it is not confirmed if it’s then exported 

east of Greenland or if it is transported to the Canadian Arctic and exported via Nares Strait 

(Morison et al., 2012; Q. Wang et al., 2021). There is also discussion as to the role of the AOI 

over individual regions. There have been multiple studies which suggest the AOI is not 

correlated with SSS variability in the Kara and Laptev Sea (Dmitrenko et al., 2005; Janout et 

al., 2015). However, most studies which consider regional and large-scale freshwater transport 

have been modelling focused or using relatively sparse in-situ data. Hence the relationships 

over local regions, and over the Eurasian Arctic as a whole will be re-examined here using 

satellite (and reanalysis) data.  
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The relationship between the AOI and freshwater transport is becoming increasingly important 

as the AOI is suggested to be increasingly positive with climate change (Cai et al., 2018; 

Houssais et al., 2007). These changes have already been linked to increased drought over 

Siberia and increased risk of Russian wildfires (Churakova Sidorova et al., 2021; Lapenis and 

Yurganov, 2023). In addition, the Eurasian shelf seas consist of 16% of the total freshwater 

volume in the Arctic Ocean and there are suggestions this proportion could be decreasing (Hall 

et al., 2023). It is crucial to better understand the large-scale controls on freshwater transport, 

and how they appear to be changing, in order to predict future changes and their implications.  

The recent SASSIE (Salinity and Stratification at the Sea Ice Edge) field campaign is aiming 

to test if salinity (in the Beaufort Sea) can be a useful local predictor of sea ice anomalies 

(Drushka et al., 2024). However, the influence of variability in freshwater transport on sea ice 

formation (and sea ice melt the following season) has not previously been considered over the 

Eurasian Arctic. Hence, the potential implications on interannual differences in freshwater 

transport on sea ice growth (and melt) will be assessed over the Eurasian shelf seas. Previously 

a link has been made between September SIC in the Russian shelf seas and Eurasian winter air 

temperature and precipitation, so changes in SIC in this region may have impacts on Eurasian 

winter climate (Ding et al., 2021; Ding and Wu, 2021; Li and Wang, 2012; Wu et al., 2011).  

This chapter will first assess the relationship between local and large-scale circulation in each 

of the three regions previously examined, as well as how this relationship appears to have been 

changing in recent decades. The implications of this large-scale coherence on initial freshwater 

transport will then be identified, as well as the persistence of these freshwater anomalies in the 

following year. The implications of differences in freshwater transport on sea ice persistence 

in autumn and in the following spring will be considered. Finally, changes in large scale 

circulation with climate change will be discussed as well as their implications on freshwater 

transport and sea ice.  

 

6.2 Freshwater contributions to the Eurasian shelf seas 

Over the entire Arctic, annual mean freshwater input is dominated by river runoff (38% or 

~3200 km3), inflow from the Pacific through the Bering Strait (30% or ~2500 km3) and net 

precipitation (24% or ~2000 km3) (Serreze et al., 2006). Whilst Bering Strait inflows to the 

Arctic does not show a significant seasonal cycle (Jonsson, 1989), a strong seasonal cycle is 

present in both river runoff and net precipitation. Runoff peaks in spring and 60% of river 

runoff is discharged between April and July (Lammers et al., 2001). Net precipitation peaks in 

late summer or early autumn due to seasonality in atmospheric circulation (Walsh et al., 1994). 

The strong seasonal cycle in sea ice also supplies a considerable volume of freshwater to the 

surface Arctic in spring and summer (of around 13400 km3) (Haine et al., 2015). The timing of 

these inputs plays a crucial role in controlling surface ocean stratification and transport.  

The spatial pattern of input also varies considerably by source and equally plays a notable role 

in controlling the eventual fate of freshwater inputs. Over the central Arctic, fresh water from 

sea ice melt dominates as the sea ice covered nature means there is no notable direct meteoric 

water source (other than via transport from other regions) (Alkire et al., 2015). Whilst river 

runoff is a very localised source of freshwater which forms a very stable water mass and very 
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slowly mixes with ambient seawater, precipitation and sea ice melt contribute freshwater over 

much larger regions and have larger spatial variability (Osadchiev et al., 2024).  

6.2.1 Methods 

To understand the respective roles of fresh water inputs, the contribution of different fresh 

water sources to the overall fresh water content is assessed over the Russian shelf seas. Whilst 

Pacific Water is typically considered as a freshwater source to the Arctic, it primarily enters 

into the Amerasian Basin (Bluhm et al., 2015) so will not be considered here. In addition, 

Russian glaciers are another freshwater source. However, their contribution is only suggested 

to be ~ 30 km3 a year (<.004%), and only negligible in comparison to contributions from runoff, 

sea ice and precipitation (Jakob and Gourmelen, 2023) so they are also not considered here.  

The cumulative sum of Arctic Great Rivers Observatory (GRO) runoff of the 12 largest Russian 

Arctic Rivers (Ob, Yenisei, Lena, Kolyma, Onega, Norther Dvina, Mezen, Pechora, Nadym, 

Olenek, Yana, Indigirka) is used to estimate the riverine freshwater contribution. The 

contribution from just the Ob, Yenisei and Lena runoff is also calculated and shown to 

demonstrate the dominant role of just these three rivers. The drainage area that is covered by 

gauged rivers only accounts for 61–81% of the total area draining into the Arctic Ocean 

(excluding the Canadian Arctic Archipelago) (Serreze et al., 2006). Therefore, about a third 

(19-39%) of the freshwater discharge from land to the Arctic Ocean is not directly measured. 

Hence, if anything the freshwater contribution estimate from river runoff here is an 

underestimate of the total freshwater contribution from runoff.  

Monthly ERA5 evaporation and total precipitation are used to obtain an estimate of the 

atmospheric freshwater contribution. The difference between precipitation and evaporation is 

then calculated for each pixel and each month to obtain the net precipitation. The net 

precipitation is scaled by the sea ice concentration in each pixel to account for the precipitation 

that falls on sea ice (rather than directly into the ocean). The cumulative difference is then 

calculated by summing the difference in each month.   

GLORYS12V1 SIC and sea ice thickness are used to calculate the volume change in sea ice 

and the freshwater contribution from sea ice. First, the sea ice volume in March and September 

is calculated from GLORYS12V1 sea ice concentration and thickness. The volume change in 

sea ice is then calculated by differencing sea ice volume in September from that in March. The 

freshwater equivalent is then calculated from this volume change considering a sea ice density 

of 900 kg m-3 and salinity of 4 pss (Andersen et al., 2019; Mensah et al., 2023; Serreze et al., 

2006).   

The freshwater equivalent contribution from net precipitation and sea-ice is calculated for all 

pixels in GLORYS12V1 / ERA5 and then summed over the fresh surface layer and over the 

plume (see Figure 6.1 for location). The fresh surface layer is defined to be anywhere where 

GLORYS12V1 SSS is less than 28 pss in September of any year. The plume is defined to be 

anywhere where GLORYS12V1 SSS is less than 25 pss in September of any year.  These two 

regions were chosen to assess the magnitude of contributors in both the central plume region 

as well as the wider shelf seas and were intentionally chosen to cover the widest area and 

include all regions that can be influenced by the fresh surface layer / plume.  

 



Chapter 6: Eurasian Shelf Seas  

106 

 

6.2.2 Results  

 

Figure 6.1: Spatial map of the freshwater contribution from sea ice (left) and of net precipitation-evaporation (P-E) 

(right) over the Russian Arctic. The fresh surface layer and plume regions are designated by the purple contour lines, 

with the nearer shore contour representing the plume.   

Both sea ice and net precipitation provide the largest freshwater contribution to the coast and a 

much lower contribution to the central Arctic (Figure 6.1). The smaller contribution over the 

central Arctic likely occurs as persistent sea ice cover prevents a direct freshwater flux from 

precipitation. Sea ice has a particularly high freshwater contribution in the Laptev and East 

Siberian Sea (> 0.05 km3). This contribution is much larger in the Laptev Sea than the Kara 

Sea, where there is no notable coastal increase in freshwater flux from ice melt. Net 

precipitation also has a very high freshwater contribution near the coast, but primarily over the 

southern Kara Sea. When net precipitation is not scaled by sea ice concentration, the pattern 

remains largely the same but net precipitation values are higher over the central Arctic.  
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Figure 6.2: Timeseries of the freshwater equivalent from sea ice, runoff from the largest 13 Russian rivers, runoff from 

the Ob, Yenisei and Lena river and evaporation-precipitation over the Russian shelf seas (top) (where GLORYS12V1 

SSS < 28 pss) and over the plume region (bottom) (where GLORYS12V1 SSS < 25 pss) 

Over both the fresh surface layer and over the plume area, the freshwater contribution from 

river runoff generally dominates over other freshwater sources (Figure 6.2). The majority of 

this runoff comes from Ob, Yenisei and Lena runoff, which make up over 75% of all river 

runoff to this region. Sea ice also provides a notable contribution to the fresh surface layer but 

its contribution is notably smaller when confined to just the plume area.  The freshwater flux 

from sea ice also has a notable decrease in contribution over the time period shown. The 

contribution from sea ice is much larger prior to 2005 at which point the freshwater contribution 

decreases notably. However, throughout the timeseries, the freshwater contribution from sea 

ice has a considerable magnitude of variability (STDV = 491 km3 over the GLORYS12V1 time 

period, STDV = 173 km3 over the SMOS period), which is notably larger than that of runoff 

(STDV = 102 km3 over the GLORYS12V1 time period, STDV = 104 km3 over the SMOS 

period). Interannual variability in net precipitation is very low and notably smaller than that of 

sea ice or runoff (STDV = 57 km3 over the GLORYS12V1 time period, STDV = 79 km3 over 

the SMOS time period). Net precipitation has a more notable role over the fresh surface layer 

than over the plume, but this role is relatively minimal in comparison to sea ice and runoff.  

 

6.2.3 Comparison of freshwater contribution to Russian shelf seas and entire Arctic 

The area of the fresh surface layer (2.5x106 km2) occupies roughly a quarter of the Arctic Ocean 

and the plume (1.5x106 km2) around 15% compared to the Serreze et al. (2006) definition of 

Arctic Ocean area (9.58x106 km2). The relatively small region that constitutes the plume 

receives around 2/3 of the total river runoff to the Arctic (~2000 km3 compared to ~3200 km3 

for full Arctic (Serreze et al., 2006)).  Conversely, the fresh surface layer receives around 1/4 

of total Arctic oceanic net precipitation (~500 km3 vs ~2000 km3 (Haine et al., 2015; Serreze 
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et al., 2006)). The fresh surface layer also receives around 15% of Arctic sea ice (2400 km3 

compared to 13400 km3 over the full Arctic (Haine et al., 2015; Sumata et al., 2023)).  

Here, only direct sea ice melt is considered not sea ice transport into / out of the region, as this 

component of the study is intended as a preliminary comparison of the magnitudes of various 

freshwater sources. However, sea ice transport has previously been suggested as a significant 

component of ice thickness change in the Eurasian Basin (Polyakov et al., 2022). This is likely 

particularly true in the Laptev Sea, where sea ice is likely to be transported offshore by offshore 

wind, which is typically present over the region in summer (Steele et al., 2004). Whilst there 

may be some transport of solid ice transport out of the Laptev or East Siberian Sea to the central 

Arctic, it is unlikely that there will be much transport of solid ice into the Eurasian shelf seas, 

as the warm inflowing Atlantic Water would likely drive strong melt before it reaches the Kara 

Sea. However, there may be some import of sea ice meltwater into the Kara Sea, which is not 

visible here. Regardless, this would likely predominantly influence the offshore Kara Sea, 

rather than the fresh coastal surface layer.  

Little focus is placed here on differentiating the magnitude of contribution each source has to 

the different regions considered in this thesis (i.e. the Laptev, Kara Sea and the Vilkitsky Strait), 

as transport between these regions likely represents a considerable source of freshwater, 

particularly to the Vilkitsky Strait and Laptev Sea. However, the differing contributions to the 

Laptev and Kara Sea have previously been investigated (Osadchiev et al., 2024). Findings 

suggest that the contribution from both sea ice melt and runoff are strong in Laptev (up to 30% 

from sea ice). Conversely, sea ice is suggested to play a much weaker role in the Kara Sea, and 

runoff is by far the dominant source of freshwater to the Kara Sea.  This is consistent with 

results shown here, which suggest a much stronger contribution from sea ice in the Laptev Sea 

than the Kara Sea (Figure 6.1). This difference is likely primarily due to the later sea ice melt 

in the Laptev Sea, causing the peak in river discharge to occur prior to that of sea ice melt, 

which plays a key role in controlling the larger contribution of sea ice to the plume (Osadchiev 

et al., 2024). This is particularly true as sea ice melt is only suggested to contribute to the plume 

if the plume has already spread below sea ice before melt (otherwise sea ice meltwater subducts 

under river plume rather than mixing with it (Osadchiev et al., 2024). Hence, the freshwater 

flux to the plume from sea ice melt is (oppositely) correlated with the sea ice state in early 

summer (Osadchiev et al., 2024). Variability in initial early summer sea ice state may also 

explain the considerable interannual variability in the contribution of sea ice to the plume 

region. The current Kara Sea ice contribution may therefore forecast what the future Laptev 

contribution may be with the loss of the summer sea ice cover.  

There is a clear decrease in the freshwater contribution from sea ice melt over the 

GLORYS12V1 time period (Figure 6.2). A regime shift in sea ice was suggested to occur in 

2007 with slowed ice growth in the offshore Laptev Sea following this shift (Sumata et al., 

2023). This shift is visible in the freshwater contribution timeseries (Figure 6.2). This may 

suggest that with the expected ice retreat, sea ice will provide a smaller fresh water contribution 

to the Russian shelf seas. In addition, sea ice melt is only suggested to contribute to river plumes 

when the plume has spread under sea ice prior to melt. Hence, earlier sea ice retreat may also 

minimise the direct freshwater contribution to river plumes, which may result in increased 

prevalence of a multilayer halocline with a surface plume and subsurface sea ice melt. The 

complexity of these dynamics and their interactions highlight that it is key to understand 

changes to timings of sea ice melt and runoff to understand future halocline dynamics.  
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6.3 Relationship between local and large-scale atmospheric dynamics 

6.3.1 Regional correspondence between local and large-scale circulation 

The relationship between the June-August AOI and local wind in the three regions analysed 

(the Laptev and Kara Sea, and the Vilkitsky Strait) is analysed to understand whether or not 

large-scale circulation is the dominant driver of local wind metrics used in the previous three 

chapters. Correlation coefficients are calculated for multiple time periods to infer how this 

relationship appears to be changing over time. These time periods include: the full ERA5 time-

period (1950-2023), the start of the ERA5 time-period (1950-1980), the GLORYS12V1 time-

period (1993-2023), the start of the GLORYS12V1 time-period (1993-2006) and the satellite 

period (2010-2023). Scatterplots, and the relevant correlation coefficients, are shown for the 

Laptev Sea (Figure 6.3), Kara Sea (Figure 6.4), and Vilkitsky Strait (Figure 6.5). 

 

Figure 6.3: ERA5 eastward turbulent surface stress over the Laptev Sea (70-80 °N, 120-160 °E) mean over June to 

August (6-8) vs Arctic Oscillation Index mean over June to August (6-8). Dots are coloured by year with the smaller 

blue dots representing the pre-GLORYS period (1950-1980) and the larger red/brown dots representing the 

GLORYS12V1 period, with the light red dots representing the pre-satellite period (1993-2006) and the maroon dots 

representing the satellite period (2010-2023). The Pearson correlation coefficients (and their p-values) for the pre-

GLORYS12V1 period (1950-1980), the GLORYS12V1 period (1993-2023), the full timeseries (1950-2023), the pre-

satellite period (1993-2006) and the satellite period (2010-2023) are shown in the bottom right.  

There is a linear positive correlation between the AOI and zonal wind stress in the Laptev Sea 

over almost all time periods analysed. However, this correlation is only significant (p < 0.05) 

over the full timeseries (1950-2023), over the GLORYS12V1 time period (1993-2023) and 
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over the satellite time period (2010-2023). The Pearson correlation coefficient was higher for 

the GLORYS12V1 time period (r = 0.46, p = 0.01 over 1993-2023) than over the full ERA5 

time period (r = 0.41, p < 0.01 over 1950-2023) or over the start of the ERA5 time period (r = 

0.22, p = 0.24 over 1950-1980). The Person correlation coefficient was also much higher over 

the satellite time period (r = 0.58, p = 0.03 over 2010-2023) than over the start of the 

GLORYS12V1 time period (r = 0.38, p = 0.18 over 1993-2006). Overall, this implies a 

significant positive correlation between June to August AOI and eastward wind stress in the 

Laptev Sea, which appears to be strengthening in correlation in recent decades.  

No notable correlation is present between AOI and Laptev Sea northward turbulent surface 

stress over any time period (not shown). There is also no increase in Pearson correlation 

coefficient over different time periods.  

 

Figure 6.4: ERA5 eastward turbulent surface stress over the Kara Sea (70-80 °N, 60-80 °E) mean over June to August 

(6-8) vs Arctic Oscillation Index mean over June to August (6-8). Dots are coloured by year with the smaller blue dots 

representing the pre-GLORYS period (1950-1980) and the larger red/brown dots representing the GLORYS12V1 

period, with the light red dots representing the pre-satellite period (1993-2006) and the maroon dots representing the 

satellite period (2010-2023). The Pearson correlation coefficients (and their p-values) for the pre-GLORYS12V1 period 

(1950-1980), the GLORYS12V1 period (1993-2023), the full timeseries (1950-2023), the pre-satellite period (1993-2006) 

and the satellite period (2010-2023) are shown in the bottom right.  

There is a linear positive correlation between the AOI and eastward wind stress in the Kara Sea 

over all time periods analysed (Figure 6.4), consistent with that found with Laptev eastward 

wind stress. This linear positive correlation is also only significant over the full timeseries 

(1950-2023), over the GLORYS12V1 time period (1993-2023) and over the satellite period 
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(2010-2023). The Pearson correlation coefficient was notably higher for the GLORYS12V1 

time period (r = 0.51, p < 0.01 over 1993-2023) than over the full ERA5 time period (r = 0.40, 

p < 0.01 over 1950-2023) or over the start of the ERA5 time period (r = 0.08, p = 0.67 over 

1950-1980). The Person correlation coefficient is notably higher over the satellite time period 

(r = 0.68, p = 0.01 over 2010-2023) than over the start of the GLORYS12V1 time period (r = 

0.47, p = 0.09 over 1993-2006). Overall, this implies a significant positive correlation between 

June to August AOI and eastward wind stress in the Kara Sea, which appears to be 

strengthening in recent decades. 

It is notable that unlike in the Laptev Sea, this same increase in correlation is somewhat visible 

in the Kara Sea with northward wind stress. The Pearson correlation coefficient was notably 

higher for the GLORYS12V1 time period (r = 0.51, p < 0.01 over 1993-2023) than over the 

full ERA5 time period (r = 0.40, p < 0.01 over 1950-2023) or over the start of the ERA5 time 

period (r = 0.22, p = 0.23 over 1950-1980). The Person correlation coefficient was the similar 

over the satellite time period (r = 0.61, p = 0.02 over 2010-2023) and over the start of the 

GLORYS12V1 time period (r = 0.61, p = 0.02 over 1993-2006).  

 

Figure 6.5: ERA5 eastward turbulent surface stress over the Vilkitsky Strait (70-80 °N, 120-160 °E) mean over June to 

August (6-8) vs Arctic Oscillation Index mean over June to August (6-8). Dots are coloured by year with the smaller 

blue dots representing the pre-GLORYS period (1950-1980) and the larger red/brown dots representing the 

GLORYS12V1 period, with the light red dots representing the pre-satellite period (1993-2006) and the maroon dots 

representing the satellite period (2010-2023). The Pearson correlation coefficients (and their p-values) for the pre-

GLORYS12V1 period (1950-1980), the GLORYS12V1 period (1993-2023), the full timeseries (1950-2023), the pre-

satellite period (1993-2006) and the satellite period (2010-2023) are shown in the bottom right.  
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There is a linear positive correlation between the AOI and eastward wind stress in the Vilkitsky 

Strait for almost all time periods analysed (all except 1950-1980). As for eastward wind stress 

over the Laptev and Kara Sea, this linear positive correlation is only significant over the full 

timeseries (1950-2023), over the GLORYS12V1 time period (1993-2023) and over the satellite 

period (2010-2023). The Pearson correlation coefficient was notably higher for the 

GLORYS12V1 time period (r = 0.49, p = 0.01 over 1993-2023) than over the full ERA5 time 

period (r = 0.35, p < 0.01 over 1950-2023) or over the start of the ERA5 time period (r = -

0.091, p = 0.63 over 1950-1980). The Pearson correlation coefficient is notably higher over the 

satellite time period (r = 0.66, p = 0.01 over 2010-2023) than over the start of the 

GLORYS12V1 time period (r = 0.49, p = 0.08 over 1993-2006). Overall, this implies a 

significant positive correlation between June to August AOI and eastward wind stress in the 

Vilkitsky Strait, implying positive AOI is associated with more eastward wind forcing. This 

correlation appears to be strengthening in recent decades. 

A weak positive correlation is also visible between the AOI and northward wind stress in the 

Vilkitsky Strait. However, unlike in the Kara Sea, this correlation appears strongest over the 

start of the GLORYS12V1 time period (r = 0.60, p = 0.03, over 1993-2006), and is notably 

weaker over the satellite period (r = 0.29, p = 32, over 2010-2023). It is also stronger over the 

GLORYS12V1 period (r = 0.39, p = 0.03, over 1993-2023) than over the start of the ERA5 

timeseries (r = 0.23, p = 0.22, over 1950-1980) or over the full ERA5 time period (r = 0.31, p 

= 0.01, over 1950-2023).  

In summary, a significant positive correlation is present between the AOI and eastward 

turbulent surface stress in the Laptev and Kara Sea and in the Vilkitsky Strait, suggesting strong 

correspondence between local and large-scale circulation in all three regions. This correlation 

also appears to be strengthening in all regions in recent decades. The cause of this strengthening 

is further discussed in the following section.  

 

6.3.2 Increasing correspondence between local and large-scale wind stress over Eurasian 

shelf seas 

The standard deviation of the AOI increases considerably over the full time period, roughly in 

line with this increase in correlation strength. The standard deviation of the AOI was higher for 

the GLORYS12V1 time period (0.42 over 1993-2023) than over the full ERA5 time period 

(0.36 over 1950-2023) or over the start of the ERA5 time period (0.29 over 1950-1980). This 

increase in standard deviation suggests the AOI may be getting more variable. A shift to more 

positive AOI has previously been reported (Cai et al., 2018; Morison et al., 2021) and is likely 

responsible for this increase in variability. 

The standard deviation of eastward turbulent surface stress is also higher over the full 

GLORYS12V1 timeseries (0.021 for the Laptev, 0.015 for the Kara, 0.026 for the Vilkitsky, 

over 1993-2023) than over the start of the ERA5 timeseries (0.019 for the Laptev and 0.014 for 

the Kara, 0.021 for the Vilkitsky, over 1950-1980). The standard deviation of eastward 

turbulent surface stress is also higher in the satellite time period (0.026 for the Laptev and 0.017 

for the Kara, 0.032 for the Vilkitsky, over 2010-2023) than over any other time period. A 

similar pattern is also present with northward turbulent surface stress in the Kara Sea. The 

satellite period stands out as having notably higher variability in eastward turbulent surface 

stress in all three regions than any other time period. However, the very low variability at the 
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start of the GLORYS12V1 timeseries and the similarity in standard deviation over the ERA5 

and GLORYS12V1 time periods suggests that there is minimal, if any, increase in variability 

prior to the satellite time period.  

The significant correlation between the AOI and zonal wind stress suggests that the AOI clearly 

plays a dominant role in controlling local eastward turbulent surface stress in the Kara and 

Laptev Sea and through the Vilkitsky Strait. This implies large-scale atmospheric dynamics 

are the dominant control on local wind in the Kara, Laptev and over the Vilkitsky Strait. This 

follows with the strong correlation between local sea level pressure (SLP) variability and the 

AOI, which is suggested to be > 0.7 over most of the Eurasian Arctic, and above 0.5 over the 

whole region (Zhao et al., 2006). This relationship also appears to be strengthening in all these 

regions in recent decades. The increase in variability in both the AOI and in eastward turbulent 

surface stress may be partially responsible for the increase in correlation between local wind 

stress and the AOI. The cause and implications of this increase are discussed further in section 

6.7. 

 

6.4 AOI as a common driver of Eurasian Runoff transport  

The coherence found here between the AOI and zonal wind implies variability in freshwater 

transport should be consistent across all three regions. As in previous chapters, for the 

individual regions considered, composites are calculated from the three identified years of most 

positive and negative AOI for satellite and reanalysis products to obtain a holistic view of 

freshwater transport under different modes of the AOI. The three years of most positive AOI 

were chosen to be 2016, 2017 and 2018 for both the SMOS and SMAP period. Whilst 2021 

has a more positive AOI value than 2016, 2016 was chosen in order to use a consistent set of 

positive AOI years for both SMOS and SMAP products and to be able to calculate lagged 

composites for the following year (in the following section) as SMAP has no data in September 

2022. The use of 2016 rather than 2021 has almost no impact on composite difference pattern. 

The three years of most negative AOI were identified to be 2011, 2014 and 2019 for the SMOS 

period and 2015, 2019 and 2020 for the SMAP period. The difference between these 

composites is then calculated and shown in Figure 6.6 for satellite products and Figure 6.7 for 

reanalysis products. The same years are also used to calculate positive and negative AOI 

current velocity composites (for both eastward and northward velocity components) from mean 

June-August eastward and northward current velocity components for all four reanalyses. 

Again, the difference between these composites is calculated (overlaid on Figure 6.7). These 

composite difference plots are then compared with composite difference plots for the Laptev 

and Kara Sea and over the Vilkitsky Strait to understand differences in freshwater transport 

under local and large-scale wind forcing.  

A principal component analysis is also conducted on GLORYS12V1 SSS in September over 

the GLORYS12V1 time period (1993-2023). This is compared with the composite difference 

plots obtained from GLORYS12V1 to investigate whether the interannual variability discussed 

here relates to a dominant mode of variability in salinity.  
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Figure 6.6: The difference between positive AOI (POS) and negative (NEG) AOI composites of September SSS 

calculated for (left to right) LOCEAN SMOS, JPL SMAP and CCI SSS from the identified three years of highest and 

lowest June-August AOI (over 2010-2023 for LOCEAN SMOS and CCI SSS and over 2015-2023 for JPL SMAP SSS).  

The three satellite SSS AOI composite difference patterns suggest a large region of strong 

positive anomaly in the central and western Kara Sea and in the offshore Laptev Sea (Figure 

6.6). They also all suggest an extensive region of negative anomaly throughout the nearshore 

Kara, Laptev and East Siberian Sea. The region of positive anomaly is much stronger (> 5 pss) 

in the central and western Kara Sea than in the Laptev and East Siberian Sea in all three 

products. Conversely, the region of negative correlation is stronger in the Laptev and East 

Siberian Sea, particularly in JPL SMAP. This suggests years of high AOI are coincident with 

alongshore transport of low SSS anomalies and that years of low AOI are coincident with 

offshore transport of low SSS anomalies, across the entire Eurasian shelf. This constitutes a 

considerable difference in the locations of Arctic freshwater under positive / negative AOI.   

The AOI composite difference plots also resemble the Laptev, Kara and Vilkitsky Strait 

composite difference plots calculated from Kara / Laptev Sea / Vilkitsky Strait eastward and 

westward wind. Consistent with the local wind composites, the AOI composites all capture the 

clear onshore/offshore dipole in the Kara and Laptev Sea and clearly have a negative anomaly 

in the western Laptev Sea, indicative of transport through the Vilkitsky Strait. Whilst the 

general pattern of positive and negative anomalies is the same, the patterns visible in local wind 

composites are notably stronger, particularly in the Laptev and East Siberian Sea. In the Kara 

Sea, the positive anomaly offshore is also slightly larger in local wind composites, but the 

negative anomaly nearshore is more visible in the AOI composites. The consistency between 

local and AOI composites supports that large-scale atmospheric dynamics appear to be the 

dominant driver of variability in the Laptev and Kara Sea and in the Vilkitsky Strait. However, 
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the weaker patterns in AOI composites suggest that whilst the AOI is a dominant driver of 

freshwater transport, it does not cause the full range of variability in transport observed.  

 

Figure 6.7: The difference between positive AOI (POS) and negative (NEG) AOI composites of September SSS 

calculated for (left to right) GLORYS12V1, CGLO, GLOR and ORAS from the identified three years of highest and 

lowest June-August AOI (over 2010-2023 for LOCEAN SMOS and CCI SSS and over 2015-2023 for JPL SMAP SSS). 

The difference between positive and negative AOI current velocity composites for June-August are overlaid as black 

arrows on the respective composite difference plots for each reanalysis. The difference in expected Ekman surface 

currents based on observed average June-August eastward and westward wind stress under positive / negative AOI 

are overlaid as grey arrows for comparison.  

There is relatively good resemblance between AOI composite difference plots in all 4 

reanalyses (Figure 6.7). All four products suggest a large region of strong positive anomaly in 

the central and western Kara Sea and in the offshore Laptev Sea. In the Laptev Sea, there is 

considerable variability in the magnitude and position of positive anomalies, particularly in the 

western Laptev Sea and around the New Siberian Islands. Conversely, there is close 

resemblance between all reanalysis products in the position and magnitude of the positive 

anomaly in the Kara Sea, which is much smaller and less extensive than that visible in satellite 

SSS composite difference plots.  

All four products also show extensive regions of negative correlation nearshore throughout the 

Kara, Laptev and East Siberian Sea (Figure 6.7). In all reanalyses, this negative anomaly is by 

far the strongest (< -5 pss) in the East Siberian Sea. However, unlike in satellite products, this 

negative anomaly does not continuously extend throughout this region. In particular, transport 

through the Vilkitsky Strait is only clearly visible in GLORYS12V1. Just south of this, in the 

western Laptev Sea, all 4 products suggest a positive anomaly nearshore, located at the outflow 

of the Khatanga River.  

All four reanalyses also clearly suggest more southward (or onshore) current velocities under 

eastward wind forcing than under westward wind forcing throughout the central and offshore 

Eurasian shelf seas. Nearshore, a strong pattern of eastward (or alongshore) current velocities 

in the eastern Kara Sea and Vilkitsky Strait and in the East Siberian Sea.  
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Very similar spatial patterns are found when calculating composites from the three years of 

maximum and minimum (June-August) AOI (Figure 6.6, Figure 6.7) as when calculating 

composites from years of maximum and minimum (June-August) zonal surface stress in the 

Laptev and Kara Sea and over the Vilkitsky Strait (Figure 3.8, Figure 4.7, Figure 5.5). The 

similar spatial patterns, and strong correlations between AOI and local wind stress reiterate that 

large-scale dynamics predominantly govern local wind variability and freshwater transport in 

this region.  

The EOFs and principal components obtained from the GLORYS12V1 September SSS are 

then calculated and shown below (Figure 6.8 and Figure 6.9).  

 

Figure 6.8: Principal components obtained from a principal component analysis (PCA) of GLORYS12V1 September 

SSS over the Eurasian Arctic (60-90 °N, 0-180 °E). The mean Arctic Oscillation Index (AOI) in June-August is overlaid 

in black for comparison. The AOI is weakly correlated with PC2 over the full GLORYS12V1 timeseries (over 1993-

2023, r = 0.35, p = 0.05) and strongly correlated over the satellite period (over 2010-2023, r = 0.55, p = 0.04).  
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Figure 6.9: EOFs obtained from a principal component analysis (PCA) of GLORYS12V1 September SSS over the 

Eurasian Arctic (60-90 °N, 0-180 °E) with the percentage of explained variance included in the respective plot title.  

The first principal component and EOF suggest a long-term trend in salinity, with increases in 

salinity over most of the shallow shelves and a decrease in salinity over the central Arctic. The 

second principal component and EOF represent interannual variability with a strong 

onshore/offshore dipole pattern in the Kara, Laptev and East Siberian Sea. The third principal 

component and EOF represent a form of decadal variability, with a strong positive anomaly 

across most of the nearshore Eurasian shelf seas, but is particularly strong in the Laptev and 

East Siberian Sea.   

The long term trend in salinity on the Russian Shelf, indicated by the first principal component 

and EOF, has previously been widely reported as Arctic Atlantification / Borealization 

(Bertosio et al., 2022; Polyakov et al., 2020a, 2017b; Wang et al., 2024). The decreasing 

salinity on the Russian shelves and the freshening offshore suggests there is long-term 

redistribution of freshwater around the Arctic. This is consistent with suggestions that there is 

ongoing change in Arctic freshwater storage causing a decrease in freshwater content of the 

Russian Arctic and an increase in freshwater content of the Amerasian Arctic (Hall et al., 2023; 

S. Wang et al., 2021).  

The second EOF pattern also closely matches the large-scale AOI difference pattern in 

GLORYS12V1 (and other satellite and reanalysis) SSS composite difference plots over the 

Eurasian Arctic (Figure 6.6, Figure 6.7) and in individual regions (Figure 3.8, Figure 4.8, 

Figure 5.4, Figure 5.5). The spatial patterns of the SSS composite difference pattern and the 
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second EOF are also strongly correlated (r = 0.82, p = 0). Overall, this supports that this SSS 

difference pattern is the dominant mode of interannual variability in Eurasian Arctic SSS.  

The June-August AOI is also weakly correlated to the second principal component over the 

full GLORYS12V1 timeseries (over 1993-2023, r = 0.35, p = 0.05) and strongly correlated 

over the satellite period (over 2010-2023, r = 0.55, p = 0.04). This correlation supports that the 

summer AOI is a dominant driver of this mode of interannual variability. 

The key role of the AOI in controlling local eastward wind stress and the dominant role of 

eastward wind stress in controlling surface current velocities and freshwater transport in both 

the Kara and Laptev Sea has key implications for large-scale Arctic (short-term) freshwater 

transport. The composite difference pattern visible here is consistent with the current 

understanding of the variability in geostrophic transport under positive/negative AOI 

(Armitage et al., 2018; Morison et al., 2012). Under positive AOI, the cyclonic circulation in 

the Eurasian Arctic is expanded, driving freshwater transport along the coast of the Eurasian 

shelf seas (Morison et al., 2021). This promotes transport of the Ob-Yenisei plume through the 

Vilkitsky Strait and transport of the Lena plume towards the East Siberian Sea, so freshwater 

at least initially remains in the Eurasian Arctic. Conversely under negative AOI, the cyclonic 

circulation is contracted and the start of the Transpolar Drift is shifted to start in the offshore 

Laptev Sea, which promotes offshore/northward freshwater transport. This freshwater from the 

Laptev and East Siberian Sea then enters the Transpolar Drift, and is more rapidly exported 

from the Eurasian Arctic.  

There is little to no observational (in-situ or satellite) evidence that suggests Ob-Yenisei plume 

derived waters can be directly transported northwards into the Transpolar Drift, despite this 

being inferred from modelling studies (Aksenov et al., 2011; Nummelin et al., 2016; Rabe et 

al., 2014). However, there is evidence of Ob-Yenisei derived waters underneath Lena-derived 

waters in the Transpolar Drift (Paffrath et al., 2021). Ob-Yenisei derived waters are suggested 

to enter the Transpolar Drift from the northwestern Laptev Sea (under low AOI conditions), 

the year after traveling through the Vilkitsky Strait. This emphasises the vital role of the 

Vilkitsky Strait in controlling freshwater exchange along the Eurasian shelf seas, and in 

particular the timing of transport into the western Laptev Sea, which will impact the plume’s 

location the following year. This mechanism also highlights transport in the Laptev Sea as a 

key pathway controlling riverine freshwater exchange (of Ob, Yenisei and Lena runoff) 

between the Eurasian and central / Amerasian Arctic. This also explains the stronger and/or 

more extensive coastal negative freshwater anomaly in the Laptev Sea (Figure 3.8) (compared 

to the Kara Sea (Figure 4.7)) in composite difference plots, which may be due to the cumulative 

effects of eastward transport of the Ob-Yenisei plume (from previous year(s)) into the Laptev 

Sea as well as of the Lena plume.  

This pathway emphasises the vital role of the Vilkitsky Strait as the only known pathway of 

freshwater transport from the Kara Sea. Whilst a relationship between basin-scale freshwater 

transport and local wind has been suggested, previous studies have suggested no relation 

between the AOI and transport through the Vilkitsky Strait (Bauch et al., 2010; Janout et al., 

2015). However, the difference in both surface current velocities and in salinity distribution 

under eastward and westward wind stress (Chapter 5 Figure 5.5) is highly consistent with that 

visible under positive and negative AOI. This suggests a clear difference in freshwater 

transport. These results suggest the AOI causes a notable difference in the salinity of transport 

through the Vilkitsky Strait, even if the magnitude of transport itself remains relatively 
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consistent. This contradicts the previous suggestion that regional conditions dominate Siberian 

freshwater pathways given the Vilkitsky Strait regulates freshwater transport between the west 

and eastern Eurasian Arctic (Bauch et al., 2010). However, whilst pattern of freshwater/heat 

transport is relatively consistent under positive/negative AOI and eastward/westward wind 

stress (over the Vilkitsky Strait), it does appear notably stronger when considering the relevant 

local wind metric.  

Whilst the representation of individual regions in reanalyses is discussed more extensively in 

the relevant individual chapter, it is worth re-iterating here that the analysed reanalyses 

products do not seem to represent Kara Sea plume appropriately, which appears too small and 

too confined to the western Kara region. This may be partially due to the lack of interannually 

varying river runoff forcing, which has been suggested to play a role in controlling the extent 

of the Ob-Yenisei plume, particularly when it is transported into the central/western Kara Sea 

(section 4.4.3, p74). In addition, whilst reanalyses appear to be able to replicate transport 

through the Vilkitsky Strait, there are considerable differences in the western Laptev Sea, 

which may relate to reanalysis resolution. Given the demonstrated importance of this region in 

controlling freshwater storage/export from the Eurasian Arctic, poor representation of this 

region presents a major flaw in the ability to accurately represent Arctic wide freshwater 

transport. Improved representation of both the Kara Sea plume and of circulation in the western 

Laptev Sea are needed for accurate portrayal of current and predictions of future freshwater 

transport.  

 

6.5 Longer term freshwater storage  

To investigate the impacts that this difference in freshwater transport has on longer term 

freshwater storage, composites were also calculated for September of the year following the 

previously identified years of positive and negative AOI. The difference between the positive 

and negative composite is shown in Figure 6.10 for satellite products and Figure 6.11 for 

reanalysis products. Current velocity composites (for both eastward and northward velocity 

components) are also calculated for the period between these two Septembers from mean 

September-August eastward and northward current velocity components for all four 

reanalyses. Again, the difference between these composites is calculated (overlaid on Figure 

6.11). 
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Figure 6.10: The difference between positive (POS) and negative (NEG) AOI composites calculated for (left to right) 

LOCEAN SMOS, JPL SMAP and CCI SSS for September of the year following the identified three years of highest 

and lowest June-August AOI (over 2010-2023 for LOCEAN SMOS and CCI SSS and over 2015-2023 for JPL SMAP 

SSS).  

All three satellite products show a relatively consistent pattern in lagged composite difference 

plots for the year following the years of highest and lowest AOI (Figure 6.10). This pattern is 

similar but weaker than the pattern visible in the non-lagged composite difference plots (Figure 

6.7). This pattern consists of a strong region of negative correlation in the eastern Laptev and 

East Siberian Sea, particularly nearest the coast. They then have a positive anomaly in the 

eastern Kara Sea and in the offshore western and central Laptev Sea. Just west of this, there is 

a notable region of negative anomaly in the western Kara Sea. Whilst this pattern is visible in 

all satellite products, the magnitude of these positive and negative anomalies differs by product. 

Both positive and negative anomalies tend to be much stronger in JPL and CCI compared to in 

LOCEAN, particularly the positive anomaly in the nearshore eastern Kara Sea and the negative 

anomalies in the southern Laptev Sea and western Kara Sea.  
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Figure 6.11: The difference between positive (POS) and negative (NEG) AOI composites calculated for (left to right) 

GLORYS12V1, CGLO, GLOR and ORAS for September of the year following the identified three years of highest and 

lowest June-August AOI (over 2010-2023). The difference between positive and negative AOI current velocity 

composites for each reanalysis for September-August are overlaid as black arrows on the respective composite 

difference plots.  

A relatively similar but weaker pattern is visible in the reanalysis composite difference plots 

(Figure 6.11). As with the satellite products, this pattern suggests a positive anomaly over most 

of the central Arctic, and in the eastern Kara and Laptev Sea, and a negative anomaly over most 

of the nearshore Laptev and East Siberian Sea. A small negative anomaly is also visible in the 

western Kara Sea. Whilst this pattern is generally consistent, the magnitude and extent of these 

anomalies differs from that in satellite products. Both the positive and negative anomalies in 

the Kara Sea are much smaller and patchier in reanalyses than in the satellite products. The 

negative anomaly in the East Siberian Sea is also much weaker than in satellite products. In 

CGLO and ORAS, it also appears to extend further offshore in a wider band. The pattern 

present in satellite composite difference plots is much weaker in reanalysis composite 

difference plots, consistent with the previous suggestion of reanalyses overmixing. No notable 

difference is visible in surface currents following a summer of eastward or westward wind 

forcing.  

A consistent pattern of positive and negative anomalies is present in satellite and reanalysis 

composite difference plots for the year following years of positive and negative AOI. These 

lagged composites suggest that the anomalies that originate in years of particularly high or low 

AOI appear to persist until at least the following year. In particular, the negative anomaly in 

the nearshore Laptev and East Siberian Sea suggests the fresh anomalies transported eastward 

in the previous summer under positive AOI are still present the following year. Alongshore 

transport of fresh anomalies under positive AOI is consistent with previous work which 

suggests this water is transported around the Eurasian and then eventually to the Beaufort Gyre 

over a 3-year period (Morison et al., 2021). This hypothesis provides a mechanism that explains 



Chapter 6: Eurasian Shelf Seas  

122 

 

the balance between the increase in Beaufort Gyre freshwater content and decrease in Eurasian 

freshwater content which has been observed numerous times in the last decades (Solomon et 

al., 2021; Steele and Ermold, 2004). However, the magnitude of contribution of Eurasian runoff 

to the Beaufort Gyre is still subject to some debate (Wang et al., 2021). Conversely, the positive 

anomalies in the offshore Laptev and East Siberian Sea may be indicative of salty Atlantic 

Water upwelling under positive AOI conditions. Negative AOI conditions promote offshore 

transport which helps to strengthen and maintain the Arctic halocline and prevent Atlantic 

Water upwelling (Rudels et al., 1996; Steele and Boyd, 1998). However, positive AOI 

conditions and alongshore transport result in a weakened halocline offshore, which allows 

Atlantic Water to upwell.  

Both satellite and reanalysis products also suggest a positive anomaly in the eastern Kara Sea, 

Vilkitsky Strait and offshore Laptev Sea. This positive anomaly indicates that fresh anomalies, 

which remain largely in the offshore Kara and Laptev Sea under negative AOI conditions, 

which slowly migrate eastward over winter, are still present in the eastern Kara Sea, Vilkitsky 

Strait and offshore Laptev Sea the following summer. The presence of these fresh anomalies 

in the Vilkitsky Strait and western Laptev Sea under negative AOI supports the role of the 

Vilkitsky Strait as a key pathway of winter freshwater transport as previously suggested 

(Chapter 5, (Osadchiev et al., 2023a)). The considerable freshwater transport through the 

Vilkitsky Strait in winter after a summer of negative AOI implies very little riverine freshwater 

remains in the western and central Kara Sea by the following summer. This also helps to 

explain the dipole in anomalies between the eastern/nearshore Eurasian (with primarily 

negative anomalies) from the western/offshore Eurasian (with primarily positive anomalies) 

which is likely due to the combined input of Kara and Laptev freshwater persisting in eastern 

Arctic. This represents a notable difference in multi-year salinity controls in the western Arctic 

which appears partially driven by Atlantic Water inflow, and the eastern Arctic which appears 

primarily controlled by the magnitude of riverine freshwater transport in the previous summer 

and whether this remains near the coast or is transported offshore. 

However, untangling the salinity signature that remains from previous years from those of 

interannual variability is a challenge, as winter sea ice cover hides changes that occur over 

winter. This is particularly true as for the initial positive/negative AOI years chosen, the lagged 

years used have the same (but much weaker) positive/negative AOI signature, so the same 

pattern might be expected. However, when the composite difference plots are calculated from 

5 years (rather than 3 as above), a very similar (but weaker) pattern emerges.  It is also notable 

that the lagged composite patterns are visible despite that there is no clear difference in surface 

current velocities, suggesting the differences in lagged composites only exist due to differences 

in end of summer SSS, rather than differences in winter advection. This supports that fresh 

anomalies do persist in the following year, and that the initial difference in transport does 

impact freshwater storage in at least the following year. Very preliminary particle tracking 

work in the Laptev Sea, placing particles in the nearshore and offshore plume locations, also 

supports this hypothesis (not shown). However, further work is needed to confirm the different 

controls between the eastern and western Arctic, and to better understand the longer-term 

differences in freshwater storage/transport and their implications.  
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6.6 River plumes as a driver of sea ice persistence 

There are also suggestions that current statistical relationships used to predict SIC anomalies 

will break down with the changing climate, suggesting an increasing need for more physically 

based sea ice forecasts, which have already been shown to have good predictive skill (Holland 

and Stroeve, 2011; Mu et al., 2022; Serreze and Stroeve, 2015). This is only emphasised by the 

predicted loss of summer sea ice in the coming decades. Summer (and previous winter) surface 

air temperature historically have also been used as main predictor of sea ice anomalies (Holland 

and Stroeve, 2011). However, the key role of a strong halocline, and of salinity, in sea ice 

formation has long been understood (Carmack, 2007). In addition, processes controlling sea 

ice variability are numerous and complex, can be atmospheric or oceanic in origin and include 

dynamic, thermodynamic and combined influences (Ding et al., 2017; Graversen, 2006; 

Graversen and Burtu, 2016; Kay et al., 2008; L’Heureux et al., 2008; Ogi and Wallace, 2007; 

Rigor et al., 2002; Smedsrud et al., 2017; Wang et al., 2009). The lack of understanding of 

processes driving sea ice decline is exemplified by the ongoing debate as to if the 

anthropogenically driven loss of sea ice occurs due to vertical heat exchange with atmosphere 

or through meridional heat flux or combination of both (Stroeve and Notz, 2018b).  

It is known that variance in summer (positive) AOI accounts for almost half of variance in 

(positive) ice anomalies in September with lag of 1-3 months (Ogi and Wallace, 2007). It has 

also been shown in the previous chapters that differences in SSS/SST associated with summer 

local wind anomalies (and therefore positive and negative AOI) have implications on Laptev 

September SIC, but do not have a clear impact on September SIC in the Kara Sea or Vilkitsky 

Strait.  

The influence of fresh surface layers for preconditioning increased autumn sea ice growth, by 

suppressing mixing and upward heat transfer and enhancing surface cooling, has recently been 

suggested by the SASSIE campaign (Crews et al., 2022, Drushka et al., 2024). There have been 

studies that have considered and established the influence of riverine heat on sea ice melt (Dean 

et al., 1994; Griffin et al., 2018; Nghiem et al., 2014). However, the impact that these 

differences in SSS and SST appear to have Arctic-wide implications on mixed layer depth 

(MLD) and on longer term sea ice persistence, including sea ice growth in the following autumn 

and on sea ice melt in spring, has not previously been studied at large scales, but will be 

considered here.  

To investigate the impacts of differences in freshwater transport on autumn sea ice persistence, 

composites were calculated for September, October and November of the previously identified 

years of positive and negative AOI (Figure 6.12). Composites were then calculated for May, 

June and July of the years following the previously identified years of positive and negative 

AOI to investigate the impacts on sea ice in the following spring (Figure 6.13). The difference 

between the positive and negative composite for each of these months is shown in Figure 6.10. 
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Figure 6.12: The difference between positive (POS) and negative (NEG) AOI composites calculated for GLORYS12V1 

sea ice concentration for (left to right) September (9), October (10), November (11) after the identified five years of 

highest and lowest June-August AOI (over 2010-2023). 

In September, a positive anomaly is visible in the offshore Kara, Laptev and East Siberian Sea, 

suggesting increased sea ice under positive AOI (Figure 6.12). However, just off of the New 

Siberian islands in the East Siberian Sea, there is a strong negative anomaly suggesting 

decreased sea ice under positive AOI in this region. Offshore of these positive anomalies, there 

is a negative anomaly in the central Arctic. This anomaly is strongest in a band offshore of the 

Barents Sea and in a small patch offshore of the East Siberian Sea, but is relatively weak 

elsewhere. Most of these anomalies persist in October but generally weaken, expand and 

migrate nearer shore as the sea ice cover expands. The negative anomalies offshore weaken 

considerable and are only visible offshore of the Barents and Kara Sea. By November, all of 

the anomalies in the Laptev and East Siberian Sea have weakened considerably and have a 

meridional pattern with a positive anomaly over the Laptev Sea, a negative anomaly over the 

western East Siberian Sea and a positive anomaly over the eastern East Siberian Sea. Most of 

the Barents and Kara Sea have a negative anomaly in November, except for the central Kara 

Sea which has a small positive anomaly. Overall, positive AOI drives a strong meridional 

pattern with primarily low sea ice anomalies in the Kara and East Siberian Sea and a positive 

sea ice anomaly in the Laptev Sea. Anomalies in the Laptev and East Siberian Sea slowly 

weaken until November in the Laptev and East Siberian Sea but expand and strengthen in the 

Kara Sea.  
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6.6.1 Autumn 

Findings in the Kara Sea Chapter (p47) suggest plume transport does have an impact on SST 

but has little impact on the 30% sea ice concentration contour. Here, a small positive anomaly 

in sea ice concentration is visible in September (after a summer of positive AOI) in the offshore 

Kara Sea. Positive autumn anomalies in the Barents and Kara Sea have previously been linked 

to positive AOI, which is suggested to drive stratospheric warming and warm winter weather 

over Europe (Cai et al., 2024). This response is suggested to last until spring of following year 

(Zhang et al., 2022). However, the anomaly in the Kara Sea is very sensitive to the years chosen 

for composites, and is surrounded by a negative anomaly. This negative anomaly is particularly 

large in the composite shown and expands and migrates south and is visible until November, 

where it appears to occupy most of the Barents and Kara Sea. This negative anomaly is likely 

due to increased warm air intrusions and Atlantic Water inflow under positive AOI (Muilwijk 

et al., 2019; Nost and Isachsen, 2003) and the related increase in temperature (Dickson et al., 

2000; Dörr et al., 2024; Swift et al., 1997), which drives sea ice melt. In addition, the eastward 

plume transport under positive AOI weakens stratification offshore allowing more Atlantic 

Water to reach the surface and driving sea ice melt (Morison et al., 2012; Rudels et al., 1996; 

Steele and Boyd, 1998). Conversely, under negative AOI, offshore transport helps maintain the 

Arctic halocline and prevent Atlantic Water upwelling (Rudels et al., 1996; Steele and Boyd, 

1998). The impact of increased Atlantic Water inflows under positive AOI conditions is likely 

only increasing with Atlantification, and with the tendency to more positive AOI (Morison et 

al., 2021; Polyakov et al., 2020b, 2017b).  

The positive anomaly in the offshore Kara and Laptev Sea in September and October suggests 

increased sea ice after a summer of positive AOI in both Kara and Laptev Sea. The positive 

anomaly in the Laptev Sea is consistent with Laptev Sea Chapter findings of increased sea ice 

under eastward wind stress (/ positive AOI) (Figure 3.9). The strong positive anomaly in the 

Laptev Sea appears to originate from decreased offshore transport of warm SSTs (as well as of 

SSS) under positive AOI (/ eastward wind stress) which minimizes sea ice retreat. The lack of 

offshore transport minimizes the area of open water and the albedo, decreasing further heat 

uptake. This is nicely visible in SST AOI composites (not shown) and Laptev Sea Chapter SST 

zonal wind composites (Figure 3.9), which clearly show a dipole pattern of cool SSTs over the 

Laptev Sea and warm SSTs over the western East Siberian Sea (Hudson et al., 2024).  

One of the most notable anomalies in September is the negative anomaly just off the New 

Siberian Islands. This negative anomaly is likely linked to the strong positive anomaly in the 

Laptev Sea. Positive AOI drives alongshore transport of warm SSTs causing a warm SST 

anomaly in the western East Siberian Sea, visible in SST AOI composites (not shown) and 

Laptev Sea Chapter SST zonal wind composites (Figure 3.9) (Hudson et al., 2024).  In turn 

these warm SSTs drive sea ice melt. Whilst this negative anomaly is clearly visible regardless 

of years used in composite analysis, the persistence of this anomaly depends slightly on the 

years used. However, by November, anomalies in the Laptev and East Siberian Sea have mostly 

dissipated and only a very weak dipole remains of positive sea ice anomalies in the Laptev Sea 

and negative sea ice anomalies in the East Siberian Sea.  
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6.6.2 Following spring 

 

Figure 6.13: The difference between positive (POS) and negative (NEG) AOI composites calculated for GLORYS12V1 

sea ice concentration for (left to right) May (17), June (18) and July (19) after the identified five years of highest and 

lowest June-August AOI (over 2010-2023). 

By the following spring, a meridional pattern of positive and negative anomalies appears 

throughout the Eurasian shelf seas (Figure 6.13). This pattern is very consistent between 

composites regardless of the years chosen for analysis. To the west, this pattern consists of a 

positive anomaly, which emerges in the Barents and southern Kara Sea and migrates eastward 

as the sea ice cover contracts. A negative anomaly is then present in the nearshore Kara Sea, 

but is only clearly visible from June. A small positive anomaly is then present in the very 

eastern Laptev Sea, just east of the Severnaya Zemlya Archipelago. Further east, a negative 

anomaly emerges in May which spans from the southwestern Laptev Sea to the New Siberian 

Islands, and expands and strengthens through July. A positive anomaly is present across most 

of the northern Laptev Sea and the western East Siberian Sea but is bounded to the east by a 

negative anomaly in the eastern East Siberian Sea. These anomalies are relatively small and 

localized to the coast in May but expand offshore and increase until August.  

One of the most pronounced features in spring is the negative anomaly in the central Laptev 

Sea, which is clearly visible in May through July. It has previously been suggested that 

September sea ice extent (and positive summer AOI) is linked to strong offshore sea ice 

transport away from Eurasian coast in winter (Krumpen et al., 2013; Nielsen et al., 2020; Rigor 

et al., 2002; Williams et al., 2016). Ice export from the Laptev Sea has previously been 

suggested to be linked to SLP gradient, with high pressure over the ESS driving anticyclonic 

circulation and offshore wind which increases ice export from the northern Laptev Sea 

(Krumpen et al., 2013). This ice export drives the negative sea ice anomaly in the southern 
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Laptev and more sea ice offshore, in the Transpolar Drift, and potentially in the Beaufort and 

Chukchi seas (Stroeve et al., 2008). The strong ice export decreases the spring sea ice 

concentration in the southern Laptev Sea, accelerating fast ice breakup and triggering enhanced 

summer melt (Babb et al., 2019; Itkin and Krumpen, 2017). In addition, positive summer AOI 

drives both increased Atlantic Water inflows and alongshore plume transport. The lack of 

offshore transport of fresh riverine anomalies weakens the offshore halocline, allowing Atlantic 

Water upwelling, which may also contribute to the negative sea ice anomaly observed. Whilst 

winter ice export has previously been linked to sea level pressure anomalies in the East Siberian 

Sea and whilst winter leads have previously been suggested to be related to early summer sea 

ice cover (Krumpen et al., 2013; Zhang et al., 2018), the link between summer AOI and winter 

sea ice export as a predictor of spring Laptev Sea ice cover has not previously been discussed. 

Negative anomalies in Barents and Kara Sea, as are present in autumn after a summer of 

positive AOI, are suggested to be followed by negative AOI pattern from January to March 

(Delhaye et al., 2024). Negative AOI drives weaker Atlantic Water inflows and a more 

extensive sea ice cover.  The sub-seasonal reversal in atmospheric pattern, and the role of sea 

ice in helping control this pattern, has been widely discussed and linked with weather over 

Eurasia (Xu et al., 2022; Yin et al., 2023; Zhang et al., 2023). However, the opposing pattern 

between sea ice anomalies in autumn that help generate this reversal in atmospheric circulation, 

and those in spring that result from this have not previously been widely discussed and warrants 

further investigation.  

Numerous other patterns are also clearly present in spring composite plots, including a negative 

anomaly in the eastern Kara Sea, a positive anomaly in the Vilkitsky Strait and western Laptev 

Sea and a positive anomaly in the East Siberian Sea. It is likely that some of these patterns are 

linked to salinity stratification, particularly as temperature anomalies in spring appear to lag 

rather than lead sea ice changes in all regions other than Barents/Kara Sea, suggesting sea ice 

differences are likely either due to salinity stratification or differences in dynamics (or both). 

In particular, eastward transport under positive AOI yields strong salinity stratification in both 

the western Laptev Sea, from transport of the Ob-Yenisei plume through the Vilkitsky Strait, 

and in the East Siberian Sea, from transport of the Lena River plume. This strong stratification 

would prevent warm Atlantic Water from reaching the surface layer, and delay sea ice melt. 

Conversely, this would leave an absence of fresh water in the in eastern Kara Sea, which would 

allow warm Atlantic Water to upwell onto the shelf and drive sea ice melt. The consistent, 

strong nature of this pattern indicates a level of predictability to spring sea ice. However, this 

pattern warrants further investigation.  

 

6.6.3 Sea ice persistence discussion 

Sea ice concentrations in autumn in the Barents and Kara Sea appear to be primarily dependent 

on Atlantic Water inflows into the region. Conversely, the strong SIC anomalies that emerge 

with differences in plume transport in the Laptev and East Siberian Sea in September persist in 

October but are mostly gone by December. The rapid disappearance of these anomalies likely 

occurs as they are primarily driven by SST differences. Autumn and winter heat loss has a 

strong stabilizing effect, minimizing the persistence of summer sea ice anomalies. Large 

negative anomalies in September result in large ocean heat loss in autumn and winter and large 

ice production (Stroeve et al., 2012; Tietsche et al., 2011). Ice formed later in season also has 
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a thinner snow cover so can grow more effectively in winter (Notz, 2009). However, September 

sea ice is weakly but significantly correlated with the previous September SIC, meaning that 

autumn heat loss is insufficient to counteract interannual anomalies (Holland and Stroeve, 

2011). In turn, a strong meridional pattern emerges in the following spring. Elements of this 

pattern, such as the negative sea ice anomaly in the Laptev Sea which emerges after a winter 

of increased sea ice production and export, have previously reported mechanisms. Patterns such 

as this provide a partial explanation to the suggestion that incorporating surface heat flux into 

forecasts is suggested to improve spring sea ice predictability (Zeng et al., 2023). This is 

particularly true as spring sea ice anomalies the impact amount of open water that develops in 

summer (Perovich et al., 2008; Stroeve et al., 2016, 2014). However, many elements of this 

pattern have not previously been reported and are relatively poorly understood, but could hold 

key to improving spring sea ice predictability. In particular, the impacts of differences in 

freshwater transport and their impacts on mixed layer dynamics and spring sea ice melt, 

requires further investigation.  

It is all the more important to better understand the physical relationships governing sea ice 

cover anomalies as the statistical relationships used to predict sea ice anomalies break down 

with the regime shifts climate change will bring (Holland and Stroeve, 2011; Mu et al., 2022; 

Serreze and Stroeve, 2015). The Kara Sea has already been suggested to be transitioning from 

a “summer mode” to a “winter mode” as it loses its summer sea ice and has increased winter 

ice loss (Stroeve and Notz, 2018b). It is possible that as sea ice cover retreats in Laptev Sea, 

and there is a longer period of open water, there may be a switch in regime similar to the one 

present in the Kara Sea whereby Atlantic Water inflows play a stronger role in controlling 

surface sea ice cover. The stabilizing feedback which minimizes the influence of summer 

anomalies on the following summer has also been suggested to be weakening as Arctic winters 

become warmer and with increased winter cloud cover after summer sea ice loss (Liu et al., 

2012; Stroeve and Notz, 2018b). This may cause the spatial variability in stratification (due to 

salinity) to play a stronger role on ice re-growth than the anomalies initially observed by 

differences in plume transport (due to plume temperature). In addition, the correlation between 

the AOI and sea ice extent has been suggested to be strengthening in recent decades as the sea 

ice cover thins and the ocean is increasingly more exposed to atmospheric circulation changes 

(Williams et al., 2016). However, this relationship has also been predicted to weaken in future 

with climate change (Holland and Stroeve, 2011). A better understanding of sea ice 

relationships, particularly that with salinity stratification, is needed to be able to accurately 

predict future sea ice changes.  

 

6.7 Implications of increase in large-scale/local correlation 

The considerable variability in correlation strength between eastward wind stress and the AOI 

(depending on time period analysed) suggests there may be some decadal variability in the 

extent to which the AOI controls local wind forcing in this region. The decline in summer sea 

ice is likely at least partially responsible for this increase in correlation strength as the increased 

area of open water allows increased atmosphere-ocean momentum transfer, which increases in 

wind stress and may play a role in altering how strongly coupled the AOI is to local wind stress 

in each of these regions.  
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To analyse the changes in freshwater transport in recent decades, salinity composites for 

September over the reanalysis pre-satellite-period (1993-2006) are calculated for comparison 

with those calculated for the satellite period in all four reanalyses (GLORYS12V2, CGLO, 

GLOR and ORAS). Positive and negative AOI composites are calculated from the three years 

of highest AOI (1994, 1996, 2006) and lowest AOI (1993, 1997, 2004) over 1993-2006. The 

composite difference is then calculated between the high and low AOI composites (Figure 

6.14). The difference between the pre-satellite period and the satellite period composite 

difference plots is then calculated (Figure 6.15).  

The same years are also used to calculate positive and negative AOI current velocity 

composites (for both eastward and northward velocity components) from mean June-August 

eastward and northward current velocity components for all four reanalyses. Again, the 

difference between these composites is calculated (overlaid on Figure 6.14) as well as the 

difference between the pre-satellite period and the satellite period composite difference plots 

(overlaid on Figure 6.15). 

 

Figure 6.14: The difference between positive (POS) and negative (NEG) AOI composites of September SSS calculated 

for (left to right) GLORYS12V1, CGLO, GLOR and ORAS from the identified three years of highest and lowest June-

August AOI (over the start of the GLORYS12V1 pre-satellite period (1993-2006)). The difference between positive and 

negative AOI current velocity composites for June-August are overlaid as black arrows on the respective composite 

difference plots for each reanalysis. The difference in expected Ekman surface currents based on observed average 

June-August eastward and westward wind stress under positive / negative AOI are overlaid as grey arrows for 

comparison. 

A somewhat consistent composite difference pattern is visible from pre-satellite (start of the 

GLORYS12V1 period (1993-2006)) years of high and low AOI in all four reanalyses. This 

pattern is somewhat similar but much weaker than that visible from the composite calculated 

over the satellite period. This pattern consists of a negative anomaly nearshore and positive 

anomaly offshore in the Kara Sea. Whilst this resembles the composite calculated over the 

satellite period, the positive anomaly offshore in much weaker, especially just offshore of the 

Ob delta. The negative anomaly nearshore is also much wider, and extends further offshore, in 
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the pre-satellite composite. The anomalies in the Laptev and East Siberian Sea in the pre-

satellite composite, however, are different to those in the satellite composite. In both, there is 

a notable positive anomaly in the southwestern Laptev and a negative anomaly in the southern 

Laptev and East Siberian Sea. However, a negative anomaly is present in the eastern Laptev 

and western East Siberian Sea in the pre-satellite composite but a strong positive anomaly is 

present in this region in the satellite composite. This suggests the plume was much less 

coastally confined over this period, and further extended offshore under positive AOI.  

A somewhat consistent pattern is also visible in surface velocity composite difference plots 

over the pre-satellite period (compared to the satellite period), of more southward (or onshore) 

transport under eastward wind forcing. However, this pattern is much weaker in the pre-satellite 

period and the surface current velocity difference is less directly southward, with more zonal 

variation and clearer alongshore transport in the Kara Sea.   

 

Figure 6.15: The difference between the composite difference of September SSS calculated over the satellite time-period 

(2010-2023) and that calculated over the start of the GLORYS12V1 time-period (1993-2006) for (left to right) 

GLORYS12V1, CGLO, GLOR and ORAS from the identified three years of highest and lowest June-August AOI (over 

the GLORYS12V1 pre-satellite period (1993-2006)). The correlation coefficients between the satellite time-period 

composite difference plots and the difference between the composite difference plots (shown here) are included in the 

title. The difference between the composite difference of June-August current velocities calculated over the satellite 

time-period (2010-2023) and calculated over the start of the GLORYS12V1 time-period (1993-2006) are overlaid as 

black arrows on the respective composite difference plots for each reanalysis. The difference in expected Ekman surface 

currents based on the difference in observed average June-August eastward and westward wind stress under positive 

/ negative AOI over the satellite time-period (2010-2023) and calculated over the start of the GLORYS12V1 time-period 

(1993-2006) are overlaid as grey arrows for comparison. 

The difference between composite difference plots (for the satellite period (2010-2023) and for 

the GLORYS12V1 pre-satellite time period (1993-2006)) (Figure 6.15) has a very similar 

pattern to both the reanalysis and satellite composite difference plots calculated for the satellite 

period (2010-2023) (Figure 6.10, Figure 6.11). All four reanalyses suggest large regions of 

positive anomalies offshore in both the Kara and Laptev Sea. All four reanalyses also suggest 

extensive regions of negative anomalies nearshore throughout the Laptev and East Siberian 
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Sea. However, nearshore negative anomalies are not apparent in the Kara Sea, likely as 

nearshore negative anomalies are present in both pre-satellite and satellite composites. The 

similar pattern in composite difference plots indicates stronger variability in SSS between 

positive and negative AOI states over the satellite period, than over the start of the 

GLORYS12V1 time period. However, whilst all reanalyses clearly show an amplification in 

SSS variability, the increase in available in-situ data (assimilated / used to constrain the models) 

could also drive this difference.  

A similar amplification also appears visible in the difference in surface current composite 

difference between the satellite and pre-satellite period. This amplification suggests notably 

stronger variability in surface currents (under positive/negative AOI) over most of the Eurasian 

shelf seas in the satellite period compared to the pre-satellite period, with eastward wind forcing 

driving stronger southward surface currents. This difference appears to be mostly 

north/southward in the Kara and Laptev Sea but has a much stronger eastward component in 

the East Siberian Sea. This supports the previous suggestion that the shift to a more positive 

AOI, and the associated enhanced cyclonic circulation this brings, drives eastward alongshore 

flow and freshwater transport along Russian coast, which then ends up in the Beaufort Gyre 

(Alkire et al., 2015; Morison et al., 2021).  

This implies that the variability in the magnitude of freshwater transport appears to be increased 

over the satellite period, compared to the GLORYS12V1 pre-satellite era. It has been suggested 

that modes of surface circulation have changed since 1990s, associated with shift to more 

variable and more positive AOI, which has resulted in increasingly cyclonic circulation in 

Eurasian Basin (Morison et al., 2021). Alternatively, it has also been suggested that an increase 

in runoff could contribute to increased eastward (baroclinic) transport around the Eurasian shelf 

seas (Hordoir et al., 2022). This explanation might be expected to be consistent with a less 

strongly wind driven system, and less transport directly offshore (Hordoir et al., 2022). 

However, the strengthening response to the AOI suggests an increasingly wind driven system 

as there is larger variability in SSS nearshore and offshore over the satellite time period than 

the initial GLORYS12V1 period. This is particularly visible in the Laptev Sea, where there is 

very strong resemblance between reanalysis composite difference plots for the satellite period 

and the difference between satellite and pre-satellite composite difference plots. This increase 

in SSS variability is coincident with the increased standard deviation of the AOI, and the 

increase in correlation between large-scale and local wind stress in both the Laptev and Kara 

Sea. However, this increase in variability, particularly nearshore, could also be a function of 

the increased freshwater present in the Eurasian shelf seas and increased baroclinic transport.  

As well as the increase in salinity variability visible, there also appears to be an acceleration of 

freshwater transport around the Eurasian Arctic. Whilst there is no clear negative anomaly in 

the nearshore Kara Sea in composite difference plots, all four products have a clear, significant 

region of negative anomaly in the western Laptev Sea, coincident with where you would expect 

to find the Ob-Yenisei plume to enter the Laptev Sea after transport through the Vilkitsky 

Strait. The extension of this negative anomaly suggests there could be an increase in the 

distance the plume travels under positive AOI in more recent time periods. This could be a 

feature of the longer sea ice free period and period of open water, which allows increased 

atmosphere-ocean momentum flux and drives a stronger ocean response to wind forcing 

(Holland and Stroeve, 2011; Morison et al., 2021). It likely also reflects the stronger, more 

variable and more positive AOI signal visible in recent decades or the increase freshwater input, 
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and the associated stronger baroclinic transport (Hordoir et al., 2022; Morison et al., 2021). 

This acceleration helps to explain the positive anomaly in the difference between composite 

difference plots, which likely does not suggest a notable increase in the SSS of the Ob-Yenisei 

plume under high AOI / eastward wind transport but suggests more saline waters are present 

in this region as more of the central plume gets transported out of the western and central Kara 

Sea under positive AOI.  

 

6.8 Conclusions and implications with climate change 

A strong correlation is present between the AOI and local zonal wind stress in the Laptev and 

Kara Sea and over the Vilkitsky Strait, which suggests that the AOI clearly plays a dominant 

role in controlling local eastward turbulent surface stress throughout the Eurasian shelf seas. A 

notable correlation is also present with meridional wind stress in the Kara Sea. The strength of 

these correlations appears to be increasing as the AOI becomes more positive (and more 

variable). 

The strong correlation between local and large-scale atmospheric forcing implies the AOI 

drives a consistent pattern of freshwater transport across all Eurasian shelf seas. Under positive 

AOI, the cyclonic circulation in the Eurasian Arctic is expanded, promoting transport of the 

Ob-Yenisei plume through the Vilkitsky Strait and transport of the Lena plume towards the 

East Siberian Sea. Conversely under negative AOI, the cyclonic circulation is contracted, and 

the start of the Transpolar Drift is shifted to start in the offshore Laptev Sea, which promotes 

offshore/northward freshwater transport. This pattern illustrates the vital role of Vilkitsky Strait 

as a pathway for freshwater transport around Eurasian shelf seas and of the Laptev Sea as a key 

pathway controlling riverine freshwater exchange between the Eurasian and central / 

Amerasian Arctic. Whilst variability in freshwater transport through the Vilkitsky Strait is 

clearly visible in all reanalyses, inconsistencies with satellite data denote poor representation 

in the reanalysis products of the Kara Sea plume and in the western Laptev Sea, suggesting a 

poor representation of at least some processes controlling freshwater transport.  

Anomalies that originate in years of particularly high or low AOI appear to persist until at least 

the following year. Following a summer of positive AOI, freshwater at least initially remains 

in the nearshore Eurasian Arctic. This is particularly strongly visible in the eastern Eurasian 

Arctic due to the combined influence of the Lena and Ob-Yenisei plumes. Conversely, 

following a summer of negative AOI, freshwater appears to be transported offshore from the 

Laptev and East Siberian Sea, suggesting more export of freshwater to the central Arctic.  

Currently, differences in the AOI, and freshwater transport, appear to drive sea ice persistence 

(and in turn predictability), especially in the Laptev and East Siberian Sea. This persistence 

appears linked to both SST differences and MLD differences driven by differences in 

freshwater transport. However, more work is needed to untangle the competing feedbacks 

between SSS/SST/MLD and SIC. The Kara Sea currently appears to exhibit a notably different 

regime, which is more strongly controlled by Atlantic Water inflows, and has stronger 

anomalies which persist longer, likely due to the longer sea ice free period. This regime may 

forecast how future changes in the Laptev/East Siberian Sea will manifest.  



Chapter 6: Eurasian Shelf Seas  

133 

 

In recent decades, there appears to be an increase in variability and an acceleration of 

freshwater transport around the Eurasian Arctic. Multiple mechanisms may contribute to this 

including the shift to more positive (and more variable) AOI, the loss of ice cover and increase 

in atmosphere-ocean momentum transfer or increases in coastal freshwater contribution driving 

increased baroclinic transport. The contribution of each of these mechanisms needs to be better 

understood, if these constitute decadal changes or climatic changes, to accurately predict future 

change.  

The increase in riverine heat has already contributed to a regional loss of sea ice, and it has 

been suggested that warming river discharge is a key control on basin-wide SIC (Dong et al., 

2022; Park et al., 2020). It is also clear that the increase in river runoff will increase the 

freshwater supply to the Eurasian shelf seas and have implications for local and Arctic-wide 

stratification dynamics as well as for local biogeochemistry. However, the dominance of zonal 

wind and the AOI as a key driver of SSS and SST interannual variability suggests that 

understanding variability in wind stress, and whether this is likely to change, is the key to 

predicting future freshwater transport from the Eurasian shelf seas.  

This is all the more relevant as the dominance of wind stress variability is only likely to increase 

further with the loss of sea ice cover. Prior to the mid-2000s, the Lena and Ob-Yenisei plumes 

typically remained strongly-stratified and confined to the shallow shelf, constrained by the 

extensive sea ice cover and small region of atmospheric influence (Janout et al., 2020). The 

loss of sea ice cover is enlarging the area in contact with the atmosphere and increasing the 

time of atmosphere-ocean exposure.  

The strong influence of the AOI on local wind stress in this region, and the increase in 

correlation strength over the more recent time period, highlights the need to investigate how 

large-scale atmospheric circulation has and will change over the Arctic to predict future 

changes in freshwater storage and transport from the Eurasian shelf seas. This relationship is 

only likely to become stronger given the AOI is suggested to have increased in variability in 

recent decades (Armitage et al., 2018; Morison et al., 2021), and as future sea ice loss will only 

strengthen coupling between large-scale and local wind dynamics. These changes have already 

and will likely continue to expand the region of potential riverine freshwater influence (Janout 

et al., 2020; Johnson and Polyakov, 2001; Zhuk and Kubryakov, 2021). In turn, these have the 

potential to speed up transport between the shelf seas and central Arctic (Charette et al., 2020). 

Whilst the dominant role of the AOI in controlling geostrophic circulation, and Eurasian runoff 

transport, has been widely suggested, there remains debate with respect to the longer-term 

pathway of this transport (Morison et al., 2012; Q. Wang et al., 2021). The longer-term fate of 

this transport is key for predicting future Arctic freshwater storage or export, and may hold 

vital clues to variability in the AMOC; therefore, further work into understand these feedbacks 

is required.  

However, the impact this will have on the wider Arctic will strongly depend on changes in 

stratification dynamics. Whilst it is likely that stratification dynamics will change as the region 

of potential freshwater influence expands, it remains uncertain what the dominant drivers of 

this change will be, and how this change will manifest. On the one hand, having a larger open 

water region exposed to wind-driven mixing for longer periods could deepen stratification, 

increasing the tendency of a well-mixed plume (Janout et al., 2020).  This appeared to occur in 

2016 in the Laptev Sea and seems likely under strong eastward wind forcing (/ positive AOI), 

where the fresh water is transported eastwards, driving downwelling and mixing and creating 
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a coastally confined well-mixed plume. Alternatively, the increase in river runoff to the Arctic 

could strengthen surface stratification (Nicolì et al., 2020; Nummelin et al., 2016) and increase 

the likelihood of a very shallow plume that extends out northwards towards the central Arctic. 

It is also possible that the likelihood of both of these alternating states could become more 

frequent, with the increased influence of wind variability with the loss of sea ice cover (Janout 

and Lenn, 2014). Changes in stratification will be strongly coupled to changes in sea ice 

dynamics and persistence, and will have implications for the timing, magnitude and region of 

water mass formation / transformation in the Laptev (Preußer et al., 2019). The interconnected 

nature of SSS, SST and SIC, especially in the Laptev and East Siberian Sea, highlights the 

challenge but also the need to understand this region as a system rather than trying to 

understand drivers of individual components in isolation. This will prove vital to be able to 

predict how the conflicting changes in this region will impact both individual regions and wider 

Arctic sea ice dynamics and freshwater transport.  
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Chapter 7 Conclusions 

This thesis set out to address one aim through four main research questions. The key findings 

related to each of these research questions, their implications and suggested future work 

related to these findings are presented below.  

 

This thesis aimed to improve our understanding of the common and isolated drivers of 

interannual variability in sea surface salinity, temperature and sea ice in the Laptev and Kara 

seas and through the Vilkitsky Strait. The differences in dynamics between these regions was 

then explored as well as the implications of these findings for how climate change will impact 

the Eurasian Arctic. 

 

 

1. Demonstrate the value and potential of applying satellite SSS data to Arctic based process 

studies 

 

Satellite SSS is a useful tool to strengthen our understanding of Arctic SSS dynamics. Satellite 

SSS agrees well with in situ data (r ≥ 0.81) and provides notable improvement compared to 

reanalysis products (r ≤ 0.76) (section 2.4). There is strong consensus in SSS patterns under 

eastward and westward wind regimes (and under positive / negative AOI) in the Laptev and 

Kara Sea and in the Vilkitsky Strait (and over the Eurasian Shelf Seas) in LOCEAN SMOS, 

JPL SMAP and CCI. Satellite SSS products typically agree well with GLORYS12V1, 

providing trustworthy conclusions but also provide a baseline that allows us to identify 

shortcomings in reanalyses.  

 

Implications of these findings: 

• Given the demonstrated value, satellite SSS needs to be further exploited, both for 

process-based studies and to improve models (and forecasts).  

• Continued improvement to satellite SSS processing will help to increase confidence 

and usage of satellite SSS in the Arctic.  

Future work - to improve representation of satellite and reanalysis products in this region:  

1. Validation efforts highlight the need for more near-surface in situ data and more 

near-shore profiles for improved product validation over the Russian Arctic shelf 

and for better understanding of vertical stratification processes, particularly over the 
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shelf. In particular, there is a need for additional efforts for common widespread 

usage of accessible Arctic data portals.  

2. Whilst variability in freshwater transport through the Vilkitsky Strait is clearly 

visible in all the reanalyses products analysed in this work, inconsistencies with 

satellite data denote poor reanalysis representation of the Kara Sea plume and in the 

western Laptev Sea and suggest poor representation of at least some processes 

controlling freshwater transport. The poor representation of very low salinities and 

the overmixing tendencies need addressing for accurate representation of Arctic 

freshwater transport. The incorporation of more shallow vertical levels (especially 

with high performance computing advancements) would likely help improve this. 

In addition, the impacts of interannually varying runoff forcing (compared to 

climatological) should be examined further.  

3. Data assimilation, as well as conventional comparison approaches, should be 

further explored to improve model representation of Arctic salinity (Xie et al., 

2023). This may help to address some of the identified issues with the reanalyses 

used here.  

 

2. What are the processes controlling the interannual variability of summer salinity, 

temperature and sea ice variability and how do they interact in the Laptev and Kara Sea 

and in the Vilkitsky Strait? 

 

In the Laptev Sea, zonal wind is the dominant driver of offshore/alongshore Lena River plume 

transport, with eastward wind driving alongshore transport (and westward wind driving 

offshore transport) (Laptev Sea Chapter 3). The zonal wind plays a key role in driving SSS and 

SST variability and appears to drive spatial variability in SIC across the Laptev and East 

Siberian Sea. The differences in spatial patterns of SSS and SST under eastward/westward 

wind forcing highlight the importance of the zonal wind for dispersing riverine heat and in turn 

controlling the SST/SIC positive feedback, which plays a considerable role in driving further 

SST warming in shallow open-water regions. Annual, summer, and spring Lena runoff does 

not appear to play a role in controlling interannual variability in SSS, SST, or SIC in the Laptev 

and East Siberian Sea.  

 

Kara Sea zonal wind and runoff both appear to be key drivers of whether the fresh plume is 

transported offshore or alongshore, again with eastward wind driving alongshore transport, as 

was true in the Laptev Sea (Kara Sea Chapter 4). In the Kara Sea, unlike the Laptev Sea, the 

zonal wind in August plays a notably larger role than June or July and meridional wind, 

particularly in August and September, also plays a role in controlling this variability. The ratio 

of summer Yenisei runoff/ spring Ob runoff also plays a role in controlling salinity variability 

in the Kara Sea. However, this ratio has the strongest impact under westward wind forcing, 

where a high ratio (high summer Yenisei runoff and low spring Ob runoff) acts to further 

freshen the central and western Kara Sea. Summer cumulative Yenisei runoff is the dominant 

control on this ratio, and on SSS in the central Kara Sea. However, spring Ob runoff also 

appears to play a role in controlling this interaction, by preventing/allowing transport of the 

Yenisei plume offshore and controlling SSS at the outflow of the Ob Delta.   
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Zonal wind forcing also has an influence on SST but is not the dominant driver of variability 

in SST. Meridional wind also appears to have a dominant impact on SST, by controlling Ekman 

transport and the associated upwelling/downwelling on/off the shallow shelf in the eastern Kara 

Sea. Therefore, SSS and SST/SIC are notably less closely coupled in the Kara Sea and appear 

to be controlled by differing processes. Whilst it is still clear that there is coupling between 

SST and SIC, the consistent sea ice free nature of the Kara Sea in September drives notably 

lower interannual variability in SIC. In turn, this has knock-on effects on SST, as the positive 

feedback cycle that strongly couples SST and SIC in the Laptev is not present in the Kara Sea.  

 

Strong eastward wind drives buoyancy driven transport of the Ob-Yenisei plume through 

Vilkitsky Strait and into the western Laptev Sea and can occur over one summer season 

(Vilkitsky Strait, Chapter 5). Differences in plume transport also have a notable SST signature, 

which closely resembles that of SSS, suggesting strong co-variability between SSS and SST in 

this region in September. Despite the co-variability between SSS and SST in this region, zonal 

wind dynamics do not appear to have a notable impact on September SIC. Despite the dominant 

influence of zonal wind in controlling summer freshwater transport through the Vilkitsky Strait, 

plume transport through the strait still appears to occur over winter even in years with no strong 

eastward wind forcing. However, differences in timing drive very different SSS/SST patterns 

and stratification dynamics, which appear to persist through much of winter and may impact 

later winter sea ice formation or melt the following summer.  

 

Implications of these findings: 

• Despite zonal wind being a dominant driver of SSS interannual variability in all three 

regions, the notable differences in key controls between regions suggests they should 

not be expected to respond to changes in the same way, and need to be studied 

independently.   

Future work:  

1. Differences, particularly in SSS/SST/SIC coherence between Kara, Vilkitsky Strait and 

Laptev Sea dynamics should be used to forecast potential future changes in downstream 

regions.  

 

3. What are the dominant controls on Eurasian-wide interannual variability and what 

implications do these have on sea ice persistence and Arctic-wide freshwater storage? 

 

The similar spatial patterns, and strong correlations between AOI and local wind stress reiterate 

that large-scale dynamics predominantly govern local wind variability and freshwater transport 

in this region. A strong correlation is present between the AOI and local zonal wind stress in 

the Laptev Sea, Kara Sea and over the Vilkitsky Strait suggesting the AOI clearly plays a 

dominant role in controlling local eastward turbulent surface stress throughout the Eurasian 

shelf seas (section 6.3). A notable correlation is also present with meridional wind stress in the 
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Kara Sea. The strength of these correlations appears to be increasing as the AOI becomes more 

positive (and more variable). 

 

The AOI drives a consistent pattern of freshwater transport across all Eurasian shelf seas, as 

might be expected from the strong correlation between local and large-scale atmospheric 

forcing (section 6.4). Under positive AOI, the cyclonic circulation in the Eurasian Arctic is 

expanded, promoting transport of the Ob-Yenisei plume through the Vilkitsky Strait and 

transport of the Lena plume towards the East Siberian Sea. Conversely, under negative AOI, 

the cyclonic circulation is contracted, and the start of the Transpolar Drift is shifted to start in 

the offshore Laptev Sea, which promotes offshore/northward freshwater transport. This pattern 

illustrates the vital role of Vilkitsky Strait as a pathway for freshwater transport around 

Eurasian shelf seas. This pattern also highlights transport in the Laptev Sea as a key pathway 

controlling riverine freshwater exchange between the Eurasian and central / Amerasian Arctic. 

However, whilst the AOI is a dominant control on freshwater transport around the Eurasian 

Shelf Seas, the relevant local wind metric drives greater variability in the three regions studied.    

 

Anomalies that originate in years of particularly high or low AOI appear to persist until at least 

the following year (section 6.5). Following a summer of positive AOI, freshwater at least 

initially remains in the nearshore Eurasian Arctic. This is particularly visible in the eastern 

Eurasian Arctic due to the combined influence of the Lena and Ob-Yenisei plumes. Conversely, 

following a summer of negative AOI, freshwater appears to be transported offshore from the 

Laptev and East Siberian Sea, suggesting more export of freshwater to the central Arctic.  

Currently, differences in the AOI, and in freshwater transport, appear to drive sea ice 

persistence (and predictability) until at least the following spring, especially in the Laptev and 

East Siberian Sea (section 6.6). This persistence appears linked to both SST differences and 

MLD differences driven by differences in freshwater transport. Kara Sea SST currently appears 

to exhibit a notably different regime, which is more strongly controlled by Atlantic Water 

inflows, and has stronger anomalies which persist longer, likely due to the longer sea ice free 

period. This sea ice free regime in the Kara Sea may be useful to forecast how future changes 

in the Laptev/East Siberian Sea will manifest. However, the geographical differences between 

the two regions, including the influence of Atlantic Water inflows, need to be untangled from 

the impacts of the low the low sea ice cover.  

 

To more accurately predict the state of the future Eurasian and full Arctic system:  

1. The strong influence of the AOI on local wind stress in this region, and the increase 

in correlation strength over the more recent time period, highlights the need to 

investigate how large-scale atmospheric circulation has and will change over the 

Arctic to predict future changes in freshwater storage and transport from the 

Eurasian shelf seas.  

2. Whilst the dominant role of the AOI in controlling geostrophic circulation and 

Eurasian runoff transport has been widely suggested, there remains debate as to the 

longer-term pathway of this transport. The longer-term fate of Eurasian freshwater 

transport, and the influence initial transport has on this longer-term fate, is key for 
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predicting future Arctic freshwater storage / export, and may hold vital clues to 

variability in the AMOC (Marsh et al., 2024). Conducting a particle tracking study 

to determine if the initial difference in plume transport under high/low AOI impacts 

longer-term freshwater storage (ideally with a model proven to be able to accurately 

represent freshwater transport around the Eurasian Shelf seas) would be a useful 

way to test this.      

3. The drivers of the observed increase in variability and an acceleration of freshwater 

transport around the Eurasian Arctic needs to be better understood, in particularly 

if these constitute decadal changes or climatic changes. In particular the 

contribution of different mechanisms including: the shift to more positive / more 

variable AOI, the loss of ice cover and associated increase in atmosphere-ocean 

momentum transfer or the increase in coastal freshwater contribution driving 

increased baroclinic transport.  Perturbation-based modelling studies could be 

targeted at addressing this.  

4. A better understanding of sea ice relationships, particularly those with salinity 

stratification, are needed to be able to accurately predict future sea ice changes, 

particularly to untangle the competing feedbacks between SSS/SST/MLD and SIC. 

Analysis of data collected during the SASSIE campaign will likely help to 

illuminate some of these relationships (Drushka et al., 2024).  

 

4. What implications do these findings have for freshwater transport in the context of 

climate change? 

 

The dominance of zonal wind and the AOI as a key driver of SSS and SST interannual 

variability suggests that understanding variability in wind stress, and if it is likely to change, is 

the key to predicting future freshwater transport from the Eurasian shelf seas (section 6.8). This 

is all the more relevant as the loss of sea ice cover is enlarging the area in contact with the 

atmosphere and increasing the time of atmosphere-ocean exposure, increasing the dominance 

of wind stress variability.  

 

In recent decades, there appears to be an increase in variability and an acceleration of 

freshwater transport around the Eurasian Arctic (section 6.7). Multiple mechanisms may 

contribute to this including the shift to more positive (and more variable) AOI, the loss of ice 

cover and increase in atmosphere-ocean momentum transfer or increases in coastal freshwater 

contribution driving increased baroclinic transport. This relationship is only likely to become 

stronger given the AOI is suggested to have increased in variability in recent decades, and as 

future sea ice loss will only strengthen coupling between large-scale and local wind dynamics. 

These changes have already and will likely continue to expand the region of potential riverine 

freshwater influence and have the potential to speed up transport between the shelf seas and 

central Arctic.  
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Increases in river runoff will increase the freshwater supply and riverine heat to the Eurasian 

shelf seas and have implications for local and Arctic-wide stratification dynamics and on the 

Arctic halocline as well as for sea ice and local biogeochemistry (section 6.8).  

 

The impact the above changes have on the wider Arctic strongly depends on changes in 

stratification dynamics. On the one hand, having a larger open water region exposed to wind-

driven mixing for longer periods could deepen stratification, increasing the tendency of a well-

mixed plume.  Alternatively, the increase in river runoff to the Arctic could strengthen surface 

stratification and increase the likelihood of a very shallow plume that extends out northwards 

towards the central Arctic. It is also possible that the likelihood of both of these alternating 

states could become more frequent, with the increased influence of wind variability with the 

loss of sea ice cover. Changes in stratification are crucial to understand for the future of the 

Arctic halocline and will be strongly coupled to changes in sea ice dynamics and persistence. 

This will have implications for the timing, magnitude and region of water mass formation / 

transformation.  

 

Implications: 

• The interconnected nature of SSS, SST and SIC, especially in the Laptev and East 

Siberian Sea, highlights the challenge but also the need to understand this region as a 

system rather than trying to understand drivers of individual components in isolation. 

This will prove vital to be able to predict how the conflicting changes in this region will 

impact both individual regions and wider Arctic sea ice dynamics and freshwater 

transport.  

Future work:  

1. We need to better understand the current Arctic system, and its natural variability in 

order to be able to accurately predict future Arctic changes.  

 

 

Concluding Remarks 

Untangling all these compounding changes remains a challenge and will only be solved by a 

unified approach bringing together a combination of different data products and types including 

in-situ data, satellite data and model output. The long satellite SSS timeseries has and will 

continue to be, with the launch of the Copernicus Imaging Microwave Radiometer (CIMR), an 

asset in understanding Arctic wide freshwater transport. Understanding these processes will be 

further aided by insights gained from the recently launched Surface Water and Ocean 

Topography (SWOT) mission, as well as from continued technological developments of higher 

resolution satellites for mapping sea surface geostrophic (and total) velocity, such as those 

proposed by SeaSTAR, Harmony and ODYSEA (Gommenginger et al., 2019; Lee et al., 2023; 

Morrow et al., 2019; Suess et al., 2022).  
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Appendices 

Appendix A  Laptev Sea validation 

Only observations in the upper 10 m are used for comparison with satellite data (Appendix 

Figure A.1, Appendix Table A.1). The same analysis was conducted using only data in the 

upper 5 m with no significant improvement. The analysis shown here is for the upper 10 m to 

retain as much data as possible.  

Appendix Table A.1: Cruises, vessels and time-periods of salinity and temperature in-situ data used for analysis of 

vertical profiles and comparison with satellite data 

Cruise Name  Vessel Time Period Reference 

UDASH dataset (incl 

NABOS cruises 

2013, 2015) 

Numerous 2010-2015 (Behrendt et al., 

2017) 

NABOS cruise 2018 

UCTD 

Akademik 

Tryoshnikov 

3rd -17th October 2018  (Janout et al., 2019) 

 Akademik 

Lavrentyev 

Akademik 

Mstislav Keldysh 

20th September – 20th 

October 2016 

23rd September – 13th 

October 2019 

Supplementary 

materials 

(Osadchiev et al., 

2021a) 

 

All satellite and reanalysis products described above are compared with in-situ data over 2015-

2020. The regridded SMOS data and GLORYS12V1 reanalysis (on a 0.25 ° grid) are used for 

comparison with in-situ data. Both Pearson correlation coefficients and root-mean square 

difference (RMSD) values are calculated for each individual product at all collocations (across 

the entire area and time period) between in-situ data and that product. Correlation coefficients 

and RMSD values are also calculated only where all products have a collocation with in-situ 

data. However, over 2015-2020, few in-situ observations are collected sufficiently near the 

surface (< 10 m) over regions where all satellite products obtain an SSS measurement (only 37 

collocations). Therefore, RMSDs and correlation coefficients are also calculated for SMOS 

products and reanalyses over the longer SMOS time period (2011-2020) to obtain more 

collocations (228). JPL SMAP and LOCEAN SMOS have particularly high correlation 

coefficients and low RMSD values and agree well so are used for further analysis.  
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Appendix Figure A.1: In-situ data (<10 m) used for validation of satellite and reanalysis products, coloured by their 

salinity value. Data with black circles were collected over the SMAP period (2015-present), and those without black 

circles were collected over the SMOS period (2010-present). 
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Appendix Table A.2: Correlation coefficients from in-situ SSS data < 10 m over 2015-2020 (left) and 2010-2020 (right) 

with GLORYS12V1, BEC SMOS and LOCEAN SMOS products regridded at a 0.25 degree spatial resolution, JPL 

SMAP in regions where the provided SSS uncertainty is less than 1, RSS SMAP and the three CMEMS global ensemble 

reanalysis products: GLORYS2V4, ORAS5, and C-GLORS05. Correlation coefficients are calculated both at all points 

where an individual product is collocated with in-situ data (All obsv <10 m) and for only where all products had a 

collocation point near in-situ data (Common obsv <10 m). There are 57 collocations between all products over 2015-

2020 and 377 collocations over 2010-2020. The p values associated with correlation coefficients are not included but 

are all << 0.01.  

 
2015-2020 2010-2020  

All obsv <10 m Common obsv 

<10 m 

All obsv <10 m Common obsv 

<10 m  
Num 

obsv 

Corr 

coeff 

Num 

obsv 

Corr 

coeff 

Num 

obsv 

Corr 

coeff 

Num 

obsv 

Corr 

coeff 

GLORYS12V1 

regridded onto 

0.25° grid 

222 0.80 

57 

0.75 1667 0.78 

377 

0.65 

BEC SMOS 

regridded onto 

0.25° grid 

133 0.79 0.79 396 0.76 0.75 

LOCEAN SMOS 

regridded onto 

0.25° grid 

132 0.86 0.92 406 0.84 0.84 

JPL SMAP (where 

uncertainty < 1) 

100 0.92 0.95 
  

 

 

RSS SMAP 67 0.93 0.93 
  

 
 

C-GLORS05 219 0.75 0.73 1672 0.72 

377 

0.61 

GLORYS2V4 219 0.81 0.75 1672 0.72 0.48 

ORAS5 219 0.85 0.83 1672 0.89 0.80 
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Appendix Table A.3: Root mean square differences (RMSD) from in-situ SSS data < 10 m over 2015-2020 (left) and 

2010-2020 (right) with GLORYS12V1, BEC SMOS and LOCEAN SMOS products regridded at a 0.25 degree spatial 

resolution, JPL SMAP in regions where the provided SSS uncertainty is less than 1, RSS SMAP and the three CMEMS 

global ensemble reanalysis products: GLORYS2V4, ORAS5, and C-GLORS05. RMSDs are calculated both at all 

points where an individual product is collocated with in-situ data (All obsv <10 m) and for only where all products had 

a collocation point near in-situ data (Common obsv <10 m). There are 57 collocations between all products over 2015-

2020 and 377 collocations over 2010-2020. 

 
2015-2020 2010-2020  

All obsv <10 m Common obsv 

<10 m 

All obsv <10 m Common obsv 

<10 m  
Num 

obsv 

RMS

D 

Num 

obsv 

RMS

D 

Num 

obsv 

RMS

D 

Num 

obsv 

RMS

D 

GLORYS12V1 

regridded onto 

0.25° grid 

222 3.16 

57 

4.28 1667 1.88 

377 

2.69 

BEC SMOS 

regridded onto 

0.25° grid 

133 2.90 3.74 396 2.21 2.25 

LOCEAN SMOS 

regridded onto 

0.25° grid 

132 2.53 2.74 406 2.07 1.97 

JPL SMAP (where 

uncertainty < 1) 

100 1.85 2.19 
  

 

 

RSS SMAP 67 2.77 2.16 
  

 
 

C-GLORS05 219 3.75 4.18 1672 2.30 

377 

2.67 

GLORYS2V4 219 3.04 3.93 1672 2.14 3.25 

ORAS5 219 2.75 3.74 1672 1.41 2.42 

 

The satellites products show a good agreement with in-situ measurements within the top 10 m, 

with a correlation coefficient typically higher than 0.62 and up to 0.83. The RMSD with in-situ 

is typically between 1.1 and 1.65. Despite this relatively high error in RMSD, due to the large 

range of SSS observed over this small area (5 to 35), both datasets are well correlated. JPL 

SMAP, LOCEAN SMOS, and the median sat product stand out as having particularly high 

correlation (r ~ 0.8) coefficients compared to all other products. Over the full SMOS period, 

the LOCEAN product correlates strongly with in-situ data (r = 0.83) but the BEC product is 

less strongly correlated (r = 0.67).  

The collocated in-situ data (common obsv <10 m) are all located in low sea ice regions (< 30% 

SIC), where satellite SSS retrievals are possible. Over the Laptev Sea, the strong horizontal 

gradient in SSS maintains lower salinities nearshore on the continental shelf and relatively 

higher salinities > 30 offshore. Therefore, the salinity range captured by in-situ observations 

only collocated with one satellite product/GLORYS12V1 typically includes a larger range of 

salinities (with more SSS values <30) than that captured by in-situ observations collocated with 

all products. Hence, the correlation coefficients of almost all products are larger when 

considering all in-situ observations collocated with that product due to the larger range in SSS 

than when considering only in-situ observations collocated with all products.  
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Whilst GLORYS12V1 appears to correlate well with in-situ data when considering all its 

collocations (r > 0.79 over 2015-2020 and r > 0.78 over 2011-2020), the correlation deteriorates 

when only considering observations where all satellite products have a collocation (r < 0.35 

over 2015-2020 and r < 0.63 over 2011-2020). This same pattern is visible in all other 

reanalysis products considered. This decrease in correlation indicates that the reanalyses 

manage to replicate the large-scale horizontal gradient in SSS (between the fresh plume on the 

shelf and the more saline water that sits off the shelf, under sea ice) but are not capable of 

representing the spatial variability at lower SSS values and hence of finer scale river plume 

dynamics. Reanalysis RMSDs from in-situ data are also all larger than those of any satellite 

product.  The lower RMSDs and stronger correlation coefficients of all satellite products 

compared to reanalyses highlight the value satellite SSS products bring to Arctic-based process 

studies. 
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Appendix B  Laptev Sea additional figures 

 

Appendix Figure B.1: GLORYS12V1 SST vertical transect in 2016 (top) and 2019 (bottom) along red transect 

interpolated through in-situ data (shown in map of CCI SST in bottom left for each year) with in-situ data overlaid 

with black rings and satellite data for that transect in CCI SST shown as a line of points.  

 



Appendices 

160 

 

 

Appendix Figure B.2: Correlation between GLORYS12V1 September SSS and mean eastward turbulent surface stress 

(METSS) over 70-80 North and 120-160 East in June (6), July (7), August (8) (left column) over 1993-2022. Correlation 

between GLORYS12V1 September SSS and cumulative Lena River runoff over the full year (Julian day 365), in 

autumn (Julian day 250) and in spring (Julian day 150) (right column) over 1993-2022. Regions where correlations are 

statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 
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Appendix Figure B.3: Correlation between GLORYS12V1 September SST and mean eastward turbulent surface stress 

(METSS) over 70-80 North and 120-160 East in June (6), July (7), August (8) (left column) over 1993-2022. Correlation 

between GLORYS12V1 September SST and cumulative Lena River runoff over the full year (Julian day 365), in 

autumn (Julian day 250) and in spring (Julian day 150) (right column) over 1993-2022. Regions where correlations are 

statistically significant (p≤0.05) are denoted by the white contour and brighter colours. 
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Appendix Figure B.4: Years of westward wind forcing for all years used to calculate westward composites for (left to 

right) GLORYS12V1 SSS and LOCEAN SMOS (2019, 2011, 2013) and for JPL SMAP (2019, 2015, 2020). The 

GLORYS12V1 mean 30% sea ice concentration contour and mean GLORYS12V1 sea ice area (SIA) in the Laptev Sea 

(120-140, 68-85N) for each year shown is overlaid on that year’s plot. 
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Appendix Figure B.5: Years of eastward wind forcing for all years used to calculate eastward composites for (left to 

right) GLORYS12V1 SSS and LOCEAN SMOS (2016, 2017, 2012) and for JPL SMAP (2016, 2017, 2021). The 

GLORYS12V1 mean 30% sea ice concentration contour and mean GLORYS12V1 sea ice area (SIA) in the Laptev Sea 

(120-140, 68-85N) for each year shown is overlaid on that year’s plot. 
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Appendix Figure B.6: T-S diagrams over the Laptev Sea (65-80 °N, 120-160 °E) for September under eastward (2012, 

2016, 2017) (left column) and westward (2011, 2014, 2015, 2019) (right column) wind forcing for GLORYS12V1 SST 

and GLORYS12V1 SSS (top), LOCEAN SMOS SSS (middle) and JPL SMAP SSS (bottom) colour coded by year over 

2010-2020. Density contours are overlaid as dashed black lines. Spearman correlation coefficients between the SSS 

product and GLORYS12V1 SST across all eastward/westward years shown is displayed in the title of each subplot. 

Boxes are overlaid for 4 water masses depicting warm, fresh water (WF, SST>2 °C, SSS<25 pss), cold, fresh water (CF, 

SST<2 °C, SSS<25 pss), warm salty water (WS, SST>2 °C, SSS>25 pss) and cold, salty water (CS, SST<2 °C, SSS>25 

pss) 
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Appendix C  Kara Sea additional figures 

Wind stress SSS 

 

Appendix Figure C.1: Correlation between GLORYS12V1 September SSS and ERA5 eastward and northward 

turbulent surface stress in June, July and August (6-8) over 1993-2023. Regions where correlations are statistically 

significant (p≤0.05) are denoted by the white contour and brighter colours. 
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The August eastward turbulent surface stress correlation pattern is by far the largest and most 

significant. This pattern consists of a large region of strong positive correlation (> 0.75) in the 

central Kara Sea, which extends from the Novaya Zemlya Archipelago almost all the way to 

the Severnaya Zemlya Archipelago. A notable region of strong negative correlation (< -0.75) 

is present from the outflow of the Ob-Yenisei plume all the way along the coast through the 

Vilkitsky Strait and into the Laptev Sea. A large region of strong positive correlation is also 

present in the central Arctic, from around 80 °N.  

Small regions of significant positive (> 0.75) and negative correlations (< -0.75) are also 

present in June and July eastward turbulent surface stress correlation plots. The most notable 

region of negative correlation with July eastward turbulent surface stress is in the southwestern 

Kara Sea and in a band offshore between 77 and 80 °N. Some small regions of significant 

negative correlation along the coast are also present in June and July, particularly in the 

southwestern and southeastern Kara Sea in July, and particularly in the eastern Kara, Vilkitsky 

Strait and western Laptev in June. A notable region of significant positive correlation is also 

present in June offshore in the eastern Kara Sea.  

In the Kara Sea, the spatial correlation patterns between GLORYS12V1 SSS and mean 

northward turbulent surface stress over 1993-2023 (Figure 4.2, right), resemble those with 

mean eastward turbulent surface stress but are generally weaker and smaller. The band of 

negative correlation near the coast, to the east of the Ob and Yenisei deltas, visible in 

correlation plots with eastward turbulent surface stress is also visible in July-August northward 

turbulent surface stress plots. This band of negative correlation is only significant in the central 

Kara Sea in August but is significant in the Vilkitsky Strait in July (Appendix Figure C.1). A 

band of positive correlation is also visible somewhere offshore in northward turbulent surface 

stress in all months. Whilst there are small regions where this positive correlation is significant 

in almost all months, there are only notable regions of significant positive correlation in 

August.   

The August northward turbulent surface stress pattern is the largest, and closely resembles that 

of eastward turbulent surface stress in August, but with less extensive regions of significant 

positive/negative correlations. Most notably, these significant correlations are more extensive 

in the western Kara Sea than in the eastern Kara Sea.  Unlike with eastward wind stress, the 

correlation pattern with September northward turbulent surface stress resembles that with 

August northward turbulent surface stress and has a notable (but smaller) region of positive 

correlation in the western Kara Sea, as well as the strip of significant negative correlation 

nearshore.  

 

Wind stress SST 

As for GLORYS12V1 SSS, spatial correlations between April-September eastward wind stress 

and GLORYS12V1 September SST are examined to understand the influence of zonal wind 

stress in controlling Kara Sea SST. Only correlations with June, July and August are shown 

here to be consistent with SSS (Appendix Figure C.2, left). The same is then done for northward 

wind stress (Appendix Figure C.2, right). 
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Appendix Figure C.2: Correlation between GLORYS12V1 September SST and ERA5 eastward turbulent surface 

stress (METSS) over June-August (6-8) over 1993-2022. Regions where correlations are statistically significant (p≤0.05) 

are denoted by the white contour and brighter colours. 
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The correlation patterns between eastward turbulent surface stress with GLORYS12V1 

September SST are also notably different to those with GLORYS12V1 SSS and there is also 

no consistent correlation pattern in the three months shown (Appendix Figure C.2). There is a 

similar pattern in negative correlation pattern offshore in July and August. The regions where 

this correlation is significant differ by month. July eastward turbulent surface stress has 

relatively extensive regions of significant negative correlation (< -0.75) but these are only 

situated between 75 and 80 °N. August eastward turbulent surface stress has notable regions of 

significant negative correlation in the central Arctic, above 80 °N. August eastward turbulent 

surface stress also has small regions of significant positive correlation (> 0.75) nearshore, 

particularly in the eastern Barents Sea and western Kara Sea. No similar positive correlation 

pattern is visible in July. There are almost no regions of significant correlation between 

eastward turbulent surface stress in June and GLORYS12V1 September SST. Hence, whilst it 

is clear that July and August eastward turbulent surface stress is consistent with low SSTs 

offshore, there is no notable relationship with SSTs nearer shore in the central Kara Sea.  

The correlation pattern of northward turbulent surface stress and GLORYS12V1 September 

SST over the 1993-2023 time period (Appendix Figure C.2) is notably different to that with 

eastward turbulent surface stress. There is also no consistent correlation pattern between 

GLORYS12V1 September SST and northward turbulent surface stress over the months shown. 

However, in all months there is a large region of positive correlation, which differs in areal 

extent and region. This positive correlation has no notable regions of significance in June or 

July. In August, there are multiple small regions of significant positive correlation in the eastern 

coastal Kara Sea, in the offshore Kara Sea, and in the eastern Barents and western Laptev Sea. 

There are no notable regions of significant negative correlation. Hence, whilst there is no 

notable correlation between June or July northward turbulent surface stress and SST in the 

Kara Sea, August northward turbulent surface stress is consistent with warm SSTs in the 

eastern Kara Sea.  

Unlike with SSS, where both zonal and meridional wind stress appear to play a dominant role 

in controlling SSS, there are few regions in the Kara Sea where eastward / northward wind 

stress appear coincident with variability in SST. The only exception to this is in the coastal 

eastern Kara Sea, where August northward wind stress appears coincident with increased SSTs.  

 

Wind stress SIC 

As for GLORYS12V1 SSS and SST, spatial correlations between April-September eastward 

wind stress and GLORYS12V1 September SST are examined to understand the influence of 

zonal wind stress in controlling Kara Sea SST. Only correlations with June, July and August 

are shown here, consistent with SSS and SST (Appendix Figure C.3, left). The same is then 

done for northward wind stress (Appendix Figure C.3, right). 
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Appendix Figure C.3: Correlation between GLORYS12V1 September SIC and ERA5 eastward turbulent surface stress 

(METSS) over June-August (6-8) over 1993-2022. Regions where correlations are statistically significant (p≤0.05) are 

denoted by the white contour and brighter colours. 
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The correlation patterns between GLORYS12V1 September SIC and eastward turbulent 

surface stress for the 1993-2023 time period (Appendix Figure C.3) are almost the exact 

opposite of those with GLORYS12V1 September SST. Whilst there is no consistent correlation 

pattern over April to September, there is a relatively consistent pattern in the months shown. 

This pattern suggests a negative correlation nearshore, which shifts east from the Barents Sea 

into the Kara Sea over June to August, and a positive correlation offshore. The regions where 

this correlation is significant varies between months, and differs from the regions where 

eastward turbulent surface was significantly correlated with SST. The positive correlation 

pattern with SIC tends to only be significant in the central Arctic, above 77 °N. In August, the 

negative correlation pattern is only significant in parts of the eastern Barents Sea and western 

Kara Sea in July. The correlation pattern in June is notably weaker than the July and August 

pattern, with few very small regions of negative correlation in the Barents/Kara Sea. June 

eastward turbulent surface stress is very weakly positively correlated with GLORYS12V1 SIC 

over most of the Kara Sea, and over parts of the Laptev Sea. June turbulent surface stress has 

small regions where this positive correlation is significant, in the eastern Kara Sea, just west of 

the Vilkitsky Strait. This correlation pattern suggests June eastward wind stress is coincident 

with increased SIC in the eastern Kara Sea. Conversely, July and August eastward wind stress 

are consistent with low SIC in the western Barents and eastern Kara Sea, and increased SIC in 

the central Arctic. 

As was true of eastward turbulent surface stress, the correlation patterns between 

GLORYS12V1 SIC and northward turbulent surface stress over the 1993-2023 time period 

(Appendix Figure C.3) are almost the exact opposite of those with GLORYS12V1 SST. As 

with correlations with GLORYS12V1 SST, there is no clear resemblance between correlation 

patterns of GLORYS12V1 SIC with northward turbulent surface stress and eastward turbulent 

surface stress. There are large regions of negative correlation between GLORYS12V1 SIC and 

northward turbulent surface stress in all months shown, but as with SST, these vary with month 

in areal extent and region. In August, this negative correlation extends throughout much of the 

western Laptev Sea. In June and July, there are small regions of significant negative correlation 

in the offshore western Laptev Sea. Hence, there are no notable regions where June, July or 

August northward wind stress appears to vary with SIC in the Kara Sea.  
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Appendix Figure C.4: Correlation matrix between June to August ERA5 eastward (3mm_etss) and northward 

turbulent surface stress (3mm_ntss), the AOI in different months and Ob and Yenisei runoff and their ratio 

(rat_yenob_200). The p-values of correlation coefficients are overlaid where correlations are significant (p < 0.05).  
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Appendix D  Vilkitsky Strait additional figures 

 

 

Appendix Figure D.1: The difference between eastward and westward September SSS composites calculated for 

GLORYS12V1 SSS, CGLO SSS, GLOR SSS, and ORAS SSS, from the identified three years of most eastward and 

westward wind forcing (over 2011-2023). Regions in blue represent regions with lower salinities under eastward wind 

forcing and regions in red represent lower salinities under westward wind forcing.  
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Appendix Figure D.2: The difference between eastward and westward September SST composites calculated for 

GLORYS12V1 SSS, CGLO SSS, GLOR SSS, and ORAS SSS, from the identified three years of most eastward and 

westward wind forcing (over 2011-2023). Regions in blue represent regions with cooler water under eastward wind 

forcing and regions in red represent warmer waters under westward wind forcing. The mean 30% sea ice concentration 

(SIE) is plotted under eastward (blue) and westward (red) wind forcing.  
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Appendix Figure D.3: The difference between eastward and westward March SSS composites calculated for 

GLORYS12V1 SSS, CGLO SSS, GLOR SSS, and ORAS SSS, from the year following the identified three years of 

most eastward and westward wind forcing (over 2011-2023). Regions in blue represent regions with lower salinities 

under eastward wind forcing and regions in red represent lower salinities under westward wind forcing. 
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Appendix Figure D.4: Reanalysis SSS distribution in the Vilkitsky Strait for GLORYS12V1, ORAS, GLOR and CGLO 

for years of strong (> 0.02 N m-2) eastward (red) and westward (blue) wind stress. The distribution is shown as the 

percentage of total area in each 1 pss salinity bin over the 22 to 33 pss range. The total area used is the common area 

where all satellite products have retrievals in all years. Darker red and blue colours indicate stronger 

eastward/westward wind stress. The mean values for all eastward (red) and westward (blue) years are overlaid as lines 

across all bins. The total percentage of cells below 28 pss and 26 pss in the eastward and westward means are overlaid 

as text. 
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Under westward wind forcing (2011, 2015, 2020), all reanalysis products have the highest 

percentage of the region in high SSS bins. For GLORYS12V1, on average under westward 

wind forcing, most (84%) of the total area was above 31 pss, with 44% between 31 and 32 pss, 

and 40% above 32 pss. For ORAS, on average, most of the area (57%) was between 31 and 32 

pss, with 34% between 30 and 31 pss. For GLOR, on average, most of the area (29%) was 

above 32 pss, with significant proportions between 31 and 32 pss (26%) and between 30 and 

31 pss (24%). For CGLO, on average, most of the area (44%) was between 29 and 30 pss, with 

significant proportions between 30 and 31 pss (38%) and between 31 and 32 pss (12%). Both 

ORAS and CGLO seemed to be the only reanalysis products without the saline bias (compared 

to satellite products and in-situ observations) as they both have 0% of the total area above 32 

pss.  

Under eastward wind forcing (2012, 2016, 2017, 2021), both GLORYS products 

(GLORYS12V1 and GLOR) have distributions shifted to lower SSS values (IE the largest 

proportions of the total area in lower SSS bins) but this is not true for ORAS or CGLO. For 

GLORYS12V1, on average under eastward wind, the majority (34%) of the area has SSS 

values between 30 and 31 pss, with a significant portion (23%) between 29 and 30 pss, 17% 

between 31 and 32 pss and 16% over 32 pss. For ORAS, on average, the majority (38%) of the 

area has SSS values between 31 and 32 pss, with a considerable proportion (32%) also between 

30 and 31 pss, similar to under westward wind forcing. For GLOR, on average under eastward 

wind forcing, the majority (42%) of the area has SSS values between 30 and 31, with significant 

proportions between 29 and 30 pss (20%) and between 31 and 32 pss (18%). For CGLO, on 

average, most of the area (43%) was between 29 and 30 pss, with significant proportions 

between 30 and 31 pss (30%), similar to under westward wind forcing.  

Whilst the distinction between SSS distribution under eastward and westward wind forcing is 

less clear in reanalysis products, most products do still show a difference. Under westward 

wind forcing, most reanalyses only have SSS values above 28 pss (0% of the total area is below 

28 pss for GLORYS12V1, ORAS and CGLO), consistent with satellite products and in-situ 

data (except GLOR, which has 4% of the total area with SSS < 28 pss). Conversely, under 

eastward wind forcing, all products except GLOR have a higher percentage of area below 28 

pss (7% for GLORYS12V1, 9% for ORAS, 12% for CGLO, 1% for GLOR) than under 

westward wind forcing. This pattern is consistent with that observed in satellite products. 

However, whilst satellite products suggest notable regions with SSS < 26 pss under eastward 

wind, only ORAS has SSS values < 26 pss under eastward wind forcing and has notably less 

area in this bin (2%) than most of the satellite products, and the in-situ data.  GLOR is the only 

other product that ever has SSS values < 26 pss, but only suggests a very small region that falls 

within this bin (< 1%), and only under westward wind forcing (rather than eastward wind 

forcing as is suggested by satellite and in-situ data.  
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Appendix Figure D.5: Satellite TS plots in the Vilkitsky Strait for CCI, LOCEAN and JPL (vs GLORYS12V1 SST) for 

years of strong (> 0.02 N m-2) eastward (2016, 2017, 2021) and westward (2011, 2015, 2020) wind stress. The data shown 

is over 77-80 °N and 100-115 °E. The 25 and 28 pss isohalines are overlaid in blue and orange. Correlations between 

SSS and SST are included in titles.  
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Appendix Figure D.6: Reanalysis TS plots in the Vilkitsky Strait for GLORYS12V1, ORAS, GLOR and CGLO for 

years of strong (> 0.02 N m-2) eastward (2016, 2017, 2021) and westward (2011, 2015, 2020) wind stress. The data shown 

is over 77-80 °N and 100-115 °E. The 25 and 28 pss isohalines are overlaid in blue and orange. Correlations between 

SSS and SST are included in titles. 

 

 

 

 


