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Abstract. Eurasian Rivers provida quarteof total freshwater to the Arctic, maintaining a persistémeish layer that covers
the surface Arctic Ocear.his freshwater export controls Arctic Ocean stratification, circulation, and-bédnsea ice
concentrationThe Lena Riversupplies the largest volume of runoff and plays a key role in this systammafs outflows
into the Laptev Sea as a particularly shallow plume. Previeagurand modelling studies suggest that local wind forcing is
a driver of variability in Laptev sea surface salinity (SB&®)there isno consensusrothe roles of_ena Riverdischarge and
sea ice cover in contributing to this variabildy on the dominant driver of variabilityntil recently, satellite SSS retrievals
were insufficiently accurate for use in the Arctic. However, retreatiagce cover and continuous progrigssatellite product
development have significantly improved SSS retrievals, giving satellite SSS data true potential in thinAhisicegion,
satellite-based SSS is found to agree well witksitu data (r > 0.8) and provides notable improvementapared to the

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

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 dzdskiteSSSea 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 of offshore or onshokena Riverplume transportThe eastward wind confines the plume to the southern
Laptev Sea ahdrives alongshore transport into the East Siberian Sea and westward wind drives offshore plumeittansport
the northern Laptev Sedhis finding isaffirmedby thestrong agreement in SSS pattender eastward and westward wind
regimesin all reanalges and satellite produaised in this studyas well as with irsitu dataThe pattern of SST also varies

with the zonal wind component and drh\apatial variability in sea iceoncentration
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Key Points:

1 The zonal wind component is the dominant drigfLena Rivemplume transport, with strongatterrsin satellite
and reanalysibasedsea surface salinity (SSSga surface temperature (SSifiisea ice concentratiqisIC)
products

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

1 There is no evidence thetimulative spring, summer or annli@na Riverunoff plays a notable role in controlling
interannual surface plume transport.

1 Introduction:

Dramatically warming Arctic surface air temperatures have altered Arctic atmospheric circulattausedcean warming,
an intensification of the hydrological cycle, snow and ice melt, and inare@asgeer runoffOverland and Wang, 2010; Prowse
et al., 2015)These changes have the potential to drive enhanced stratifigath increases in freshwater input (in the form
of runoff and precipitation), or increased mixing (with the loss of sea ice and resulting increasing atrrusgdeieeat and
momentum transfe)PCC (Intergovernmental Ral on Climate Change), 2019)nderstanding the interplay between these

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

The Laptev Sea, within the Eurasian Ar¢fiagurel), provides an ideal region study the interactions between these changes,

as ahotspot of Arctic warming, sea ice loss, and increases in river r{irafheva 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 regian of Arcti
sea ice production and dominant contributor to Aratide thermohbine structure, including to the surface Transpolar Drift

and to the Beaufort Gyidohnson and Polyakp2001; 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 productivifuhls 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 SMOSsatellite 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 corer
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 Arctic, which outflows as a particularly
shallow plume due to éconfined 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 seasoal with very low flow throughout the winter, when thena Riveris partially frozen,

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

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

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

also contribute riverine freshater to some ahewestern and northern Laptev shelf via the Vikit Straight but contributions

vary considerably interannual{yanout et al., 2020, 2015; Osadchiev et al., 20283 ice melt also pvides 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 surtae freshwater is typically characterized by eastward (cyclonic) circulation and weak tidal infl{feofoaova

et al., 2014; Timokhov, 1994This fresh surface layer exhibits considerable interannual variab#itying in meridional
extent by over 500kirandhas been widely studied usingsitu data and model quit (Anderson et al., 2004; Dmitrenko et
al., 2005, 2008; Fofonova et al., 2014; Janout et al., 2020; Osadchiev et al.,2@24hallow Laptev shelf (depth ~26m)

is mostly controlled by wind forcing and bottom fricticeind the strong stratification dhis shallow shelf prevents a full
Ekman spiral from developing and aligns the surface currébidegrees to the right of the wirf®mitrenko et al., 2005;
Kubryakov et al 2016; Osadchiev et al., 2021; Zhuk and Kubryakov, 2@1ihmer 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., 201 7River dischargeariability has also been suggested as a drivluctfuationsin freshwater content
and plume structur@HornerDevine et al., 2015; Umbert et al., 202Hpwever,whilst there is general agreemeiéat 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 typicaly remains in the Laptev Sea fof3years, 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®tjpscale atmospheric circulationthe Arctic
Oscillation Index (AOI) and the initial transport of thresh layer hee been suggested as tmain contra$ on its eventual
transit(Johnson and Polyakov, 2001; Morison et al., 2012

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

cover thatestrictsaccess throughout most of the year. Satellite I%83he potential to be amvaluabletool as saliity 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 dband signal in cold watérashistoricallymadesatellite SS3etrievals at high latitudea challenge.
Recent progress in satellite product development has considerably lowerég bigex 0.15 pssompared to irsitu data in
the Arctic,increasingconfidence in acquisitions and making satellite SSSalatduable resourder Arctic studies (Fournier

et al., 2019 Supply et al., 2020)in 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 umektiamties
to the res of the globe, previous woskhave shown that accuracy is sufficigiotcaptureregions withsharpSSS gradientand
demonstrated its potential for looking at Euragiaer plumes(Kubryakov et al., 2016; Olmedo et al., 2018; Supply et al.,
2020; Tang et al., 2018; Zhuk and Kubryakov, 2021)

In this manuscpt, we firstestablish thathe reanalysis and satellite productsed in this study (described in sectiad)2
capture thenterannual variability in Laptev SS$served in irsitu datain section 3 The dominant drivers of this variability
are then invdggatedusing GLORYS12V1including the contribubn of Lena Riverrunoff and of local and Arctigvide
atmospheric forcing inlriving these patterns of variabilitfhe findings of this analysis are thasted usingatellite SSS
data.A similar analysiss alsoconducted witlsea surface temperat&ST)and sea ice concentrati¢(®lC)data to understand

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

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 salinityiatratificat
in this region and to complement surface salinity data (supplementary mai@sabichiev et al., 2021Additional insitu

data from CTD probes, floats, itethered profilers, oceanographic cruises and other platforms in the Laptev Sea are used for
validation of satelliteand reanalysiproducts from a number of sources (UDASHABODS cruises, and cruises on Akademik
Mstislav Keldysh. See Appendix for details on-gitu data used to validate satellite SSS products (see ApperdiklAAl,
FigureAl).

Lena River runoff data fro the Arctic Great Rivers Observatory (GRO) dataset is usdéitify the main drivers of Laptev

Sea interannual variabiliffShiklomanov et al., 2021 Cumulatve 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). The spring peak in runoff has been
shown to be shifting earlier with the rapidly warming Arqffang et al., 2002; Melnikov et al., 2018) a notablérend is
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present in the spring cumulative runoff timeseries with the shift to earlier permafrost thaw / river ice melt. To avmid spuri
correlation and to be able to differentiate drivers of interannual variability from decadal/longer term trends)dhe t
cumulative runoff timeseries (over the GLORYS time period of 12@&?) is identified and removed. Thedended spring

runoff timeseries is used throughout this study.

2.12 Reanalyses

The 1/12 degree CMEMS GLORYS12V1 reanalysis (hereafferresl to as GLORYS12V 1} ellouche et al., 2021)s 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 fitiggh spatial resolution, itgoad representation of ArctiSIC and its previous
application to salinity variability in the Subpolar North Atlantic and Ar¢Bdo et al., 2022; Hall et al., 2021; Lellouche et
al., 2021; Liu et al., 2022Jor mnsistency with the satellite SSS products, the GLORYS12V1 reanalysigrisded onto a

0.25° grid for comparison with igitu data.

To demonstrate the benefit of using satellite SSS in this region¥4 degreeeanalysis producidablel) are also validated
against insitu data(Appendix ATable A2, Table A3). These includeGLORYS2V4 from Mercator Ocean, ORAS5 from
ECMWEF, GloSea5 from Met Office, andGLORSO05 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 | 201912 | Monthly Monthly 75 0.25° 0.25°
ORAS5 199301 | 201912 | Monthly Monthly 75 0.25° 0.25°
GloSeab 199301 | 201912 | Monthly Monthly 75 0.25° 0.25°
C-GLORSO05 199301 | 201912 | Monthly Monthly 75 0.25° 0.25°
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E C MWF & geneBation reanalysis of global weather and climate (ERA5) monthly eastwandrémaiard turbulent surface
stress is useth assessg the main drivers of Laptev Sea interannual variab{lidgrsbach et al., 2020The monthly mean
NCEI Climate Prediction Center (CPC) Arctic Oscillation Inga®©l) (https://www.ncei.noaa.gov/access/monitoring/ao/) is
also used to relate local eastward wind stress patterns to larger scale atmosghéatooir

2.13 Satellite data

To validate and identify strengths and weaknesses of satmlied SSS measuremeot®r the Laptev Sedhis study uses
two SMOS and two SMARMonthly products whichare described beloTable 2). Higher temporal resolution satellite
products were considered for analysis but comparison witlitundata suggestetiey do not notably improvecorrelations

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

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
v4 (Remote Sensing Systems). Giventhe SMAR s« | | i t eds | ater | aunch, t heOA®MAP |
202201. The SMAP JPL product provides a large coverage including close to the sea ice edge. To be comparable with othe
products, data are masked to only include SSS wher83Seincertainty provided in the product is lower thampss. No

masking is used for the three other products.

The two SMOS products are Arctacean focused productthe L3 BEC (Barcelona Expert Centre) Arctic+ v3.1 and L3
LOCEAN (Laboratory of Ocean and Clinadogy) Arctic v1.1lproducts(Martinez et al., 2021; Supply et al., 202Bonthly

means are calculated from thed8y BEC producto enablecomparison with the other monthly sétel products. Their

7



common period of data availability is 2001 to 201912. The two SMOS products are regridded ontegular0.25° grid

(consistent with the SMAP gridpr easier comparison witteanalysis anth-situ data

175
SST measurements are ¢akfrom he gagpfilled L4 CCI (Climate Change Initiative) SST CDR (Climate Data Record) v2.1
(Merchant et al., 20197 monthly product of this data regridded at 0.1 ° resolution is used ovBSBeatellite 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 ahdatedlite datafor
comparison with reanalysis produc®yo Septembers are shown for comparisorhafv well interannual variability is

185 captured in each satellite product: 2016, a year of predominant eastward wind and 2019, a year of predominant westward win
(Figure 2, Figure 3). This study does not consider variability in SSS below 20 pss due to the sparsifsitafabservations
with SSS values below this thresholds is shown in section 3.1, JPL SMAP and LOCEAN SMOS are found to agree
particularly well so are uséddr further analysis.

190 To investigate the contribution of key drivers to Laptev Sea interannual variabildgged correlation analysis is conducted
betweenGRO runoff, ERA5 eastwardturbulent 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 (Julian day 250) and over the full year (Julian degnd85)ORYS12V1 September SSS
for each gridcell (Figure4). The same correlations are calculated with GLORM&L SeptembeSST and SIC at each grid

195 cell (Figure5, Figure6).

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

July, August an@eptember and GLORYI2V1 September SS@ver 19932020)in each grictell to identify the months that

appear to mostmongly drive variability in September S$8gure4). The same correlations are calculatedr the same time
200 period (19922020)with GLORYSL2V1 SeptembeEST and SIC at each griell (Figure5, Figure6).

To identify years of anomalous eastward/westward wind oveslibetersatellite timeseriethe mearERAS eastward and

northward turbulent surface strem® calculated for Jum to Augustover the Laptev $ashelf: 120-160 °E, 70-80 °N. The

period of Jme to Augusts chosen because of the particularly strong correlations foutiek lagged correlation analysis
205 between eastward turbulent surface stress in June, July and AnguSi_ORY32V1 SeptembeSSS Figure4). A three
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monthmeanis chosero reducehe hightemporalvariability in wind stress (+ 0.05 N-fand only keep the lower frequency

signal the ocean readp.

Themean AOI for June to Auguss calculated for comparison witlaptev Seaastward turbulent surface strésselate local
210 wind stress tdarge-scaleatmospheric circulatio(Figure 7). The correlation between local eastward turbulentage stress
and the AOI is calculated ovére satellite timeseries (20BD22)and over a longer timeseries (192@22) Correlations are
also calculated between spring runoff and eastward turbulent surface stress and AOI over the satellite t20&8RCLL
and over a longer timeseries (192322) Correlations were also calculated oedongertimescale (1992022)to ensure
robustness and consistency of correlations found.
215
To be able to calcul ate feast wag, tit® years af m&imersandwanimdnd easSv&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 siregentified to be 2012, 2@land 2017 over the SMOS timeseries,
and identified to be 2016, 2017 and 2021 over the SMAP timegé&iigsre 7). Conversely, the three years of westward
220 (minimum eastward) turbulent surface strassidentified to be 2011, 2018nd 2019 over the SMOS timeseries, and 2015,
2019 and 2020 over the SMAP timeseries.

The fAeast war d & thé&Sdculaten aspthe snean ef thé three most eastward ye@tsfBYS12V1SSS and
LOCEAN SMOS (2012, 2016, 2017), and for JPL SMAP1@02017,2021)T he MAwe st war d 0scdc8l&edc o mp

225 as the mean of the three most westward yearSE@RYS12V1SSS and LOCEAN SMOS (2011, 2013, 2019) and for JPL
SMAP (2015, 2019, 2020). The same yeareused t o calcul ate dieaSfWacompanidt
GLORYS12V1SST and L4 v2.1 CCI SST as well as @tORYS12V1SIC.



3 Results

230 3.1 Comparison of SSS products
glorys 2016 glorys 2019
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September SSS
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SSS diff 2019 - 2016
Figure 2: Laptev Sea sea surface salinity field in September (9) 201&ff) 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 Juneiugust 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
235 overlaid as a black line over theGLORYS12V1 SSS field. Insitu data for late September 2016 and early October 2019 areenaid

on satellite products using the same colour scale.
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There & closeagreemenbetween the September SSS patter@l®ORYS12V1andall satellite September SSS produict
bothyears compared=igure2). The SSS off the contmtal $ielf (> 100 m) or above 75 °N typically > 28pss in both years
analysed and in bothr@ducts. SSS generally decreases with proximity to shore sdowést near the outflow of theena

River, around 130 °E, with salinity values as low as 10nesashore. This lowadinity area (< 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 204 and 2019 standut as having notablgifferentpatterns of Laptev SSS, with differences in SSS of 8yess
between years in ahtellite produgt GLORYS12V1SSSand all satellite products except BE&pture the sanf@SSpatterrs

as insitu data froncruises in all years of overlap (2016 and 2019 shown in Fig. 2D186, the freshest salinities are coastally
confined and dmot travel far off the continental shelf. In 2018e ffreshest salinities travebnsideraby further offshore and
extendovermost of the Western Laptev and East Siberian Sea.

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

the satellite produstand GLORYS12V1 SS3n 2019, he fresh layer appears éatend further offshore in igsitu data than

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

the full extent visible in irsitu dataThis difference is likely primarily due to the temporal mismatch betwherSeptember
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 eixtgrfdrther offshore by the following month (not shown),
supporting this suggestiorlowever, 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 didéere

Most of thesatelliteproducts (LOCEAN SMOS and both SMAP produetsii 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 withdgitu 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 withisitu data (> 0.9, AppendixA Table A2). This difference in SSS pattern agrees well with

the two modes of SSS variability previously observed isittn data and described by other studies in this rg@antrenko

et al., 2005; Osadchiev et al., 202Qf the four products considered here, the LOCEAN SMOS @actil JPL SMAP products
captureparticularly consistent patterns of interannual variabditg have strongest correlatiomsth in-situ data (r8.92 for
LOCEAN, r=0.95 for JPL, AppendiA Table A2). This is notablggiven they originate from different satellites and are
generated from different processing algorithms. These two p@UAICEAN SMOS and JPL SMAP)eafurthe usel in

this study for their strong similarity and good correlation values witlsito data.
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GLORYS12V1iand the two satellite productbowsimilar areas of open water /06 retrievalgFigure 2). In 2019, the area
of open water $ particularly large ilGLORYS12V1and in all satellite products, with no regions of notable sea ice (where
SIC > 30%) below 8C°N throughout the Laptev and E&iberian Seas. In 2016, thegermore extensive sea ice and few
satellite SSS retnials in the Laptev Sea but a large area of open water in the East SiberiamiSkeaxtendsonsiderably

275 offshore to over 80 °N.
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GLORYS 2016-9

LOCEAN 2016: #0096
00 000000000

JPL 2016:

900800000 0900000

Depth (m)
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Latitude
GLORYSY019-9

LOCEAN 2019: 0000008800000000000
000000000000000000000000000000

JPL 2019:

Depth (m)
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20 22 24 26 28
Salinity along the transect shown on the map

Figure 3: GLORYS12V1SSS vertical transect in 2016 (top) and 2019 (bottom) along red trariséetpolated through insitu data

280 (shown in map of JPL SMAP SSS in bottom left for each year) withsitu 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 seadi¢ransparent where the provided
SMAP SSSuncertainty is < 1pss.
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285 GLORYS12Vifeaturesa welkmixed plume in the shallowest regions of the she#016 and 2019Figure3), and in almost
all other years colidered. Hence, sigreesvell with in-situ data in regins and years where the plureenieltmixed nearshore
(e.9.2016 shown above and 198nd 2000 not shown) but fatts represent years with a stratified plume nearstag2019
shown above and0®8and2011 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 shallowmiesifhaly appliedto estimate

290 fresh water contentUmbert 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 between GLORMSand insitu data.Some of these differences
aredueto spato-temporal mismatch of September monthly 1/12 degree data with pedittiidata (in late September/early

295 October), as vertical stratification is very seasonally and regionally variable (and bathymetrically controlled) inathis regi
(Janout et la, 2020) However, both satellite products more closely resemble the extended plume visibitindatathan
GLORYS12V1

In addition, pevious studies shoeonsiderable interannual variability in the lowest valueS88§ at the outflow of thieena

300 River. Whilst incertainyears, therare only very smallegions of SSS below 20 pss (2014), in other yemtsibleregions of
SSS as low as 6 pss have been observed (in 2Z0a3)ut 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 there g few satellite SSS retrievals near the coast (due to land contaminaarghoresSSare notably
lower and quite variabl@l0-20 ps3in LOCEAN SMOS and JPL SMABndmore consistent with isitu dataOverall,within

305 shallow shelf regions (< 20 m), the more saline surface waters, freghsurfacevaters and less extensive surface plumes
suggest GLORY®&2V1 is too welmixed compared to isitu data. This is reinforced by the weak tidal influence in this region
and as there is rarely sufficient whddiven mixing to break up such strong stratificat{eofonova et al., 2014; Hélemann et
al., 2011; Janout and Lenn, 2014; Shakhova et al., 2014)

310 Salinity stratification on the shelimuch stronger than that temperature andgsiby far the dominant control on density in
this region (Osadchiev al., 2021).SST, and in turn 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 diffeence between igitu data (fromlate September/early Octobeand September mean
satellite/reanalysis SST datAppendixB Figure A2). Therefore, this study focuses on salinity stratification in this region,

315 which is more consisté overthe course of September, ambre 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 SS&nd the threemonth mean ERAS5 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 corr el ations are sta
denoted by the white contour and brighter colours.

There is aignificant spatial pattern in correlation betwete threemonth (Juneo August)mean eastwarditbulent suface
stressand GLORYS12V1 September SSkeld for the 19932022time period(Figure 4). This pattern consists @ strong
negative correlation nearshafe-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 ridse Sitianeg positive
correlations offshore are present, albeit in different regitmsughout June, July amsligust, as well as in the thre@eonth
mean(AppendixB Figure A3). However, the negative correlation nearshore is only present in July and Augostll region
of negative correlatiofx -0.75)is also present gt East of the Vilkitsky Straiand is visible in all three monthBhese strong

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

A weak nonsignificant spatial pattern icorrelation is foundetweercumulative springrunoff and GLORYS12V1 SSThis
pattern suggests a positive correlation nearshore, particularly in the East SiberemdSenegative correlation offshofde
weak positive correlation nearshore suggests increases in runoff are consisténtmdbkes 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 this correlatiostaistically significat. Whilst there are some regions
that yield significant p values, these regions are all very small@andt appear to depict a relationship with a physical basis
The spatial patterns of correlation between GLORYS12V1 September SSS and both cumuiatinez and total annual

runoff show similar correlations batre even weaker aratenot statistically significant (Append& Figure A3).

Similar correlation analyses conducteetween runoff and eastward surfatesswith SSS inthe other reanalysis products

yielded similar spatiatorrelation patterns to those visible her&IbORYS12V1.

METSS 3MM 6-8 Runoff 150

—-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 tubulent surface stress

(METSS) over June to August (68) (left) over 19932022. Correlation between GLORYS12V1 September §Sand cumulative Lena

River runoff in spring (Julian day 150 (right) over 19932022.Regions where correlations are statisticallygini f i cant ( p O0.
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 sifong 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 she(and that westward wind stress is consistent with warmer SSTs in this)téfienregion of negative

correlationdiffers in region between June and August (Appemiixigure Ad). It is closest to shore in Jur@ad appears to

16



move offshore oveduly and AugustWhilst this negative correlation is mainly confined to the Laptevi®dane and August,

355 it extenddnto the East Siberian S@aJuly. No significant correlation is present nearsharany month

A wedk positive correlation is present between cumulative spring runoff and GLORYS12Vth®8ghout the Laptev Sea.
This positively correlation is not statistically significant anywhere except in the central Arctic (> 80 HiN)positive
correlation suggestincreased spring runoff is consistent with warmer SSTs throughout the LapteVHeespatial patterns

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

correlations but are even weaker anel ot statistically significant (AppendB Figure 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 (68) (left). Correlation between GLORYS12V1 September £ and spring cumulative Lena

365 River runoff (to Julian day 150)(right) over 19932022 Regi ons where correlations are stati
by the white contour and brighter colours.

Figure6 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
370 continental shelf in the Laptev Saad a region of strong negative correlatispresenin the central Arctic (> 85 °N)n
turn, this implies that eastward wind stress is consistéhtimcreased 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 S
in the central Arctic).
17



375 A large region ofweak negative correl@n is present betweecumulativespring runoff and GLORYS12V1, suggesting
increased spring runoff is consistent with lower SIC. This negative correlation is present throughout almost all tf8ehaptev
but is only significan{p < 0.05)near 84°N.

3.3 Drivers of interannual variability in September SSS

380 The mean atmospheric circulation pattesrrepresented iRigure?, calculated as the mean surface stress over the box defined
in Figure 2. Values arenotably different in 2016 and 2018igure 2). In 2016, theres predominantly cyclonic circulation,
with strong Eastward winds dominant over the Laptev Sea shelf, and Northward winds present over the region of the Lapte\
Segjustoff the continental shelfn 2019, theresipredominantly anticyclonic circulation with Nontbestward winds dominant
over the Laptev Sea shelf. The anticyclonic circulation \asibl2019 more closely resembkiae mean circulation pattern
385 visible over20112020(Figurel).

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 ERA5S eastward (black solid) and northward (black dashed) turbulent surface stress
over 70-80 North and 120160 East. Overlad are dotsindicating the most eastward (red dots) and wstward (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 Augustis shaded in greySpring cumulative Lena River runoff (until the 150" Julian day) (green) and mean June
to August arctic oscillation index (AOI) (orange) are overladl.
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The magnitude of variability in mean eastward turbulent surface stress (x 0.6% &tmoss the entire timeseries is notably
larger than that ohorthward turbulent surface stress, which remained within + 0.022NTime years of highest eastward
turbuent wind stresare2012, 2016, 2017 over the SMOS timeseries and 2016, 2017 and 2021 over the SMAP timeseries.
The years of strongest westward turbulent wind stes2011, 2013 and 2019 over the SMOS timeseries and 2015, 2019 and
2020 over the SMAPmieseriesln years where the mean eaatd turbulent surface stressriegative (denoting predominant
westward turbulent surface stres$lere 5 considerably morithin-year variability (typically > 0.05 N nf in eastward

turbulent surface stress in thenths spanning June Agaugust(denoted by the grey overlay kigure?).

There is googgreemenbetween the thremonth mean oéastward turbulent surface stresal 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 tarees.

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 significanthwany withthe AOIover 20162022(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 timesies.Interannual 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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Figure 8: Eastward (E, top row) and westward (W, middle row) composites calcul@efeft to right) GLORYS12V1 SSS, LOCEAN
SMOSand JPL SMAR from the identified three most eastward and westward ydaxer 20112020 for GLORYS12V1 and QCEAN
on the bottom

SMOS and over 201:2022for JPL SMAP). The diference composite (eastwaidwestward) for each product is shown
row. TheGLORYS12VImean 30% sea ice concentration contour is overlaid on the respective composite plots.
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The eastward/westrd compositesof all threeSSSproducts agrestrongly, regardless of the differing years chosen for
analysis Figure 8). The composite analysksghlightsthe differingpattern of SSSinder positive (eastward) and negative
(wegward)zonal wind.The eastward composite ctdg resemblethe 2016 SSS pattern visiblekigure 2, and the westard
composite closely resembltée 2019 SSS pattern. This strong resemblance between partiamanhalous individual years
and the zonal wind composite plots supports that the zonal wind is the dominant driver of variability in thi& esgsonith
strong westward wind haveonsiderable offshore transport, and northward spreading of the plunatedidry the presence
of anomalous fresh water in the Northern Laptevéehrelatively higher salinity water in the East Siberian Skernatvely,
years of eastward windeassociated with onshaaad alongshorgansport, and a coastally confinedple, denoted by more

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

The composite difference plogsovide a cleaer visualisation of theNorth/South éffshorénearshorellipole 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 cquosites This agreement suggests that although the three products have different mean SSS states, the

capture very similar patterns of variability.

Thereis a notable difference i51C in years of westward and eastward wind forcing in KBtIORYS12V1ard 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 opposidriue undeeastward wind forcing, with larger
SIC in the Laptev Seand the 30%&IC contourfurther offshordn the East Siberian Sea.
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3.4 Impact of variability in wind forcing on SST
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445 Figure 9: Eastward (E, top row) and westward (W, middle row) composites catedl from the identified three most eastward and
westward year®ver 20112020for (left to right) GLORYS12V1SST andL4 CCIl SST (masked Y 30% sea ice concentrationYhe
difference composite (eastwardwestward) for each product is shown on the bottoowr The mean 30% sea ice concentration contour
for eastward and westward years is used to mask L4 CCl data and is overl@1l@RYS12V1in black on both eastward and westward
composite plots.
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Similar toFigure8, Figure9 represents the eastward and westward composites of GLORYS12V1 and ESA CEIgsET

9). Temperatures < AC ae typically present off the continental shelf irtlhoomposites (and all years analysed), with a rapid
transition in temperature present at the 388 margin Eigure9). On the shelf, temperatureseaypically warmer (> 2£C)

and riverine plumés typically > 2°C, with large regions in excess of@.

The eastward/westward composites of both products agree very well and suggest notable differences in SST pattern unds
differing zonal wind forcinglUnder eastward wind forcing, both GLORYS12V1 and CCIl SST compagitas that warm

SST anomalies are confined to the southern Laptev Sea and travel alongshore towards the East Siberian Sea. This eastw:
wind state $ coincident with a larger Slin the Laptev Sea and a 3084C contour nearer shore in the East Siberiaa. Se

Under westward wind forcing, both SST composites show warm SST anomalies are mostly advected offshore to the Northert
Laptev Sea. Té westward wind states icoincident with lower & in the Laptev Sea and a 3084C concentratiorcontour

further from shee in the East Siberian Sea. A dipole composite pattern is also visible in the SST difference coagppsite
visible in the SSS difference composite. However, the difference composite between eastward and westward wind state

presents in an East/Westelition rather than a North/South direction.

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 oiEast Siberian shelf seaGumulative spring runoffs most strongt correlated to variability in SSS,
SST and SICsuggesting the timing of the initial peak in runoff masre ofan impact orLaptev Sea dynamidhan the
cumulative runoff in summer or thetal runoff over the yeatowever,the correlations witlspring cumulative runofére

almost entirely not significant.

It might be expected that years with the largest magnitude of cumuativey /summer / annual river discharge would have
the largest fresh surface layer (< 20 pss) as previously sugge$tedmulative annual discharg&mbertet al., 2021)
However,the GLORYS12V1 correlation analysis suggests no significant correlagan the outflow of thé.ena River
between SSS and cumulative runaffany time of yeaif anything the oppositgattern appearsue nearshore in the East
Siberian Sea: with increases in spring runoff driviimghersalinities near the coaahd low salinities offshord he differing
result here, compared tdmbert et al. (20213ppears to bknkedto differences in BEC and GLORYS SSS, and the variability
in fresh surface layer aredo alternativemechanism talateexplain theopposig behavioubbservedhere It is possible there

is some negative feedback whereby earlier spring runoff drives earlier sea ice retreat, and in turn expands theviredjion of

influence and spreads the plume further offshidi@vever, this counterintuitiveorrelation warrants further investigation.
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The short nature of the satellite SSS timeseries prevents-depth correlation analysis wittunoff as was done with
GLORYS12V1ibutvisual comparisoidicatesno clear patterbetweerinterannual variabity in spring runoff and SS&ver
theSMOSor SMAPsatellite period. Thiscomparisons alsocomplicated by the interannually varying-free region, which
determines the total area of SSS retrievals and in turn, any derived fresh surface lay@wvardiais. period, spring runoff is

lowest in 2016, 2017 and 2018. Whilst the fresh surface layer is extensive in 2018, it is very small and coastallytonfined i
2016 and 2017These two years were excluded from analysldritbert et al(2021)due to lack of SSS data, which partially
explains the differing results heihilst the ara 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 peane observ
in these two years is not just due to thatigkly small area of open water and timaturn, here is no reason to exclude these
years from analysi€onversely, gring runoff is highest i2012, 2013 and 2014gain, there is no conclusivBSSpattern as

the fresh surface layer relatively aveiage inall three of these year$he inconsistent responda satellite datasuggests
cumulativespringrunoff is not a major driver dhterannual variability irSSS pattern, as suggested from GLORYS12V1

and ashaspreviouslybeensuggestedy other sidies(Osadchev et al., 2021)

4.2Wind 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., 2005; Osadchiev et al., 208atellite SSS data shown hgmmvides a picture of SSS variability and
confirms what haspreviouslyonly been suggested from-8itu data thatzonalwind forcing is the dominant driver of Laptev
SSS.Sdellite SSS data alsarovides a clear, complete visualization of differences in freshwater tratisgparghout the sea

ice free Laptev and East Siberian seader different wind regimeaugmenting the scattered view available frossito data.
Westwad 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 wats 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 SM@®aR] the agreement in eastward/westwags
composites between JPL SMAP and LOXBESMOS productsolidifies 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 SE&irtar current has been suggested to
almost completely align with wind direction or to be transported°~t6the right(Dmitrenko et al., 2005; Kubryakaat al.,

2016; Zatsepin et al., 2015)he strong dominance of the zonal over meridional wind component observedhti¢ne strong
North/South dipole observed in SSS composite difference ptetsonsistent witthis suggestion that thell Ekman spial

doesnodt mani fest.
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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 Z0adout et al., 202)nd 201§ Tarasenko et al., 2021\here the

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

There has historically beesome debate as to the role of the AOI in controlling SSS variability, both Id&allych et al.,
2010; Janout et al., 2015; Steele and Ermold, 2G04 on a full Arctic basin sca{®orison et al., 2012; Rabe et,&2014)
The mean eastward zoralrface stress in this regios found to be correlated to the mean A®@JuneAugustover1993
2022(r = 0.49), and this correlatn is particularly strong over theatellite period (201:2022) (r> 0.64).

Very similar sp#ial patterns ge found when calculating composites from the three years of maximum and minimum (June
September) AOI as when calculating composites from years of maximum and minimurd(dusd ERAS5 zonal surface

stress (not shown). The similar spatiattprns highlight that local wd 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 decadabiity 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 cowd alter ho

strongly coupled the AOI is to local wind forcingtinis 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 dynanmiegyure3). 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 dving downwelling(Osadchiev et al., 2021)his year (2016) stood out as having a particularly well mixed plume
compared to all other igitu data in this region, the extent of which had not previously been obgdavexit et al., 2020)A
similar dynamicappears to be visible in 1994, whestrong eastward wind stresscbincident with a coastally confined and
well-mixed plume (not shown but visible in-gitu data and@sLORYS12V1SSS and SST

Conversely, irsitu data showed a strongly stratified frégyer in 2008, 2011 and 2019, even in shallow regions on the shelf
(Osadchiev et al., 2021yvhich s poorly represented nearshor€&5hORYS12V1(Figure3). The strong stratification on the

shelf, visible in irsitu data in thee 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

drive the wellmixed plume observed. Henagspite that the shallow shelf is below the calculated Ekman depth for this region
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(37 m)(Baumann et al., 2018; Tarasenko et al., 20FKman transport plays a role iontrolling vertical stratification, at
least in years where eastward wind stress drives onshore transport and mixing / dowiiegitingnd Helfrich, 2002}t is
also possible that the magnitude of river discharge is a dominant control on the vertical distob8&S) giverthere is no

conclusive evidence that therface frestayervareswith cumulativerunoff.

This hypothesis was not tested as the constantmigid plume nearshore sugge&ksORYS12V1is not capable of fully
representing plume stratification dynamiicshis complex environmen®ther model output was considereddse {ncluding
CMEMS TOPAZ GLORYS2V4, ORASS5, GloSea5/FOAM, CGLOR®ut all models consideresthowthe shallow shelf to
be wellmixed in all years considere@he challenge of accuratelgpresenting mixing/stratification dynamics in Arctic
shallow shelf seas has been widely docume(@adout et al., 2020; Hordoir et al., 202@)ven d modelsusedhere have
many vertical levels but are all (except CMEMS TOPAZ) devel grids, itis likely the overmixing issue is a result of
level vertical grids, as previously suggestAdpaia et al., 2023; Wise et al., 2022; Heuzé et al., 2@3n in years with a
mostly wellmixed plume (EG 2016)n-situ data typically showa more saline layer at depth in centaggions on the shelf,
which is almost never capred byGLORY S12V1 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 withiGLORYS12V1 It may be useful for future studies to considethé inclusion ofinterannual

runoff forcing would improve representation of stratification dynamics.

4.4 Sea surface temperature sea ice concentratiorvariability

SSTis knownto be a usefl indicator of plume location in this regigbmitrenko et al., 2005; Osadchiev et al., 2021;
Tarasenko et al., 2021puring the summet,enaRiver water is typically at around 18C before entering the Laptev Sea,
which ismuch warmer than the typical SST below sea ice of beld@ @uhls et al., 2020)his se$ up the gradient in SST
that s presenpver the Laptev Se@ppendixA FigureA2), with temperatures below°C off the continental shelf and below
sea ice and temperatures aboViC4resent over much of the shelf. Similar reshitgepreviously been shown from-gitu
data, with offshore SSTs typically bal® °C and SSTs near the mouth of tiema Rivertypically over 3 °C and up to 10 °C
in the last 2 decad€®sadchiev et al., 20217 his represents a significant increase in Septembersheae SSTever the

last several decadékraineva and Golubeva, 2022; Polyakov et al., 2005)

Many studies have cowtgred the dominant drivers of SSS interannual variability and of the seasonal and decadal variability
in SST(Janout et al., 2020; Osadchiev et al., 20B@)few have considered whether SSS and SS¥ary with distance from
the mouth of theLena and in turn what drives interannual variability in SST in this region.ladgedcorrelation 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 caespondence between SSS and SST is not only driven by their common source but also by their
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common driver of interannual variabilitfhe strong correspondence betweastward/westwar8SS and SSTomposites
on the shallow Laptev shelf is unsurprisingagithat warm and fredtena 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 SS8omposite (eastwardestward) difference 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 atiesin the laggeetorrelation analysisetweermeaneastward

turbulent surface stress and SSS, fdtternis highlighted by thalipole between thetrong negate correlation nearshore

and strong positive correlation at the edge of the continentdf. sBenversely, the SST composite (eastwamstward)
difference plots show an East/West dipole where eastward surface stress drives eastward transport of warm SST anomalit
and westward surface stress drives navéistward transport of warm SST anomalilse laggeecorrelation 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 SHeeriavhich would create the
East/West dipole described above, it is not significant. The difference in strength of correlation indicates that widsd west
wind stress drives a strong increase in SST (and/or eastward wind stress a strong decreage tlheS®Tthern Laptev Sea,
eastward/westward wind stress drives a much smaller change in SST in the East SibeTiaessedifferences in composite

difference plots likely occudue to feedback cycles between SST;,S8SS and albedo

Hence, whilsthe zonal wind plays a key role in controllihgth SSS and SST pattertise differences between SSS and SST
composite differencand correlatiorplots highlight that this warm and fresh water is exposed to very different thermal and
freshwater forcing aér entering the Laptev Se@omparing the responses of SSS and $BWVides 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 petortal wind clearly controls plume propagation
Under eastward wind forcingf transports the fresh, warm plume along the coast to the East Siberiam&eherwise under

westwad wind forcing, it transports the plume offshore to the Northern 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 stred GAXORYS12V1 SST and Sl@nd the strong correlation between mean
SST over the Laptev Sea and September SIC highlight the strongly coupled nature of SST and SIC in thibeegfimmg
correlationpreviousy found between rivewater fraction and melwater fractionsuggests that early plume transport may

drive sea ice melt in that regigBauch et al.2013) However, cespite this strong correspondence, the initial heat brought by
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river runoff is only suggested to contribute ~10% to sea ice breakup in early €peiag et al., 1994However, the initial

loss of sea ice near the river mouth and the-datiured water that replaces it (high in dissolved and suspended particulate
matter) alters surface albedo and increases heat absorption caestimtg positive feedbadBauch et al., 2013; Park et al.,

2020) As SST are cooler than atmospheric air temperature in summer, SSTs will continue to warm until atmospheric
termperatures start to cool in auturlanout et al., 2016Yhe strongly stratified summer halocline@increases stability of

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 plays a small role in altering summer §B8binina et al., 2017)lhesedifferences drive the observed differences

in composite differencandcorrelationplots. The SSS composite difference plots represent just the direct response of SSS to
the zonal wind (offshore/nearshor&he SST composite difference plaisohighlight the importance of the SST(Spositive
feedbackvhereby warm river moff drivessea 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 regibasnuch stronger correlation between eastward

wind stress and SST and SIC in the nerthLaptev Sea, compared to the East SiberianrBmabe related to this SST/SIC
positive feedback and thaming and/or regiorof sea ice retreat. It is possible that offshore transport (driven by westward
winds) drives earlier and/or more expansive iseanelt, which wouldin turn alter thearea of open water exposed to the
atmospherand the length of time it is exposeul the warm summer atmosphgie turn driving more dramatic warming.

Whilst this hypothesis is consistent with results here, fustloek would be needed to confirm thisis worth noting that the
similarity between SSS and SST eastward/westward composites highlights the importance of the zonal wind in modulating

this SST/SLC warming positive feedback.

The difference in spatial p&itn of SIC under eastward and westward wind forcing and-¢tegionship between SST andCSI
suggests zonal wind is not only a key driver of variability s 38d SST but also of LapteVGSIThere have previously been
Arctic-wise studies that have suggasthat the summer AQ8 a good predictor of SemnberSIC (Ogi et al., 2016)but the

same has not yet been suggested locally in the Laptev Sea. The consistency of SST composites calculated in this study fro
years of strong eastward (/westward) turbulent sugiress with that of strongly positive (/negative) AOI years supports that

large-scalecirculation appears to be the dominant driver of variability in this region.

Previous work in this region has also suggested that variabilitgtiSunrelated to sée dynamicgOsadchiev et al., 2021)
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 dieethe SST/SC
warming positive feedback described abawd the strong decline inGlisible in the LapteyKraineva and Golubeva, 2022)

However, the spatial pattern BLORYS12V1eastward and westward SST composites is consistent regardless of time period
chosen (the fulGLORYS12V1time period, the LOCEAN SMOS time period or tHelL SMAP time period), suggesting this
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relationship doesotonly existdue to the ST trend {.e. if yearsof westward/eastward forcingespresent arlier/later in the
timeseriey. In addition, the spatial pattern of variability visible in both SST caitpdifference plotand in eastward
turbulent surface stress and SIC correlation pkotdifferent from the longerm pattern of SST warmingr SIC decline
(between 1992002 and 2012019 inGLORYS12V)), which suggests a pattern of more rapid warmiistriduted across
the continental shelThe consistency of SST composites shgtlva difference in spatial pattern of S8ider differing wind
forcing and the strength of correlation and similarity in correlation pattern between eastward turbulenstegacand SST
and SICsupport that wind stress is a control on SST and in SaptembeSIC. Further work is needed to investigate if

variability in SSS and SST impact later sea ice forma®well as SeptemberGl

4.5Implications with climate change

The increase in riverine heat has already contributed to a regional loss of sea ice, and it has been suggested thaewarming r
discharge is a key control on basiide SIC (Dong et al., 2022Park et al., 2020)it is also clear that the increase in river
runoff will increase the freshwater content of the Laptev Sea and have implications for local andviflctitratification
dynamics as well as for local biogeochemistry. Howeverwtbak orrelations with springsummer 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 frateinransport 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 cbsea ice
Prior to the mie2000s, 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 infli.Jemaut et al., 2020T he loss of sea ice cover in the
Laptev Sea is enlarging the area in contact with the atmosphgieaeasing the time of atmosph@&®ean exposure.

The strong influence of the AOI on local wind stress in this region, and the increase in correlation strength overelsemore r
time period, highlights the need to investigate how latpde atmospleric circulation will change over the Arctito
understand future changes in Laptev Sea freshwater transp@rtrelationship is only likely to become stronger given the
AOl is suggested to have increasedariability in recent decadgg\rmitage et al., 2018; Morison et a2021) and as future
sea ice loss will only stngthen coupling between largeale and local wind dynamicBhese changes have already and will
likely continue to expand the region of potential riverine freshwater influglaneout et al., 2020; Johnson and Polyakov,
2001; Zhuk and Kubryakov, 202&d in turn 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 incstt@mtifidynamics in the Laptev
Sea. 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 in turn how this changanifést. On the one hand,
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having aarger operwater region exposed to wirdtiven mixing for longer periods couttbeperstratification, increasing the
tendency of a welinixed plumegJanout et al., 2020)This appeared to occur in 2016 andres 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 strengthfaiwsstratificatior(Nicoli et al.,

2020; Nummelin et al., 201&)nd 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 alternatitess £ould become more frequent, with the
increased influence of wind variability with the loss of sea ice c@aatout and Lenn, 2014Fhanges in stratification will be
strongly coupled to chaeg 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@&ve3er et al., 2019)ntangling all

these compounding changes remains a challenge and will only ld §gha unified approach bringing together a combination

of different data products and typeluding insitu data, satellite data and model outfiite long satellite SSS tirseries

has, and with the launch tife Copernicus Imaging Microwave Radiomg@MR) 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 geostrofamnid total) velocity, induding the Surface Water and Ocean
Topography (SWOT), SeaSTARlarmony andODYSEA (Gommermginger 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 compare@t®RYS12V1SSS(r O
0.80)and the other reanalysis produ@t©0.83)consideredn capturing patterns and variability observed bgitn SSSdata.
Hence, satellite SSS provides a useful toolttengthen our current understanding of Laptev Sea and wider Arctic SSS
dynamics, particularly in regions with strong SSS gradients. Comparison between satellitesitundlata in this region
highlights the need for more nesurface irsitu data for validatio in this region, particularly nearshore over the lowest
salinities. The current lack of nearshore low salinitgito data limits the confidence in and ability to validate satellite data
over regions of very low salinities (< 20 pss) and limits our wtdading of vertical stratification over the shelf, particularly

given its high spatial and temporal variability.

GLORYS12V1 and atellite SSS data confirmehat in-situ data has previously suggestiwt thezonal windis thedominant
driver of offshoefonshorelena Riverplume transport, with strongpnsensus in SS&atternsunder eastward and westward
wind regimesn GLORYS12V1 LOCEAN SMOS and JPL SMARAnnual, summer ansgpringrunoff do not appear to play
a role in controlling interannual varialijtin SSS SST or SIGn the Laptev and East Siberian séase zonal wind also play
a key role indriving SSTvariability and appeatrto drive spatial variability irfSIC across the Laptev arigast Siberian Seas.

The differences in spatial patterns of S&8%d SST under eastward/westward wind fordinghlight the importance of the
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zonal wind for dispersing riverine heat and in turn controlling the SET8sitive feedback, which plays a considerable role

715 in driving further SST warming in shallow open wategions.The dominance of local wind stress a driver of salinity and
temperature variabilityand its strong correlation with the AOI and lasgale atmospheric circulationighlights the need to
understand how locand largescalewind stress haand 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 SSKISHT thisdregion
highlights the challenge but al$lee need to understand this feg as a system rather than trying to understand drivers of

720 individual components in isolation. This will prove vital to be able to predict how the conflicting changes in this rédgion wi
impact both this region andider Arcticsea ice dynamics and frestisr transport

31



725

730

735

740

Appendix A

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

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

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 al., 2019)
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 reangkis products described above are compared wittitindata over 2022020. The regridded SMOS

data and GLORYS12V1 reanalysis (on a 0°2§rid) are used for comparison with-§itu data. BothPearsorcorrelation
coefficients and roetmean square differeac(RMSD) values are calculated for each individual product at all collocations
(across the entire area and time perioefween irsitu data and that product. Correlation coefficients and RMSD values are
also calculated only where all products have a cation with insitu 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 collocations). Therefore, RMSDs and correlatioefficients 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 coefficients and low RMSD values and agree wellresoused for further analysis.

32



In-situ observations 2010-2020
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Figure Al: In-situ data (<10 m) used for validation of satellite and reanalysis products, coloured by their salinity value. Data with

745 black circles were collected over the SMAP period (203present), 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) and 200-2020 (right) with GLORYS12V1,

BEC SMOS andLOCEAN SMOS products regridded at a0.25 degree spatial resolutionJPL SMAP in regions where the provided

SSS uncertainty is less than 1RSS SMAPand the four CMEMS global ensemble reanalysis products: GLORYS2V4, ORASS5,
GloSeab, 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 isitu data (Common obsv <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 regriddeq 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
ORAS5 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 < 16 over 20152020 (left) and 2012020 (right) with
GLORYS12V1, BEC SMOS and LOCEAN SMOS products regridded at a 0.25 degree spatial resolutiodPL SMAP in regions
where the provided S$ uncertainty is less than 1 RSS SMAP and the four CMEMS global ensemble reanalysis products:
GLORYS2V4, ORAS5, GloSea5, and @&GLORS05. RMSDs are calculated both at all points where an individual product is

760 collocated with in-situ data (All obsv <10m) and for only where all products had a collocation point near #gsitu data (Common obsv
<10m). There are 57 collocations between all products over 202920 and 377 collocations over 2012020.

20152020 20102020
All obsv <10m Common obs\ All obsv <10m Common obsy
<10m <10m
Num RMSD | Num RMSD | Num RMSD | Num RMSD
obsv obsv obsv obsv
GLORYS12Vv1 222 3.16 57 4.28 1667 1.88 377 2.69
regridded onto 0.25
grid
BEC SMOS regriddeq 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 3.4 3.93 1672 2.14 3.25
ORASS5 219 2.75 3.74 1672 141 2.42

The satellites products show a good agreement wiitunmeasurements within the top 10m, with a correlation coefficient
typically higher than 0.62 and up to 0.83. The RMSD witlsitn is ypically between 1.1 and 1.65. Despite this relatively

765 high error in RMSD, due to the large range of SSS observed over this small area (5 to 35), botadatasétcorrelated.
JPL SMAP, LOCEAN SMOS, and the median sat product stand out as havieglgédstihigh correlation (r 8.8) coefficients
compared to all other products. Over the full SMOS period, the LOCEAN product correlates stronglysitithdsta (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 regioB8%SIC), where satellite SSS
retrievals are possible. Over the Laptev Sea, the strong horizontal gradient in SSS maintains lower salinities nedwshore on t
continental shelf and relatly higher salinities > 30 offshore. Therefore, the salinity range captureddity iobservations

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

when considering only igitu otservations collocated with all products.

Whilst GLORYS12V1 appears to correlate well withsitu data when considering all its collocations (r > 0.79 over 2015

2020 and P 0.78 over 20112020), the correlation deteriorates when only considering obgsrsathere 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 managatotheplargecale 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 a
not capable of representing the spatial variability at lower SSS values and hence of fimaresgalene dynamics. Reanalysis
RMSDs from insitu 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 8&S$spibong to Arctiebased

process studies.
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Figure A2: GLORYS12V1 S§ vertical transect in 2016 (top) and 2019 (bottom) along red transect interpolated througitundata
(shown in map ofCCI SSTin bottom let for each year) with insitu data overlaid with black rings and satellite data for that transect in
CCI SSTshown as a line of points.
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