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Abstract. Eurasian Rivers provida quarteiof total freshwater to the Arctic, maintaining a persistent fresh layer that covers
the surface Arctic OcearThis freshwater export controls Arctic Ocean stratification, circulation, and-badensea ice
concentrationThe Lena Riversupplies the largest volume of runoff and plays a key role in this system, as runoff outflows
into the Laptev Sea as a particularly shallow plume. Previeagurand modelling studies suggest that local wind forcing is

a driver of variality in Laptev sea surface salinity (SS8)t there isno consensusrothe roles ol_ena Riverdischarge and

sea ice cover in contributing to this variabildy on the dominant driver of variabilityntil recently, satellite SSS retrievals
were insufficently accurate for use in the Arctic. However, retreadieggice cover and continuous progress in satellite product
development have significantly improved SSS retrievals, giving satellite SSS data true potential in thenAhgsicegion,
satellite-based SSS is found to agree well withsitu data (r > 0.8) and provides notable improvements compared to the

reanalysis product used in this study (r > 0.7) in capturing patterns and variability observsiturdata.

This studydemonstrates a novel methodaéntifying the dominant drivers of interannual variability in Laptev Sea dynamics
within reanalysis products and testing if these relationships appear to hold in dadskittSSSea surface temperature (SST)
data and irsitu observationsThe satelliteSSSdatafirmly establishesvhatis suggested by reanalysis products and Wwhat
previously been subject to debatee tothe limited years and lodahs analysed with ksitu data;the zonal wind is the
dominant driver boffshore or onshoréena Riverplume transportThe eastward wind confines the plume to the southern
Laptev Sea and drives alongshore transport into the East Siberian Sea and westward wind drives offshore pluniettransport
the northern Laptev Sedhis finding isaffirmed by thestrong agreement in SSS pattender eastward and westward wind
regimesin all reanalyses and satellite produgsed in this studyas well as with irsitu data The pattern of SST also varies

with the zonal wind component and dswspatial variability in sea iceoncentration
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Key Points:

1 The zonal wind component is the dominant drivet@fia Riverplume transport, with strongatterrsin satellite
and reanalysibasedsea surface salinity (SSSea surface temperature (SShgsea ice concentratiqisIC)
products

1 Theeastward wind confines the plume to the southern Laptev Sea and drives alongshore transport into the East
Siberian Searad westward wind drives offshore plume transport towards the northern Laptev Sea.

1 There is no evidence theimulative spring, summer or annli&na Riverrunoff plays a notable role in controlling
interannual surface plume transport.

1 Introduction:

Dramatically warming Arctic surface air temperatures have altered Arctic atmospheric circulat@ausadcean warming,

an intensification of the hydrological cycknow and ice melt, and increases in river ru@fferland and Wang, 2010; Prowse

et al., 2015)These changes have thetential to drive enhanced stratification with increases in freshwater input (in the form
of runoff and precipitation), or increased mixing (with the loss of sea ice and resulting increasing atrmosgdneteeat and
momentum transfeilPCC (Intergovernmental Panel on Climate Change), 2018jerstanding the interplay between these

changes is crucial for predicting the future state of the Arctic system.

The Laptev Sea, within the Eurasian Ar¢ttégure 1), provides an ideal region to study the interactions between these changes,
as ahotspot of Arctic warming, sea ice loss, and increases in river r(irafiheva and Golubeva, 2022; Stadnyk et20121)

Changes in this region will likely have considerable influence on the wider Arctic as the Laptev Sea is a key regian of Arcti
sea ice production and dominant contributor to Aratide thermohaline structure, including to the surface Transpuwiétr

and to the Beaufort Gyrgdohnson and Polyako2001; 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 productivifduhls et al., 2020; Nielsen et al., 2020; Paffrath et al., 2021; Polyakova et al.,
2021)
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LOCEAN SSS September mean over 2010-2020
60 Figure 1: 20102020 LOCEAN SMOS satellite mean September SSS with GEBCO bathymetry contours for 20m, 50m and 500m

overlaid in blue with mean 20102020 ERA5 JuneAugust 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.
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The Laptev Sea primarily receives runoff from tlema River the largest river in the Arctigyhich outflows as a particularly
shallow plume due to theonfined depth(~2-3m) of the Lena Delt§Are and Reimnitz, 2000)ena Riverfresh water
dominates the spatial pattern of Laptev sea surface salinity (SSS) and is the main control on stratification in t{diamegion

et al., 2020)Lena runoff isvery seasonal with very low flow throughout the winter, whenltbea Riveris partially frozen,

and a strong peak between May and June following the melt of snow and lg&tildemanov et al., 2021; Wang et al.,

2021) Other rivers in this region, including the Khatanga, Olenyok and Indigirka, also contributevéiestto the Laptev

but all combinedprovide afive timessmaller contribution than the LerfRasternak et al., 2022Kara Sea freslvater can

also contribute riverine freshater to some adhewestern and northern Laptev shelf via the Vilkitsky Straight but contributions
vary considerably interannual{yanout et al., 2020, 2015; Osadchiev et al., 20283 ice melt alsorpvides frestwater to

the Laptev Sea but has a negligible impact in summer/autumn as the freshwater contribution from sea ice melt is several orde

of magnitudes smaller than the contribution fromltkea River(Dubinina et al., 2017).

Laptev Sea suakce frestwater is typically characterized by eastward (cyclonic) circulation and weak tidal infl(feafoaova

et al., 2014; Timokhov, 1994 his fresh surface layer exhibits considerable interannual varialititying in meridional
extent by over 500kirandhas been widely studied usingsitu data and model tput (Anderson et al., 2004; Dmitrenko et
al., 2005, 2008; Fofonova et al., 2034nout et al., 2020; Osadchiev et al., 20Zhp shallow Laptev shelf (depth ~26m)

is mostly controlled by wind forcing and bottom fricticeind the strong stratification on this shallow shelf prevents a full
Ekman spiral from developing and aligtiee surface current45 degrees to the right of the wir{®mitrenko et al., 2005;
Kubryakov et al., 2016; Osadchiev et al., 2021; Zhuk and Kubryakov, 2B@hmer precipitation and sea ice melt contribute
significantly less freswater than rivers and are only suggested to provide a minimal direct contribution to altering summer
SSS(Dubinina et al., 201 7River dischargeariability has also been suggested as a drivBuofuationsin freshwater content
and plume structur@HornerDevine et al., 2015; Umbert et al., 202Hpwever whilst there is general agreenméhnat wind
forcing isadriver of variability on the shelthere isomedebate as to the role of river discharge in controlling plume variability
(Dmitrenko et al., 2005; Osadchiev et al., 2021)

Whilst Lena Rivemwater typically remains in the Laptev Sea feB gears, its longeterm 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 Gy
(Bauch et al., 2013; Johnson and Polyakov, 2001; Paffrath et al.,. 2G#tjescale atmospheric circulationthe Arctic
Oscillation Index (AOI) and the initial traport of the fresh layer fia been suggested as thain contrad on its eventual
transit(Johnson and Polyakov, 2001; Morisetral., 2012)

In the Arctic,in-situ measurements of salinity have long bparticularlysparse and infrequent due to the persistent sea ice

cover tharestrictsaccess throughout most of the year. Satellite [%83She potential to be @amvaluabletool as salinity is the
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dominant driver of densitgt high latitudegnd plays &eyrole in controlling transport around the Arctidowever, sea ice
and the low sensitivity of dbband signal in cold watérashistoricallymadesatellite SSSetrievals at high latitudes a challenge.
Recent progress in satellite product development has considerably lowerbég biger 0.15 pssomparedd in-situ data in
100 the Arctic,increasingconfidence in acquisitions and making satellite SSSalatduable resourder Arctic studiegFournier
et al., 2019; Supply et al., 2020h addition, retreating Arctic sea ice cowmrdrapid atmospheric warming increases the
spatial cover of satellite based SSS measurements. Whilst SSS retrievals at high latitudes still have larger umektiaimties
to the rest of the globe, previous wettkave shown that accuracy is sufficieiatcaptureregions withsharpSSS gradientand
demonstrated its potential for looking at Euragi@er plumes(Kubryakov et al., 2016; Olmedo et al., 2018; Supply et al.,
105 2020; Tang et al., 2018; Zhuk and Kubryakov, 2021)

In this manuscript, we firgtstablish thathe reanalysis and satellite productsed inthis study (described in sectionlp
capture theénterannual variability in Laptev SS$served in irsitu datan section 3 The dominant drivers of this variability
are then investigatedsing GLORYS12V1including the contribuibn of Lena Riverrunoff and of local and Arctigvide
110 atmospheric forcing imriving these patterns of variabilitfhe findings of this analysis are th&sted usingatellite SSS
data.A similar analysis islsoconducted witlsea surface temperat(&ST)and sea ice eentration(SIC) data to understand

common andliffering drivers of variability and how the components of this system interact.

115 2 Data and Methods
2.1 Data Products
2.11In-situ data

CTD profiles from cruises in 2016 and 2019 are used for comparison with reanalysis data to study vertical salinitjictratifica
in this region and to complement surface salinity data (supplementary magi@satichiev et al., 2021Additional in-situ

120 data from CTDprobes, floats, icéethered profilers, oceanographic cruises and other platforms in the Laptev Sea are used for
validation of satelliteand reanalysiproducts from a number of sources (UDASH, NABOS cruises, and cruises on Akademik
Mstislav Keldysh. SeeAppendix for details on ksitu data used to validate satellite SSS products (see AppeAdRIAA L,
FigureAl).

125 Lena River runoff data from the Arctic Great Rivers Observatory (GRO) dataset is itkextify the main drivers of Laptev
Sea interannual variabilitfShiklomanov et al., 2021 Cumulative runoff until a certain Julian day of each year is calculated
for spring (Julian day 150), summer (Julian day 250) and the full year (Julian day 365). ibepspk in runoff has been
shown to be shifting earlier with the rapidly warming Argtiang et al., 2002; Melnikov et al., 2018) a notable trend is
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present in the spring cumulative runoff timeseries with the shift to earlier permafrost thaw / river ice melt. To avmig@ spuri
correlation and to bable to differentiate drivers of interannual variability from decadal/longer term trends, the trend in
cumulative runoff timeseries (over the GLORYS time period of 12@&?) is identified and removed. The-tlended spring
runoff timeseries is used thrdugut this study.

2.12 Reanalyses

The 1/12 degree CMEMS GLORYS12V1 reanalysis (hereafter referred to as GLORYL2aMd)che et al., 2021y used

as a comparison dataset alongside gheellite products over the common observational periods (since 2011/2015) in this
region(Tablel). This reanalysis is chosen for litigh spatial resolution, itgood representation of Arct&&lC and its previous
application to salinity variability in th8ubpolar North Atlantic and ArctigBil6 et al., 2022; Hall et al., 2021; Lellouche et
al., 2021; Liu et al., 2022J-or consistency with the satellite SSS products, the GLORYS12V1 reanalysigicgded onto a

0.25° grid for comparison with igsitu data.

To demonstrate the benefit of using satellite SSS in this region¥ degreeeanalysis produci@ablel) are alsovalidated
against insitu data(Appendix ATable A2, Table A3). These includeGLORYS2V4 from Mercator Ocean, ORAS5 from
ECMWEF, GloSea5 from Met Officand GGLORSO05 from CMCGMasina et al., 2017)

Table 1: Reanalysisproducts used in this study and their start and end dateshe number of vertical levels they havand native and
used temporal andspatial grid resolutions

Reanalyses Start End date | Native Temporal Vertical | Native grid | Grid  spatial
date used temporal resolution levels spatial resolution used
used resolution used resolution

GLORYS12V1 199301 | 202012 | Monthly Monthly 50 0.083° 0.083°,

0.25° used only
for validation

GLORYS2V4 | 199301 | 201812 | Monthly Monthly 75 0.25° 0.25°
ORAS5 199301 | 201912 | Monthly Monthly 75 0.25° 0.25°
GloSea5 199301 | 201912 | Monthly Monthly 75 0.25° 0.25°
C-GLORS05 | 199301 | 201812 | Monthly Monthly 75 0.25° 0.25°
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E C MWF & geneBation reanalysis of global weather and climate (ERA5) monthly eastward and northward turbulent surface
stress is useth assessg the main drivers of Laptev Sea interannual variab{litgrsbach et al., 2020The monthly mean
NCEI Climate Prediction Center (CPC) Arctic Oscillation Inga0l) (https://www.ncei.noaa.gov/access/monitoring/ao/) is

also used to relate local eastward wind stress patterns to larger scale atmospheric circulation.

2.13 Satellite data

To validate and identify strengths and weaknesses of satmlted SSS measuremeover the Laptev Sedhis study uses
two SMOS and two SMARnonthly products whichare described beloTable 2). Higher temporal resolution satellite
products were considered for analysis but comparison wislitundata suggestettiey do not notably improvesorrelations

with in-situ data. Thereforéheseresults @ not justify their use over monthly products.

Table 2: Satellite sea surface salinity products used in this study and their start and end dates, and native and used temporal and
grid resolutions

SSSProducts Start date | End date | Native Temporal | Native grid | Grid
used used temporal resolution | resolution resolution

resolution used used

L3 LOCEAN | 2010-06 201912 Monthly Monthly 25km EASE 0.25°

SMOS Artic v1.1

L3 BEC SMOS| 201101 201912 | 3day Monthly 25km EASE 0.25°

ARCTIC+ v3.1

L3 JPL SMAP v5| 201504 202201 Monthly Monthly 0.25° 0.25°

L3 RSS SMAP v4 201504 202201 Monthly Monthly 0.25° 0.25°

The two SMAP products are global products and are not specific for the Arctic: JPL (Jet Propulsion Laboratory) v5 and RSS
vd (Remote Sensing Systems). Given the SMAP sat e04lto t eds
202201. The SMARIPL product provides a large coverage including close to the sea ice edge. To be comparable with other
products, data are masked to only include SSS wher8SSeincertainty provided in the product is lower tHapss. No

masking is used for the threehet products.

The two SMOS products are Arctfacean focused productthe L3 BEC (Barcelona Expert Centre) Arctic+ v3.1 and L3
LOCEAN (Laboratory of Ocean and Climatology) Arctic vprbducts(Martinez et al., 2021; Supply et al., 2028onthly

means are calculated from thed8y BEC producto enablecomparison with the other monthly satellite products. Their
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common period of data availability is 2001 to 201912. The two SMOS products are regridded ontegular0.25° grid

(consistent with the SMAP gridyr easier comparison witleanalysis anéh-situ data

175
SST measurements are taken fréma gjapfilled L4 CCI (Climate Change Initiative) SST CDR (Climate Data Record) v2.1
(Merchant et al., 20197 monthly product of this data regridd at 0.1 ° resolution is used over the SSS satellite period (2010
to 2021).

180
2.2 Methods

We focus on September as the month of maximum open water area and hence the largest area ahdatediite datafor

comparison with reanalysis produc®yvo Septembers are shown for comparison of how well interannual variability is
185 captured in each salite product: 2016, a year of predominant eastward wind and 2019, a year of predominant westward wind

(Figure 2, Figure3). This study does not consider variability in SSS below 20 pss due to the sparsisitafabservations

with SSS values below this thresholds is shown in section 3.1, UISMAP and LOCEAN SMOS are found to agree

particularly well so are used for further analysis.

190 To investigate the contribution of key drivers to Laptev Sea interannual variabilggged correlation analysis is conducted
betweenGRO runoff, ERA5eastwardturbulent surface stress and GLORI2Y1 SSS, SST and Sl@ver the full
GLORYS12V1 timeserie19932020) Pearson correlation coefficients are calculated between cumulative GRO runoff until
spring (Julian day 150), summer (Juliday 250) and over the full year (Julian day 388)l GLORYS12V1 September SSS
for each gridcell (Figure4). The same correlations are calculated VBIhORYS12V1 SeptembeSST and SIC at each grid

195 cell (Figureb, Figure6).

Pearsorcorrelationcoefficiens werealso calculatedbetweenERAS eastward ttbulent surface stress in April, May, June,

July, August anéeptember and GLORYIV1 September SS@ver 19932020)in each griccell to identify the months that

appear to most strongly drive variability in September G&fure4). The same correlations are calculatedr the same time
200 period (19932020)with GLORYSL2V1 SeptembeBST and SIC at each gragll (Figure5, Figure6).

To identify years of apomalous eastward/westward wind over shertersatellite timeserieshe mearERAS eastward and
northward turbulent surface strem® calculated for June tAugustoverthe Laptev 8ashelf: 120-160 °E, 70-80 °N. The
period of Jme to Augusts chosen because of the particularly strong correlations fioutiek lagged correlation analysis

205 between eastward turbulent surface stress in June, July and August and GL2ORSeptembeSSS Figure4). A three
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monthmeanis choserio reducethe hightemporalvariability in wind stress (x 0.05 N #and only keep the lower frequency

signal the ocean readp.

Themean AOI for June to Auguit calculated for comparison witlaptev Seaastward turbulent surface strésselate local
210 wind stress tdargescaleatmospheric circulatio(Figure 7). The correlation between local eastward turbulent surface stress
and the AOI is calculated ovtre satellite timeseries (20:BD22)and over a longer timeseries (192@22) Correlations a&
also calculated between spring runoff and eastward turbulent surface stress and AOI over the satellite times&@22§2010
and over a longer timeseries (192322) Correlations were also calculated oedongertimescale (1992022)to ensure
robushess and consistency of correlations found.
215
To be able to calculate fAeast war lik® years a maximesandwanimdnd eaSv&ai® a n
turbulent surface stresse identified for each of the two satellite periods (SMOS: 22020 and SMAP : 2013022). The
three years of maximum eastward turbulent surface siregfentified to be 2012, 2016 dr2017 over the SMOS timeseries,
and identified to be 2016, 2017 and 2021 over the SMAP timegqé&igsre 7). Conversely, the three years of westward
220 (minimum eastwal) turbulent surface stresseidentified to be 2011, 2013 and 2019 over the SMOS timeseries, and 2015,
2019 and 2020 over the SMAP timeseries.

The fAeast war d & thé&Sd@culaten aspthe snean ef the three most eastward ye@tsIBYS12V1SSS and
LOCEAN SMOS (2012, 2016, 2017), and for JPL SMAP (2016, 2017, 2024)e fAwe st war d 0s cdicBl&edc o mp

225 as the mean of the three most westward year€E@RYS12V1SSS and LOCEAN SMOS (2011, 2013, 2019) and for JPL
SMAP (2015, 2019, 2020)The same yearareused t o <cal cul ate feastwardo and
GLORYS12V1SST and L4 v2.1 CCI SST as well as ®@tORYS12V1SIC.



3 Results

230 3.1 Comparison of SSS products

235

2016

September SSS

-1 0 1
SSS diff 2019 - 2016
Figure 2: Laptev Sea seaurface salinity field in September (9) 2016l€ft) and 2019 (middle) and the difference between 2016 and

2019 ¢ight) for the CMEMS GLORYS12V1 reanalysis (top) and foreach ofthe 4 satellite products (RSS SMAP, JPL SMP,
LOCEAN SMOS, BEC SMOS) top to bottom). ERA5 mean wind speed for JunéAugust are overlaid on theGLORYS12V1 SSS
field with a box over the region of interest (7€80°N, 120160°E). The GLORYS12V1 30% sea ice concentration contour is also
overlaid as a black line over theGLORYS12V1 SSS field. Insitu data for late September 2016 and early October 2019 are overlaid

on satellite products using the same colour scale.
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There & closeagreemenbetwea the September SSS patterfrdhORYS12V1andall satellite September SSS produict
bothyears compared-{gure 2). The SSS off the continentdledf (> 100 m) or abve 75 °N § typically > 28pss in both years
analysed and in bothr@ducts. SSS generally decreases with proximity to shore sdow/ést near the outflow of theena

River, around 130 °E, with salinity values as low as 10 pss nearshore. Thialioity @rea (< 20 pss) extendsensiderably

to the East of théena Riveroutflow 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 stamd as having notablgifferentpatterns of Laptev SSS, with differences in SSS of 8yess
between years in adhatellite produc GLORYS12V1SSSand all satellite products except BE&pture the san@SSpatterrs

as insitu data from cruises in all yeayboverlap (2016 and 2019 shown in Fig. 1)2016, the freshest salinities are coastally
confined and dmot travel far off the continental shelf. In 2018e ffreshest salinities travebnsideraly further offshore and
extendover most of the Westerraptev and East Siberian Sea.

Despite the strong overall similarity between gridgeoducts, notable differenceseavisible between hsitu data and both

the satellite produstand GLORYS12V1 SS3n 2019, he fresh layer appears to extdndher offshore in irsitu data than

in GLORYS12V1(Figure2). LOCEAN, JPL and RSS appeardapture this extended plume betteut still do not captre

the full extent visible in irsitu dataThis difference is likely primarily due to the temporal mismatch betweerseptember
monthly mearGLORY S12V1and satellite producend insitu 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 suggestiohlowever, the better representation of plume extent in LOCEAN, JPL and RSS, as compared to
GLORYS12V1, suggests therhporal mismatch is not the only driver of this difference.

Most of thesatelliteproducts (LOCEAN SMOS and both SMAP produetsil GLORYS12VInanage to capture a consistent
pattern of iterannual variabilityand agree well with ksitu data(Figure 2, Appendix A Figure A5, Figure A6). However,

notably different patterns are observed in the BEC produtich also has a lower correlation withditu data (= 0.79
AppendixA Table A2). All other satellite products analysed appear to capture the SSS pattern described above for 2016 and
2019and correlate strongly with igitu data (> 0.9, AppendixA Table A?). This difference in SSS pattern agrees well with

the two modes of SSS variability previously observed isitin data and described by other studies in this redamtrenko

et al., 2005; Osadchiev et al., 202@f the four products considered here, the LOCEAN SMOS @actil JPL SMAP products
captureparticularly consistent patterns of interannual variabditglhave strongest correlatiomsth in-situ data(r=0.92 for
LOCEAN, r=0.95 for JPL, AppendipA Table A?). This is notablggiven they originate from different satellites and are
generated from different processing@iithms. These two prodigc{LOCEAN SMOS and JPL SMAP)e&further use in

this study for their strong similarity and good correlation values witlsiito data.
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GLORYS12V1iand the two satellite producteowsimilar areas of open water / 06 retrievalgFigure 2). In 2019, the area

of open waterd particularly large irGLORYS12V1and in all satellite products, with no regions of notable sea ice ¢wher

SIC > 30%) below 8C°N throughout the Laptev and E&iberian Seas. In 2016, theserhore extensive sea ice and few

satellite SSS retrievals in the Laptev Sea but a large area of open water in the East SibesibictSeatendsonsiderably
275 offshoreto over 80 °N.
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GLORYS 2016-9

LOCEAN 2016: #0096
00 000000000

JPL 2016:

900800000 0900000

Depth (m)

73 74 75 76 77

Latitude
GLORYSY019-9

LOCEAN 2019: 0000008800000000000
000000000000000000000000000000

JPL 2019:

Depth (m)

73 74 75 76 77
Latitude

20 22 24 26 28
Salinity along the transect shown on the map

Figure 3: GLORYS12V1 salinity vertical transect in 2016 (top) and 2019 (bottom) along red transect interpolated through 4situ

280 data (shown in map of JPL SMAP SSS in bottom left for each year) with isitu data overlaid with black rings and satellite data for
that transect in JPL SMAP and LOCEAN SMOS SSS shown as a line of points. JPL SMAP data is made sédmnsparent where
the provided SMAP SSSuncertainty is > 1 pss.
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285 GLORYS12Vifeaturesa welkmixed plume in the shallowest regions of the sire016 and 2019Figure3), and in almost
all other years considered. Hencegdteesvell with in-situ data in regins and years where the pluraavellmixed nearshore
(e.9.2016 shown above and 198nd 2000 not shown) but fatts represent years with a stratified plume nearshege2019
shown above andd®8 and2011 not show). 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 shallowlesihwaly appliedto estimate

290 fresh water contenUmbert et al., 2021)in all yeas examined, irsitu data shows the fresh layer (< 15 pss)elaively

shallow and only extendsetween 5 and 10m, shallower than Kara due to weaker tidal mixing (Osadchiev et al., 2021).

In 2019, differences in surface plume extent are visible bet@&RYS12V1 and insitu data.Some of these differences
aredueto spatietemporal mismatch of September monthly 1/12 degree data with peittiidata (in late September/early

295 October), as vertical stratification is very seasonally and regionally lerfabd bathymetrically controlled) in this region
(Janout et al., 2020However, both satellite products more closely resemble the extended plume visibsitindatathan
GLORYS12V1

In addition, pevious studies showonsiderable interarual variability in the lowest values 8SS at the outflow of thieena

300 River. Whilst incertainyears, therare only very smallegions of SSS below 20 pss (2014), in other yemtsbleregions of
SSS as low as 6 psave been observed (in 2013anout et al., 2020Within GLORYS12V], the shdbw surface layers
consistentlymore saline (between 1B pss) than ksitu dataand salinities below 20 psge typicly very confined to the
shelf. Although thee ae few satellite SSS retrievals near the coast (due to land contaminagarghoresSSare notably
lower and quite variablgl0-20 ps3in LOCEAN SMOS and JPL SMA&rdmore consistent with #situ dataOverall,within

305 shallow shelf regions (< 20 mbhe more saline surface waters, freshidssurfacavaters and less extensive surface plumes
suggest GLORYS12V1 is too wethixed compared to isitu data. This is reinforced by the weak tidal influence in this region
and as there is rarely sufficient whadiven mixing to break up such strong stratificat{ofonova et al., 2014; Hélemann et
al., 2011; Janout and Lenn, 2014; Shakhova et al., 2014)

310 Salinity stratification on the shelsimuch stronger than that temperature andiby far the dminant control on density in
this region Appendix B Figure A7, Osadchiev et al., 2021B5ST, and in turn stratification in temperature also vary
considerably over #h course of September, so a higher temporal resolution analysis would be needed for investigating
temperature stratification dynamicshis is visible from the difference betweensditu data (fromlate September/early
Octobej and September meaatellite/reanalysis SST dappendixB FigureA?2). Therefore, this study focuses on salinity

315 stratification in this region, which is more consistent dlercoursef September, anchore appropriately represented by the

monthly data used for analysis in this study.
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3.2Impact of runoff and wind stresson SS$SST and SICin GLORYS12V1

METSS 3MM 6-8 Runoff 150

-0.75 0.00 0.75
METSS/Runoff vs GLORYS SSS 9 corr

Figure 4: Correlation between GLORYS12V1 September SS8nd the threemonth mean ERA5 eastward turbulent surface stress
(METSS) over June to August (68) (left) over 19932022.Correlation between GLORYS12V1 September SSS armimulative Lena

River runoff in spring (Julian day 150)(right) over 19932022.Regi ons wher e correl ations are sta
denoted by the white contour and brighter colours.

There is aignificant spatial pattern in correlation betwettre threemonth (Juné¢o August)mean eastwarditbulent surface
stressand GLORYS12V1 September SSteld for the19932022time period(Figure4). This pattern consists @ strong
negative correlation nearshdre-0.75)and a strong positive correlation offsh@re0.75), particularly in the East Siberian
SeaThenegative correlation suggests strong eastward wind stress is consistent with fresher SSS ridee Sitiameg positive
correlations offshore are present, albeit in different regitmeughout June, July and August, as well as in the -ttmagh
mean(AppendixB Figure A3). However, the negative correlation nearshore is only present in July and Auguostll region
of negative correlatio(< -0.75)is also present just East of the Vilkitsky Straitd is visible in all three monthBhese strong

correlations are statistically significant ak .05 (highlighted by the white contour)

A weak nonsignificant spatial pattern icorrelation is foundbetweercumulativespringrunoff and GLORYS12V1 SSShis
pattern suggests a positive correlation nearshore, particularly in the East SiberemdSeaegative correlation offshofée
weak positive correlation nearshore suggestseiases 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 nearsho
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freshening However,there is almost nowhere that tlugrrelation isstatistically significantWhilst there are some regions
that yield significant p values, these regions are all very smali@andt appear to depict a relationship with a physical basis
The spatial patterns of correlation between GLORY&1Zeptember SSS and both cumulative summer and total annual

runoff show similar correlations batre even weaker aradenot statistically significant (Appendi& Figure A3).

Similar correlation analyses conductagtween runoff and eastward surface stveifls SSS inthe other reanalysis products

yielded similar spatiatorrelation patterns to those visiblera inGLORYS12V1.

METSS 3MM 6-8 Runoff 150

<

A D

—-0.75 0.00 0.75
METSS/Runoff vs GLORYS SST 9 corr

Figure 5: Correlation between GLORYS12V1 September SSand the threemonth mean ERA5 eastward turbulent surface stress
(METSS) over June to August (68) (left) over 19932022. Correlation betweerGLORYS12V1 September S$ and cumulative Lena

River runoff in spring (Julian day 150 (right) over 19932022.Regi ons wher e correl ations are sta
denoted by the white contour and brighter colours.

Figure5 depicts thestrongspatialpattern ofcorrelation betweethe threemonth (June to August) mean eastward turbulent
surface stresand GLORYS12V1 SSTThis spatial pattern consists stfong negative correlations {8.75) near the edge of

the continental shelfThis negative correlation suggests eastward wind stress is consistent with cooler SSTs near the edge of
the continental sheffand that westwardind stress is consistent with warmer SSTs in this rggibne region of negative

correlationdiffers in region between June and August (Apperiiigure Ad). It is closest to shore in Jurad appears to
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move offshore oveluly and AugustWhilst this negative correlation is mainly confined to the Laptevi®dane and August,

it extenddnto the East Siberian S@aJuly. No significantcorrelation is present nearshameany month

A weak positive correlation is present between cumulative spring runoff and GLORY S12\tiir8&Jhout the Laptev Sea.

This positively correlation is not statistically significant anywhere except in theate¥rstic (> 80 °N).This positive
correlation suggests increased spring runoff is consistent with warmer SSTs throughout the Lapide Seatial patterns

of correlation between GLORYS12V1 September SST and both cumulative summer and total annual runoff show similar

correlations but are even weaker and are not statistically significant (Apg&Ritxire Ad).

METSS 3MM 6-8 Runoff 150
e P i

.

-0.75 0.00 0.75
METSS/Runoff vs GLORYS SIC 9 corr

Figure 6: Correlation between GLORYS12V1 September SIGnd the threemonth mean ERA5 eastward turbulent surface stress
(METSS) mean over June to August () (left). Correlation between GLORYS12V1 September &£ and spring cumulative Lena

River runoff (to Julian day 150)(right) over 19932022 Regionswherecor el ati ons are statistically s
by the white contour and brighter colours.

Figure 6 depicts thestrong spatiapattern ofcorrelation betweethe threemonth (June to August) mean eastward turbulent
surface stresand GLORYS12V1 SICThis pattern suggestdarge region of strong positive correlation is present just off the
continental shelf in the dptev Seand a region of strong negative correlatispresentn the central Arctic (> 85 °N)n
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 westard wind stress is consistent with decreased SIC in the northern Laptev Sea and increased SIC
in the central Arctic).
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375 A large region ofweak negative correlation is present betwesmulativespring runoff and GLORYS12V1, suggesting
increased spring runoff is consistent with lower SIC. This negative correlation is present throughout almost all ti&=haptev
but is only significan{p < 0.05)near 84°N.

3.3 Drivers of interannual variability in SeptemberSSS

380 The mean atmospheric circulation patternepresented iRigure?, calculated as the mean surface stress over the box defined
in Figure 2. Values areotably differentin 2016 and 2019Fgure 2). In 2016, theres predominantly cyclonic circulation,
with strong Eastward winds dominant over the Laptev Sea shelf, and Northwardonésdat over the region of the Laptev
Segjust off the continental shellin 2019, theresi predominantly anticyclonic circulation with Nonbestward winds dominant
over the Laptev Sea shelf. The anticyclonic circulation \asibl2019 more closely resbiesthe mean circulation pattern

385 visibleover 20112020(Figure 1).

ERA5 TSS in 6-8 over (70-80N, 120-160E) over 2010-2022  1e10
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Figure 7: Three-month (June to August)mean ERAS eastward (black solid) and northward (black dashed) turbulent surface stress
over 70-80 North and 120160East. Overlaid are dots indicating the most eastward (red dots) andestward (blue dots) years chosen

390 for analysis for both the longer SMOSGLORYS12V1 timeseries(2011-2020) (darker red and blue dots) and the shorter SMAP
timeseries (20152022) (lighter red and blue dots). The range of the maximum and minimum eastward turbulent surface stress
between June ad August is shaded in greySpring cumulative Lena River runoff (until the 150" Julian day) (green) and mean June
to August arctic oscillation index (AOI) (orange) are overlaid.
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The magnitude of variability in mean eastward turbulent surface stress (z 0.6% &tross the entire timeseries is notably
larger than that oforthward turbulent surface stress, which remained within + 0.02°NTime years bhighest eastward
turbulent wind stresare2012, 2016, 2017 over the SMOS timeseries and 2016, 2017 and 2021 over the SMAP timeseries.
The years of strongest westward turbulent wind saes2011, 2013 and 2019 over the SMOS timeseries and 2015, 2019 and
2020 over the SMAP timeserida.years where the mean eaatd turbulent surface stressriegative (denoting predominant
westward turbulent surface stres$lere 5 considerably moraithin-year variability (typically > 0.05 N n? in eastward

turbulent surface stress in the months spanning Julsegost(denoted by the grey overlay Figure7).

There is goocdgreemenbetween the thremonth mean oéastward turbulent surface stresel AOlovereither20102022

(r =0.65, p=0.02)or 19932022(r = 0.49 p=0.01). The AOI is highest ir2016, 2017 and 2018 over the SMOS timeseries

and 2017, 2018 and 2021 over the SMAP timeseries. The AOI is lowest in 2011, 2015 and 2019 over the SMOS timeserie:
and 2015, 2019 and 2020 over the SMAP timeseries.

Spring cumulative runoff does nsiggnificantlyco-vary with turbulent surface stresger 20162022(r=-0.30 p=0.3.) or over
19932022 ¢ =-0.29, p=0.11). Spring cumulative runoff also does not significanthwary withthe AOlover 201602022(r
=-0.39, p=0.19 or over 1993022 (r=-0.20, p= 0.27) Spring runoff is highest i2012, 2013 an@014over the SMOS
timeseries and 2015, 2020 and 2021 over the SMAP timseries. Spring ruoefést in 2016, 2017 and 20b8er both the
SMOS and SMAP tiraseriesInterannual variability in runoff, turbulent surface stress and in the AOI over the short satellite

period visible inFigure7 areconsistent with interannual variability over longer time periods (not shown).
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SSS composite under set wind forcing

—4 -2 0 2
SSS composite Eward - Wward

Figure 8: Eastward (E, top row) and westward (W, middle row) composites calculateébr (left to right) GLORYS12V1 SSS,

LOCEAN SMOS and JPL SMAP, from the identified three most eastward and westward yeargover 20112020 for GLORYS12V1

and LOCEAN SMOS and over 20152022for JPL SMAP). The difference composite (eastward westward) for each product is
420 shown on the bottom row. TheGLORYS12V1 mean 30% sea ice concentration contour is overlaid on the respective composite plots.
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The eastward/westwarcbmpositesof all three SSSproducts agrestrongly, regardless of the differing years chosen for
analysis Figure 8). The composite analyshghlightsthe differingpattern of SSSinder positive (eastward) and negative
(westward)zonal wind.The eastward composite ckdg resemblethe 2016 SSS pattern visibleRigure 2, and the westard
composite closely resemblése 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 variabibtyegitim.Years with

strong westward wind hawmnsiderable offshore transport, and northward spreading of the plume, denoted by the presence
of anomalous fresh water in the Northern Lapteva@ebrelatively higher salinity water in the East Siberian Skarnatvely,

years of eastward windeassociated with onshaxad alongshorgansport, and a coastally confined plume, denoted by more

saline waters in the Northern Laptev Sea and fresher waters in the Sdusthew andEast Siberian Sea

The omposite difference plotsrovide a cleasr visualisation of theNorth/South ¢ffshorénearshorellipole in freshwater
transport visible under eastward/westward wind forcifige 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 compositdis agreement suggests that although the three products have different mean SSS states, they

capture veryigilar patterns of variability.

Thereis anotable difference iBIC in years of westward and eastward wind forcing in E8tIORYS12V1and the satellite
data(indicated by the absence $8Sdata) Under westward wind forcing, theaptevSIC is smaller in the Laptev Seand
the 30%SIC contouris nearer shorén the East Siberian Sea. The opposgdrue undeeastward wind forcing, with a larger
SIC in the Laptev Seand the 30%&IC contourfurther offshordn the East Siberian Sea.
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3.4Impact of variability in wind forcing on SST
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445  Figure 9: Eastward (E, top row) and westward (W, middle row) composites calculated from the identified three most eastward and
westward yearsover 20112020for (left to right) GLORYS12V1 SST andL4 CCI SST (masked ty 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 @LORYS12V1 in black on both eastward
and westward composite plots.
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Similar toFigure 8, Figure9 represents the eastward and westward composites of GLORYS12V1 and ESA CEIgET

9). Temperatures < IC are typically present off the continental shelf in both composites (and all years analysed), with a rapid
transition in temperature present at the 388 margin Eigure9). On the shelf, temperatureseaypically warmer (> £C)

and riverine plumés typically > 2°C, with large regions in excess of@. The presence othesetwo opposingwater masses

in GLORYS12V1(i.e. the coldsalty offshore water and the warfreshriver plume)and themixing between them islearly
visiblein GLORYSL2V1T-S plots Appendix BFigureA7).

The eastward/westward composites of both products agree very well and suggest notable differences in SST pattern und
differing zonal wind forcinglUnder eastward wind forcing, both GLORYS12V1 and CCI SST composites show that warm
SST anomalies areonfined to the southern Laptev Sea and travel alongshore towards the East Siberian Sea. This eastwarc
wind state $ coincident with a larger Slin the Laptev Sea and a 3084C contour nearer shore in the East Siberian Sea.
Under westward wind forcing, lo SST composites show warm SST anomalies are mostly advected offshore to the Northern
Laptev Sea. Té westward wind state icoincident with lower & in the Laptev Sea and a 3084C concentratiorcontour

further from shore in the East Siberian Sea. Aollicomposite pattern is also visible in the SST difference compasite

visible in the SSS difference composite. However, the difference composite between eastward and westward wind state
presents in an East/West direction rather than a North/Soettidn. The differing relationship between SST and SSS under
eastward and westward wind forcingalso denoted by the differing$ plot patternand correlation coefficientsnderyears

of eastward and westward wind forcjngharacterized by the presenofwarm salty andtold fresh water under westward

wind forcing (Appendix BFigureA7).

4 Discussion
4.1 Runoff as a driver of SS$SSTand SIC variability

Spring,summerandannualLena Riverunoff do notappear to play a role in controlling GLORYS12V1 September, SS$
or SICin the Laptev or East Siberian shelf sgasmulative spring runoffs most strongf correlated to variability in SSS,
SST and SICsuggesting the timing of the initial peak in runoff mere ofan impact onLaptev Sea dynamidahan the
cumulativerunoff in summer or the total runoff over the yedowever,the correlations witlspring cumulative runofare

almost entirely not significant.

It might be expected that years with the largest magnitude of cumwativg /summer / annual river disalge would have
the largest fresh surface layer (< 20 pss) as previously suggdstesnulative annual discharg&mbert et al., 2021)
However,the GLORYS12V1 correlation analysis suggests no significant correlagan the outflow of théena River

between SSS and cumulative runaffany time of yeaif anything the oppositgatternappeargrue nearshore in the East
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Siberian Sea: with increases in spring runoff driviighersalinities near the coaahd low salinities offshord he differing
result here, compared tdmbert et al. (20213ppears to bénkedto differences in BEC and GLORYS S38d the variability
in fresh surface layer arddo alternativemechanism talateexplain theopposing behaviowbservecere It is possible there
is some negative feedback whereby earlier spring runoff drives earlier sea ice retreat, and in tumtegpagtn ofvind

influence and spreads the plume further offshel@vever, this counterintuitive correlation warrants further investigation.

The short nature of the satellite SSS timeseries prevents-@d&pth correlation analysis wittunoff as wa done with
GLORYS12V1butvisual comparisoindicatesno clear patterbetweerinterannual variabilityn spring runoff and SS&ver

the SMOSor SMAPsatellite period. This comparisoris alsocomplicated by the interannually varying-fteeregion, which
determines the total area of SSS retrievals and in turn, any derived fresh surface lay®varaas period, spring runoff is
lowest in 2016, 2017 and 2018. Whilst the fresh surface layer is extensive in 2018, it is very small alig coefitaed in

2016 and 2017These two years were excluded from analysldrirbert et al.(2021)due to lack of SSS data, which partially
explains the differing results hei&hilst the area of satellite SSS retrievals is relatively small in these years compared to other
years analysed, the edge of the plume is cleaslple 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 anduhathere is no reason to exclude these
years from analysi€onversely, gring runof is highest i2012, 2013 and 2014gain, there is no conclusivBSSpattern as

the fresh surface layer ielatively average irall three of these year$he inconsistent responda satellite datasuggests
cumulativespringrunoff is not a major driveof interannual variability irSSS pattern, as suggested from GLORYS12V1

and ashaspreviouslybeensuggestetby other studie§Osadchiev et al., 2021)

4.2 Wind variability as driver of SSS variability

Previous studies usirgparse irsitu data have suggested wind forcing appears to drive some variability in freshwater transport
(Dmitrenko et al., 20050Qsadchiev et al., 2021patellite SSS data shown hgmvides a picture of SSS variability and
confirms what haspreviouslyonly been suggested from-gitu data thatzonalwind forcing is the dominant driver of Laptev
SSS.Satellite SSS data algwovides a clear, complete visualization of differences in freshwater tratisgmugihout the sea

ice free Laptev and East Siberian se@ader different wind regimeaugmenting the scattered view available frorsitn data.
Westward wind driveconsideable 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 Northernptev Sea and fresher waters in the Southern East Siberian Sea. Given the different
eastward and westward years chosen for composite analysis for SM@MaR] the agreement in eastward/westwags
composites between JPL SMAP and LOCEAN SMOS prodigtidifies this finding
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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 currenthaggbksted to

almost completely align with wind direction or to be transported°®~t6Che right(Dmitrenko et al., 2005; Kubryakov et al.,

2016; Zatsepmi et al., 2015)The strong dominance of the zonal over meridional wind component observedt¢ne strong
North/South dipole observed in SSS composite difference gtetsonsistent witkthis suggestion that thell Ekman spiral

doesnodt mani fest .

Meridional wind stress also does appear to play a role in plume transport but only in the absence of strong zonal wind stres:
This has previously been shown to be true for both Z04dout et al., 202Gnd 2018 Tarasenko et al., 2021yhere the

wind is primarily northwestward and frestater is transported directly offshore. Both LOCEAN SMOS and JPL SMAP
support this.

There has historically been some debate asaadle of the AOI in controlling SSS variability, both loca{Bauch et al.,
2010; Janout et al., 2015; Steele and Ermold, 2G0%) on a full Arctic basin sca{®orison et al., 2012; Rabe et #014)
The mean eastward zoralrface stress in this regios found to be correlated to the mean A®IuneAugustover 1993
2022(r = 0.49), and this correlatn is particularly strong over theatellite period (201:2022) (r> 0.64).

Very similarspatial patternsra found when calculating composites from the three years of maximum and minimum (June
September) AOI as when calculating composites from years of maximum and minimurA(@usd ERAS zonal surface

stress (not shown). The similar sphtpatterns highlight that local mdl variability in this regions predominantly governed

by largescale dynamics over this period. The considerable variability in correlation strength (depending on time period
analysed) suggests there may be some degadability in the extent to which the AOI controls local wind forcing in this
region. In addition, the decline in summer sea ice will increase the area of atmospheric influence and in turn cowld alter ho

strongly coupled the AOI is to local wind forciirgthis region.

4.3 Vertical distribution of plume

Nearshore irsitu data suggestsahthe two modes of SSS variability, visible under eastward/westward wind forcing appear
to be related to very different stratification dynamiegyure3). In 2016, insitu andGLORYS12V1SSS agree particularly

well and show a welinixed very fresh plume nearshdfeigure 3), likely driven by the strong consistent onshore Ekman
transport driving downwellingOsadchiev et al., 2021Jhis year (2016) stood out as having a particularly well mixed plume
compared to all other isitu data in this region, the extent of which had not previously been obgéavexit et al., 2020)A
similar dynamic apgars to be visible in 1994, whestrong eastward wind stresscbincident with a coastally confined and
well-mixed plume (not shown but visible in-gitu data an@SLORYS12V1SSS and SST
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Conversely, irsitu data showed a strongly stratified freskelay 2008, 2011 and 2019, even in shallow regions on the shelf
(Osadchiev et al., 2021yhich is poorly represented nearshoréhORYS12V1(Figure3). The strong stratification on the

shelf, visible in irsitu 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 strongetmshioteansport appeared to

drive the welimixed plume observed. Hence, despite that the shallow shelf is below the calculated Ekman depth for this region
(37 m)(Baumann etl., 2018; Tarasenko et al., 202Ekman transport plays a role in controlling vertical stratification, at
least in years where eastward wind stress drives onshore transport and mixing / dowiikeziingnd Helfrich, 2002)t is

also possible that the magnitude of rivesdtiarge is a dominant control on the vertical distributib8SS, given the is no

conclusive evidence that tiserface freshayervarieswith cumulativerunoff.

This hypothesis was not tested as the constantmigtd plume nearshore sugge®ksORYSL2V1 is not capable of fully
representing plume stratification dynamics in this complex environ@dmér model output was considereddse {ncluding
CMEMS TOPAZ GLORYS2V4, ORASS5, GloSea5/FOAM, CGLORSut all models considereshowthe shallow shelf to
be weltmixed in all years considere@he challenge of accurately representing mixing/stratification dynamics in Arctic
shallow shelf seas has been widely docume@iadout et al., 2020; Hordoir et al., 202@)ven all modelsisedhere have
many vertical levels but are all (except CMEMS TOPAZ) devel grids, itis likely the overmixing issue ia result ofz-
level vertical grids, as previously suggesf@dpaia et al.2023; Wise et al., 2022; Heuzé et al., 20EB3)en in years with a
mostly wellmixed plume (EG 2016)n-situ data typically showa more saline layer at depth in cemtagégions on the shelf,
which is almost never captured BLORYS12V1 Thechallenge of accurately modelling stratification in Arctic shallow shelf
seas and theery limited availability of insitu data on the shelf prevergsmore indepth analysis of the representation of
vertical plume structure withirGLORYS12V1 It may be useful for future studies to considethé inclusion ofinterannual

runoff forcing would improve representation of stratification dynamics.

4.4 Sea surface temperaturée sea ice concentratiorvariability

SSTis known to be a useful indicator of plume location in this reg{®mitrenko et al., 2005; Osadchiev et al., 2021;
Tarasenko et al., 2021puring the summei,ena Riverwater is typically at around 18C before entering the Laptev Sea,
which ismuch warmer than the typical S®€low sea ice of 0 °C (Juhls et al., 2020)This se$ up the gradient in SST that
ispresenbver the Laptev Se@ppendixA FigureA?2), with temperatures 0 °C off the continental shelf and below sea ice
and temperatures 4 °C present over much of the shelf. Similar reshligsepreviously been shown from-gitu data, with
offshore SSTs typicall 0 °C and SSTs near the mouth of thtena Rivertypically > 3 °C and up to 10 °C in the last 2
decadegOsadchiev et al., 2021This represents a significant increase in Septembershesg SSTover the last several
decadegKraineva and Golubeva, 2022; Polyakov et al., 2005)

26



580

585

590

595

600

605

610

Many studies have considered the dominant drivers of SSS interannual variability and of the seasonal and decadal variabilit
in SST(Janoutkt al., 2020; Osadchiev et al., 202d)tfew have considered whether SSS and SSWary with distance from

the mouth of the Lena and in turn what drives interannual variability in SST in this regionagtesicorrelation and
composite analys 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 thei
common driver of interannualariability. This strong correspondence atso highlighted by theignificant correlatiors

between GLORYS12V1 SST and 86S products showmder both eastward and westward wind for¢iagpendix BFigure

AT). The strongcorrelation anatorrespondence betweenstward/westwarSS and SS€omposite®n the shallow Laptev

shelf is unsurprising given that warm and frésima Riverwater dominates oceanic properties in this region.

Whilst the eastward/westward composites appear similar, considerable differences are observed between the SSS and S!
composite differencand correlatiorplots. The SSS compositkfference(eastwarewestward)plots suggest a North/South

dipole where eastward forcing appears to drive onshore /-sastivard transport of fresh SSS anomalies and westward wind
forcing drives offshore / northward transport of fresh SSS anomiaittslaggedcorrelation analysisetweermeaneastward

turbulent surface stress and SSS, ffdtternis highlighted by thelipole between thetrong negate correlation nearshore

and strong positive correlation at the edge of the continental sBGelfiversg), the SST composite (eastwakestward)
difference plots show an East/West dipole where eastward surface stress drives eastward transport of warm SST anomalit
and westward surface stress drives naréstward transport of warm SST anomal®se laggeetorrelation analysis between

June to August eastward turbulent surface stress and SST consists predominantly of a strong negative correlation in th
northern Laptev Sea. Whilst there is a weak region of positive correlation in the East Siberian Seapwldidreate the
East/West dipole described above, it is not significant. The difference in strength of correlation indicates that whdsd west
wind stress drives a strong increase in SST (and/or eastward wind stress a strong decrease in SSThénrtheaptav Sea,
eastward/westward wind stress drives a much smaller change in SST in the East Sibefilaes8edifferences in composite

difference plots likely occudue to feedback cycles between SST;, 9SS and albedo

Hence, whilst the zonal wind plays a key role in controlinth SSS and SST pattertise differences between SSS and SST
composite differencand correlatiorplots highlight that this warm and fresh watan beexposed to very different thermal
andfreshwater forcing after entering the Laptev Séas isreiteratedby thedifference in patterin T-S diagrams under years
of eastward and westward wind forcing, especitdlyGLORYS12V1 SSS and LOCEAN SMOS S&%pendix BFigure
A7). Under eastward wind forcinghere is a very strong correlation betwgahORYS12V1 SST and both GLORYS12V1
SSS and LOCEAN SMOS SSShis strong correlatiosuggets thateastwardwind is the primary driver of the pattern
observedwith any thermal forcing predominantly warming the athewarm, freskriver plume Conversely, under westward
wind forcing, the correlation betwe@lLORYS12V1 SST and both GLORYS12V1 SSS and LOCEAN SMOSIiS8tich
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weaker and there is a much wider variation3$Sacrosghe full range ofSST. Comparing the responses of SSS and SST
615 providesunique 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 ptotorial wind clearly controls plume propagation
Under eastward wind forcing transports the fresh, warm plume along the coast to the East Siberjam&gherwiseunder

620 westward wind forcing, it transports the plume offshore ta\tbehern Laptev Sea

Zonal wind forcing is als@ dominant control on the spatial distribution of Septen®€rin this region The similarity in
correlation patterns between eastward wind stres&a@RYS12V1 SST and SI&nd the strong correlation beten mean
SST over the Laptev Sea and September SIC highlight the strongly coupled nature of SST and SIC in thi$ieegfimmg

625 correlationprevioudy found between rivewater fraction and melvater fractionsuggests that early plume transport may
drive sea ice melt in that regigBauch et al., 2013However, espite this strong correspondence, the initial heat brought by
river runoff is only suggested to contribute ~10% to sea ice breakup in early €peiag et al., 1994 However, the initial
loss of sea ice neghe river mouth and the dadoloured water that replaces it (high in dissolved and suspended particulate
matter) alters surface albedo and increases heat absorption ceesttigg positive feedbadBauch et al., 2013; Park et al.,

630 2020) As SST are cooler than atmospheric air temperature in summer, SSTs will continue to warm until atmospheric
temperatures start twol in autumn(Janout et al., 2016 he strongly stratified summer halocline also increases isyadifil
the water column, making summer heating more effe¢@sadchiev et al., 202Vhilst 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 playsa small role in altering summer SE3ubinina et al., 2017)Theseprocessedrive the observed differences in

635 composite differencand correlatiomlots The SSS composite difference plots represent just the direct response of SSS to the
zonal wind (offshore/nearshoré)he SST composite difference platisohighlight the impotance of the SST/El positive
feedbackvhereby warm river runofirivessea ice melt, in turn increasing the area of shallow open water exposed to the warm
atmosphere, and further driving SST warming in newly open water regioasnuch stronger correiabh betweerzonalwind
stress and SST and SIC in the northern Laptev Sea, compared to the East Sibemag Beaelated to this SST/SIC positive

640 feedback and thiéming and/or regiorf sea ice retreat.

Under eastward wind forcinghe strong correlation between SST and SSS (Appen#ligldeA7) and the relavely smaller
area of open water in the Laptev Sea suggests atmospheric thermal fitheinaes little influence or only acts to strengthen
the gradient between the warm, fresh plume and the cold, saltier wistigre in years of eastward wind forcitdpwever,
645 under westward wind forcingt is possible that offshore transpdrives earlier and/or more expansive seaniedt, which
wouldin turnalter thearea of open water exposed to the atmospéuedethe length of time it is exposedthe warm summer

atmospheg, in turn driving more dramatic warmingf SSTs This process would explain the notably higher correlation
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between SSS and SST under westward wind foraimdycan explain some tfe difference in pattern in-B diagrams under
years of eastward and westdavind forcing In particular the warm, salty waters visible westward TS plots may be driven
650 by enhanced warming of salty offshore watiat would otherwise be sea ice covered. Alternatively, thasm salty waters
could besignatures ofipwelling modified Lower Halocline Waters with offshore Ekman transpofthe northward plume
expansion under westward wind forcing atsglains the cold, fresh water visible irSTdiagramswhich is likely a product
of mixing between the extended plume ahd cold, shly water that typically sits offshore under sea i¢¢hilst these
hypothess areconsistent with results here, fuettwork would be needed to confirm thisis worth noting that the similarity
655 between SSS and SST eastward/westward compasitbéghe significant correlation between SSS and 8&h under
wedward wind forcinghighlightthe importance of the zonal wind in modulatthgs SST/SC warming positive feedback.

The difference in spatial pattern 8fC under eastward and westward wind forcing and¢kegionship between SST andCSlI
suggests zonal wind is not only a key drigévariability in S and SST but also of LapteVGSIThere have previously been

660 Arctic-wise studies that have suggested that the summeisfgDgood predictor of SeggnberSIC (Ogi et al., 2016)but the
same has not yet been suggested locally in the Laptev Bea@onsistency of SST composites calculated in this study from
years of strong eastward (/westward) turbulent surface stress with that of strongly positive (/negative) AOI yearsdwsipports t

largescalecirculation appears to be the dominant driverariability in this region.

665 Previous work in this region has also suggested that variabilitgsisSunrelated to sea ice dynan{idsadchiev et g2021)
However,both the compositeand correlatioranalysis here show that variability in zonal wind stress does play a role in
controlling SST andsIC. Attributing vaiability in SST and in turrSIC to zonal wind stress is complex due to 8&T/SC

warming positive feedback described abard the strong decline inGVisible in the LapteyKraineva and Golubeva, 2022)

670 However, the spatial pattern GLORYS12V1eastward and westward SST composites is consistent regardless of time period
chosen (the fulGLORYS12V1time period, the LOCEAN SMOS time period or the JPL SMAP time period), suggesting this
relationship doesotonly existdue to the ST trend {.e. if yearsof westward/eastward forcingegpresent arlier/later in the
timeseriey In addition, the spatial pattern of variability visible in both SST composite differencegpidtin eastward
turbulent surface stress and SIC correlation pitdifferentfrom the longterm pattern of SST warmingr SIC decline

675 (between 1992002 and 2012019 inGLORYS12V1), which suggests a pattern of more rapid warming distributed across
the continental shelfThe consistency of SST composites shptlva difference inzatial pattern of SStinder differing wind
forcing and the strength of correlation and similarity in correlation pattern between eastward turbulent surface stress and SST
and SICsupport that wind stress is a control on SST and in 3aptembeSIC. Further work is needed to investigate if
variability in SSS and SST impact later sea ice formamwell as SeptemberGl
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4.5 Implications with climate change

The increase in riverine heat has already contributed to a regional loss of sea ice, aneki Isagdpested that warming river
discharge is a key control on basitde SIC (Dong et al., 2022; Park et al., 202@)is also clear that the increase in river
runoff will increase the freshwater content of the Laptev Sea and have implications for local andvilietitraification
dynamics as well as for local biogeochemistry. Howeverwsak correlations with springummer and annualinoff and
dominance of zonal wind 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.

This is all the more relevant as the dominance of wind stress variability is only likely to increase with the loss absea ice
Prior to the mieR2000s, the Lena plume typically remained strorgghatified and confined to the Laptev Sea shelf, constrained
by the extensive sea ice cover and small region of atmospheric infl(Jammrit et al., 2020 he loss of sea iceger in the
Laptev Sea is enlarging the area in contact with the atmosphere and increasing the time of atocsahegosure.

The strong influence of the AOI on local wind stress in this region, and the increase in correlation strength overelsemhore r
time period, highlights the need to investigate how lagge atmosphericcirculation will change over the Arctito
understand future changes in Laptev Sea freshwater tran§p@trelationship is only likely to become stronger given the
AOl is suggested to have increasedariability in recent decadgg\rmitage et al., 2018; Morison et al., 2024hd as future
sea ice loss will only etngthen coupling between largeale and local wind dynamicBhese changes have already and will
likely continue to expand the region of potential riverine freshwater influglao®ut et al., 2020; Johnson and Polyakov,
2001; Zhuk and Kubryakov, 202ahd inturn have the potential to speed up transport between the shelf seas and central Arctic
(Charette et al., 2020)

However, the impact this will have on the wider Arctic will strongly depend on changes in stratification dynamics inethe Lapt
Sea. Whilst it is likely that sttidication dynamics will change as the region of potential freshwater influence expands, it
remains uncertain what the dominant drivers of this change will be and in turn how this change will manifest. On the one hand
having darger operwater region expsed to winedriven mixing for longer periods couttbeperstratification, increasing the
tendency of a welinixed plumegJanout et al., 2020)This appeared to occur in 2016 and seems likely under strong eastward
wind forcing, where therésh vater is transported eastwards, driving downwelling and mixing and creating a coastally confined
well-mixed plume. Alternatively, the increase in river runoff to the Arctic could strengthen surface stratif{idatmnet al.,

2020; Nummelin eal., 2016)and increas thelikelihood 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 freqtleat, with
increased influence of wind variability with the loss of ssadover(Janout and Lenn, 20143hanges in stratification will be
strongly coupled to changes in sea ice dynamics, not only in summer but also year round, and will have implications for the

timing, magnitude and region of water mass formation / transformation in the L@pmyier et al., 2019)ntangling all
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these compounding changes remains a challenge and will onlyed sgla unified approach bringing together a combination

of different data products and typesluding insitu data, satellite data and model outdiite long satellite SSS tirseries

has, and with the launch tfe Copernicus Imaging Microwave Radiomeg€IMR) will continue tobe, a valuable asset in
understanding Arctic wide freshwater transport. Understanding these processes will be further aided by the launch of highe
resolution satellites for mapping sea surface geostrofand total) velocity, including the Surface Water and Ocean
Topography (SWOT), SeaSTARlarmony andODYSEA (Gommeninger et al., 2019; Morrow et al., 2019; Suess et al.,
2022; Lee et al., 2023)

5 Conclusiors

Satellite SSS agrees well with-situ data(r ©0.84)and provides notable improvement compareGt®RYS12V1SSS(r O
0.80)and the other reanalysis produ@t©0.83)consideredn capturing patterns and variability observed bgita SSSdata.
Hence, satellite SSS provides a useful toolttengthen our current understanding of Laptev Sea and wider Arctic SSS
dynamics, pdicularly in regions with strong SSS gradients. Comparison between satellite-aitd data in this region
highlights the need for more nesurface insitu data for validation in this region, particularly nearshore over the lowest
salinities. The currdnack of nearshore low salinity igitu 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 shelfarhartic
given its highspatial and temporal variability.

GLORYS12V1 and atellite SSS data confirmhat in-situ data has previously suggestidit thezonal windis thedominant

driver of offshorednshoreLena Riverplume transport, with strongpnsensus in SS&tternsunder eastward and westward
wind regimesn GLORYS12V1 LOCEAN SMOS and JPL SMARnnual, summer angpringrunoff do not appear to play
arole in controlling interannual variability in SSSST or ST in the Laptev and East Siberian sédse zonal wind also play

a key role indriving SSTvariability and appearto drive spatial variability irSIC across the Laptev arithst Siberian Seas.

The differences in spatial patterns of SSS and SST under eastward/westward wind Hiaghbirgit the importance of the
zonal wind for dispersing riverine heat and in turn controlling the SETI8sitive feedback, which plays a considerable role

in driving further SST warming in shallow open water regidrffse dominance of local wind stress a driver of salinity and
temperature variabilityand its strong correlation with the AOI and laggale atmospheric circulationighlights the need to
understand hoviocal and largescalewind stress has and will change as the Arctic warms in order to predict changes in
freshwater storage and transport from the Eurasian shelf seas. The interconnected nature of SSSISST thisdregion
highlights the challenge balsothe 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 rdgion wi

impact both this region andider Arcticsea ice dynamics and freshwater transport
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Appendix A

Only observations in the upper 10m are used for comparison with satelli{EidateAl). The same analysis was conducted
using only data in the upper 5m with no significant improvement. The analysis shown here is for the upper 10m to retain as
much data as possible.

Table Al: Cruises, vessels and timperiods of salinity and temperature insitu data used for analysis of vertical profiles and
comparison with satellite data

Cruise Name Vessel Time Period Reference
UDASH dataset (inc| Numerous 20102015 (Behrendt et al., 2017)
NABOS cruises 2013
2015)
NABOS cruise 2018| Akademik 39-17" October 2018 (Janout et al2019)
UCTD Tryoshnikov
Akademik 20" Septembeii 20" October| Supplementary material
Lavrentyev 2016 (Osadchiev et al., 2021
Akademik Mstislav| 239 Septembeii 13" October
Keldysh 2019

All satellite and reanalysis products described above are compared with gata over 2022020. The regridded SMOS

data and GLORYS12V1 reanalysis (on a 0°28rid) are used for comparison with-$itu data. BothPearsorcorrelation
coefficients and roetean square difference (RMSD) values are calculated for each individual product at all collocations
(across the entire area and time perioefween ipsitu data and that product. Correlation coefficients and RMSD values are
also calalated only where all products have a collocation witkiin data. However, over 202920, few insitu observations

are collected sufficiently near the surface (< 10 m) over regions where all satellite products obtain an SSS measuyement (onl
37 collocdions). Therefore, RMSDs and correlation coefficients are also calculated for SMOS products and reanalyses over
the longer SMOS time period (20PD20) to obtain more collocations (228). JPL SMAP and LOCEAN SMOS have
particularly high correlation coeffices and low RMSD values and agree well so are used for further analysis.
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In-situ observations 2010-2020

160°E 14005

100°E
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SSS (psu)

765 Figure Al: In-situ data (<10 m) used for validation of satellite and reanalysis products, coloured by their salinity value. Data with
black circles wee collected over the SMAPperiod (2015present), and those without black circles were collected over the SMOS
period (2010present).
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Table A2: Correlation coefficients from in-situ SSS data < 10m over 2018020 (left) and2010-2020 (right) with GLORYS12V1,
BEC SMOS and LOCEAN SMOS products regridded at &0.25 degree spatial resolutionJPL SMAP in regions where the provided
SSS uncertainty is less than LRSS SMAPand the four CMEMS global ensemble reanalysis products: GLORS2V4, ORASS5,
GloSea5, and GGLORSO05. Correlation coefficients are calculated both at all points where an individual product is collocated with
in-situ data (All obsv <10m) and for only where all products had a collocation point near igitu data (Common dosv <10m). There
are 57 collocations between albroducts over 20152020 and 377 collocations over 2012020.The p values associated with correlation
coefficients are not included but are all << 0.01.

20152020 20102020
All obsv <10m Common obsy All obsv <10m Common obsy
<10m <10m
Num Corr Num Corr Num Corr Num Corr
obsv coeff obsv coeff obsv coeff obsv coeff
GLORYS12V1 222 0.80 57 0.75 1667 0.78 377 0.65
regridded onto 0.25
grid
BEC SMOS regridde¢ 133 0.79 0.79 396 0.76 0.75
onto 0.25° grid
LOCEAN SMOS| 132 0.86 0.92 406 0.84 0.84
regridded onto 0.25
grid
JPL  SMAP (wherg 100 0.92 0.95
uncertainty < 1)
RSS SMAP 67 0.93 0.93
C-GLORSO05 219 0.75 0.73 1672 0.72 377 0.61
GloSea5 219 0.84 0.78 1672 0.88 0.75
GLORYS2Vv4 219 0.81 0.75 1672 0.72 0.48
ORASS5 219 0.85 0.83 1672 0.89 0.80
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Table A3: Root mean square differences (RMSD) from irsitu SSS data < 1t over 20152020 (left) and 201€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 S$& uncertainty is less than 1 RSS SMAP and the four CMEMS global ensemble reanalysis products:
GLORYS2V4, ORASS5, GloSea5, and @LORS05. RMSDs are calculated both at all points where an individual product is
collocated with in-situ data (All obsv <10m) and for only where all products had a collocation point near isitu data (Common obsv
<10m). There are 57 collocations between all products over 202920 and 377 collocations over 2012020.

20152020 20102020
All obsv <10m Common obsy All obsv <10m Common obsy
<10m <10m
Num RMSD | Num RMSD | Num RMSD | Num RMSD
obsv obsv obsv obsv
GLORYS12V1 222 3.16 57 4.28 1667 1.88 377 2.69
regridded onto 0.25
grid
BEC SMOS regridde¢ 133 2.90 3.74 396 2.21 2.25
onto 0.25° grid
LOCEAN SMOS| 132 2.53 2.74 406 2.07 1.97
regridded onto 0.25
grid
JPL SMAP (wherg 100 1.85 2.19
uncertainty < 1)
RSS SMAP 67 2.77 2.16
C-GLORSO05 219 3.75 4.18 1672 2.30 377 2.67
GloSea5 219 2.83 3.88 1672 1.40 2.40
GLORYS2Vv4 219 3.04 3.93 1672 2.14 3.25
ORASS5 219 2.75 3.74 1672 141 2.42

The satellitegproducts show a good agreement witksitu measurements within the top 10m, with a correlation coefficient
typically higher than 0.62 and up to 0.83. The RMSD witlsitn is typically between 1.1 and 1.65. Despite this relatively
high error in RMSD, duéo the large range of SSS observed over this small area (5 to 35), bothsdataset!l correlated.
JPL SMAP, LOCEAN SMOS, and the median sat product stand out as having particularly high correl&i8nhdoefficients
compared to all other producBver the full SMOS period, the LOCEAN product correlates strongly wisitindata (r =
0.83) but the BEC product is less strongly correlated (r = 0.67).
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The collocated irsitu data (common obsv <10m) are all located in low sea ice regio88%<SIC), where satellite SSS
retrievals are possible. Over the Laptev Sea, the strong horizontal gradient in SSS maintains lower salinities ned&shore on t
continental shelf and relatively higher salinities > 30 offshore. Therefore, the salinity rangeddyptunsitu observations

only collocated with one satellite product/GLORYS12V1 typically includes a larger range of salinities (with more SSS values
<30) than that captured by-gitu observations collocated with all products. Hence, the correlatiofictergs of almost all
products are larger when considering albitu observations collocated with that product due to the larger range in SSS than

when considering only isitu observations collocated with all products.

Whilst GLORYS12V1 appears to celate well with insitu data when considering all its collocations (r > 0.79 over 2015
2020 and P 0.78 over 20142020), the correlation deteriorates when only considering observations where all satellite products
have a collocation (r < 0.35 over 202620 and r < 0.63 over 202D20). This same pattern is visible in all other reanalysis
products considered. This decrease in correlation indicates that the reanalyses manage to replicatsdhle laogzontal
gradient in SSS (between the fresh plumnethe 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 dynamjss Reanal
RMSDs from insitu data are also allrger 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 bringhasécttic
process studies.
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810 Appendix B
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Figure A2: GLORYS12V1 SST vertical transect in 2016 (top) and 2019 (bottom) along red transect interpolated through-gitu
data (shown in map of CCI SST in bottom left for each year) with irsitu data overlaid with black rings and satellie data for that
transect in CCl SST shown as a line of points.
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815 Figure A3: Correlation between GLORYS12V1 September SSS and mean eastward turbulent surface stress (METSS) ox@80
North and 120-160 Eastin June (6), July (7), August (8) (left column) over 1992022. Correlation between GLORYS12V1
September SSS andumulative Lena River runoff over the full year (Julian day 365), in summer (Julian day 250) and in spring
(Julian day 150) (right column) over 1992 0 2 2 . Regions where correlations are statis
white contour and brighter colours.
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