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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 inareéasgeer runoff Overland and Wang, 2010; Prowse

et al., 2015)These changes have the potential 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 incetasisphere@cean heat and
momentum transfe)PCC (Intergovernmental Panel on Climate Change), 2Q1%jerstanding the interplay between these

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

TheLaptev Sea, within the Eurasian Arcfligurel

Figurel), provides an ideal region to study the interactions between these chiirgisjt beindotspot of Arctic waming,

sea ice loss, and increases in river ruifdffiineva and Golubeva, 2022; Stadnyk et al., 20€hanges inhis region will

likely have considerable influence on the wider Arctic as the Laptev Sea is a key region of Arctic sea ice production and
dominant contributor to Arctigvide thermohaline structure, including to the surface Transpolar Drift and to theoBeayfe
(Johnson and Polyakov, 2001; Morison et 2012; Reimnitz et al., 1994; Thibodeau et al., 20TAg combination of these
changes will also have considerable local impacts, including by increasing coastal erosion, altering nutrient avadability an
primary productivity(Juhls et al., 2020; Nielsen et al., 2020; Paffrath et al., 2021; Polyakova et al., 2021)
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Figure 1: 20102020 LOCEAN SMOSsatellite mean September SSS with GEBCO bathymetry contours for 20m, 50m and 500m
60 overlaid in blue with mean 20162020 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 Arctic, which outflows as a particularly
shallow plume due to the very shallow3g) nature of the Lena Deltghre and Reimnitz, 2000).ena Riverfreshwater
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 loflow 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 riversn this region, including the Khatanga, Olenyok and Indigirka, also contribute iratsh to 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 Straightbatributions
vary considerably interannually and are typically only a small component of the overallmé&k25%)(Janout et al., 2020,
2015) Sea ice melt also provides fregater to the Laptev Sea thas a negligible impact in summer/autumn as the freshwater
contribution from sea ice melt is several orders of magnitudes smaller than the contribution fremetiRiver(Dubinina et
al., 2017).

Laptev Sea surface freglater is typically characterizdny eastward (cyclonic) circulation and weak tidal influe(fegfonova

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

is mostly controlled by wind forcing and bottom fricticgeind the strong stratification on this shallow shelf prevents a full
Ekman spiral from developing and aligns the surface currébidegrees to the rig of the wind(Dmitrenko et al., 2005;
Kubryakov et al., 2016; Osadchiev et al., 2021; Zhuk and Kubryakov, 2B2dmer precipitation and sea ice melt contribute
significantly less freshwatehan 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 pume structur€éHornerDevine et al., 2015; Umbert et al., 202Hpwever,whilst there is general agreeméimat wind
forcing isa dominant driver of variability on the shethere issomedebate 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 fed gears, its longeterm fate exhibits considerable variability
as it can be transported out of the Laptev Sea either northward ifftcatiepolar Drift or eastward towards the Beaufort Gyre
(Bauch et al., 2013; Johnson and Polyakov, 2001; Paffrath et al.,. 2G®tjpscale atmospheric circulationthe Arctic
Oscillation Index (AOI) and the initial transport of the fresh layarehbeen suggested as tmain contra$ on its eventual

transt (Johnson and Polyakov, 2001; Morison et al., 2012)



95

100

105

110

115

120

125

In the Arctic,in-situ measurements of salinity have long bparticularly sparse and infrequent due to the persistent sea ice
cover thatestrictsaccess throughout most of the year. Satellite I%83he potential to be amvaluabletool as salinity is the
dominant driver of densitgit high latitudegnd plays &eyrole in controlling transport around the Arctldowever, sea ice
and the low sensitivity of dband signal in cold watérashistoricallymadesatellite SSS$etrievals at high latitudes a challenge.
Recent progress in satellite product development has arabig lowered biaby over 0.15 pssompared to irsitu data in
the Arctic,increasingconfidence in acquisitions and making satellite SSSalatduable resourder Arctic studiegFournier

et al., 2019; Supply et al., 2020n 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 umektigimties
to the rest of the globe, previous weltkave shown that accuracy is sufficieiotcaptureregions 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)

The satellite andeanalysigproducts used in this study are describeddction 2 This study themrstablishes thakanalysis
and satellite products manage to captureitterannual variability in Laptev SS&served in irsitu datain section 3 The
dominant drivers athis variability are then investigateding GLORYS12V1includingthe contribuibn of Lena Riverunoff

and of local and Arctiavide atmospheric forcing idriving these patterns of variabilityhe findings of this analysis are then
tested usingsatellie SSS dataA similar analysis isalso conducted withsea surface temperatu(€ST) and sea ice
concentration(SIC) data to understand common adiiffering drivers of variability and how the components of this system

interact.

2 Data and Methods
2.1 DataProducts
2.1.1 Reanalyses

The 1/12 degree CMEMS GLORYS12V1 reanalysis (hereafter referred to as GLORYJL&NMi)che et al., 2021} used

as a comparison dataset alongside gaitellite products over the common observational periods (since 2011/2015) in this
region. This reanalysis chosen for its good representation of Ar&I€ and its previous application to salinity variability in
the Subpolar North Atlantic and Arcti@il6 et al., 2022; Hall et al., 2021; Lellouche et al., 2021; ¢fwal., 2022) For
consistency with the satellite SSS products, the GLORYS12V1 reanalysigridaded onto a 0.25° grid for comparison with

in-situ data.
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Four ¥ degreeeanalysis products are also validated againsttindata for comparison with @RYS12V1(Masina et al.,
2017) These includeGLORYS2V4 from Mercator Ocean, ORASS5 from ECMWEF, GloSea5 from Met Office, and C
GLORSO05 from CMCC.

E C MWF & geneBation reanalysis of global weather and climate (ERA5) monthly eastward and northward turbulent surface
stress is used to help assessntiaén drivers of Laptev Sea interannual variabiftdersbach et al., 2020y he monthly mean
NCEI ClimatePrediction Center (CPC) Arctic Oscillation IndgxOl) (https://www.ncei.noaa.gov/access/monitoring/ao/) is

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

2.12 Satellite data

To validate and identify stngths and weaknesses of satelliésed SSS measuremeot®r the Laptev Sedhis study uses
two SMOS and two SMAHRnonthly products whichare described beloTable 1). Higher temporal resolution satellite
produds were considered for analysis but comparison witkitin data suggestetiey do not notably improvecorrelations

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

Table 1: Satellite ®a 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 s a01604ltoi t ed s
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 tHhpss. No

maskng is used for the three other products.
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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., 202Bonthly
means are calculated from thed8y BEC producto enablecomparison with the other monthly satelljgeoducts. Their
common period of data availability is 2001 to 201912. The two SMOS products are regridded onte@gular0.25° grid

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

SST measurements are takeonirthe 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 over thea&8fite period (2010
to 2021).

2.1.3 In-situ data

CTD profilesfrom cruises in 2016 and 204%e used for comparison with reanalysis data to study vertical salinity stratificat

in this region and to compleent surface salinity da{@upplementary aterials(Osadhiev et al., 2021)Additional in-situ

data fromCTD probes, floats, iceethered profilers, oceanographic cruises and other platforms in the Laptev Sea are used for
validation of the satellite products from a number of soufdEASH, NABOS cruisesandcruises on Akademik Mstislav
Keldysh. SeeAppendix for details on isitu data used to validate satellite SSS prodisets AppendiA TableAl).

Lena Riverrunoff data from the Arctic Great Rivers Observatory (GRO) dataseteid to help assess the main drivers of
Laptev Sea interannual variabilif@hiklomanov et al., 2021)Cumulative runoff until a certain Julian day of each yesar
calculated for spring (Julian day 150), summer (Julian day 250) and the full year (Julian dayh@a&ring peak in runoff
has been shown to be shifting earlier with the rapidly warming Afgaag et al., 2002; Melnikov et al., 201€) a notable
trend is present in the spring cumulative runoffeseries with the shift to earlier permafrost thaw / river ice melavoid
spurious correlation and to be able to differentiate drivers of interannual variability from decadal/longer term traeds, the
in cumulative runoff timeseries (over the GLYR time period of 1992022) is identified and removed. The-tlended

spring runoff timeseries is used throughout this study.

2.2 Methods

This study focuses on September as the month of maximum open water area and hence the largest areaaf sasiiite
datafor comparison with reanalysis productsvo Septembers are shown for comparison of how well interannual variability
is captured in each satellite product: 2016, a year of predominant eastward wind and 2019, a year of predominant westwar

wind (Figure 2, Figure 3). This study does not consider variability in SSS below 20 pss due to the sparsitgitof in

7
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observations with SSvalues below this thresholds is shown in section 3.1, JPL SMAP and LOCEAN SMOS are found to

agree particularly well so are used for further analysis.

To investigate the contribution of key drivers to Laptev Sea interannual variadbilitgged correlation analysis is conducted
between GRO runoff, ERA5eastwardturbulent surface stress and GLORYS SSS, SST and SIC. Pearson correlation
coefficients are calculated between cumulative GRO runoff until spring (Julian day 150), summer (Julian day 250) and over
the full year (Julian day 369%9nd GLORYS12V1 September S$& each gridcell (Figure 4). The same correlations are
calculated with GLORY$2V1 SeptembeBSST and SIC at each gréell (Figure5, Figure6).

Pearsorcorrelationcoefficiens werealso calculatedbetweenERAS eastward ttbulent surface stress in April, May, June,
July, August anseptember and GLORYI2V1 September SSH# each gridcell to identify themonths that appear to most
strongly drive variability in September SE3gure4). The same correlations are calculated with GLORXEL September
SST and SIC at each grell (Figure5, Figure6).

Toidentify years of anomalous eastward/westward wind over the satellite timetferiearERAS eastward and northward
turbulent surface stressecalculated for June tAugustoverthe Laptev 8ashelf:120-160°E, 7080 °N. The period of Jone

to August § chosen because of the particularly strong correlations found between eastward turbulent surface stress in June
July and August and GLORYS SSHdure4). A threemonthmeanis choserto reducehe hightemporalvariability in wind

stress (+ 0.05 N rf) and only keep the lower frequency signal the oceangéacThe mean AOI for June to Auguss
calculated for comparison withaptev Seaeastward turbulent surface stres relate local wind stress tlargescale
atmospheric circulatio(Figure7). ToShe abl e t o calcul ate fAeastwar dde3yeas fAiwe
of maximum and minimum eastwatatbulent surface stresge identified for each of the two satellite periods (SMOS: 2011

2020 and SMAP : 2013022). The three years of maximum eastward turbulent surface ateédsntified to be 2012, 2016

and 2017 over the SMOS timeseries, and ifledtto be 2016, 2017 and 2021 over the SMAP timeséfFiggire7

Figure7). Conversely, the three years of westward (minimum eastward) turbulent surfacarsitesstified to be 201, 2013

and 2019 over the SMOS timeseries, and 2015, 2019 and 2020 over the SMAP tiniEdeges. i east war d& SSS
then calculated as the mean of the three most eastward yeGt<G&Y S12V1SSS and LOCEAN SMOS (2012, 2016, 2017),

and for JPL SMR (2016, 2017,2021T. he fiwe st war d ¢ cak@dted asdhm mens of thesthrée most westward
years forGLORYS12V1SSS and LOCEAN SMOS (2011, 2013, 2019) and for JPL SMAP (2015, 2019, 2020). The same
yearsareused t o calcul aséwhAedsdt 85T d cGLORYSEN1BETsandu 4 v2A §Cl SST as

well as forGLORYS12V1SIC. 3 Results



3.1 Comparison of SSS products
glorys 2016 glorys 2019
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September SSS

-3 A -1 0 1 2 3
SSS diff 2019 - 2016
215 Figure 2: Laptev Sea sea surface salinity field in September (9) 201&ff) and 2019 (midde) 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 Juneugust are overlaid on theGLORYS12V1SSS
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 @overlaid

220 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 edinental elf (> 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 ag$8 nearshore. This lowalgity 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 year2016 and 2019 starwlit as having notably anomalous patterns of Laptev SSS, with differences in SSS3giss/er
between years in adlatellite produg GLORYS12V1SSSand all satellite products except BE&pture the same pattern of
SSS interannual viability as insitu data from cruises in all years of overlap (2016 and 2019 shown in Fig.2D16énthe
freshest salinities are coastally confined anchdbtravel far off the continental shelf. In 201Be tfreshest salinities travel
considerab} further offshore and exteralrer most 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, the fresh layer appears to extend further offshore-gitindata than

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

the full extent visike in in-situ dataThis difference is likely primarily due to the temporal mismatch betwleeseptember
monthly mearGLORY S12V1and satellite producend insitu data collected in late September 2016 and early October 2019.
Both GLORYS12V1 and satekitSSS do show the plume extending further 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 ismoonly driver of this difference.

Most of thesatelliteproducts (LOCEAN SMOS and both SMAP produasll GLORYS12Viclearly manage to capture a
consistent pattern of terannual variabilityand agree well with ksitu data(Figure 2, AppendixA Figure A3, Figure Ad).
However, notably different patterns are observed in the BEC proahith also has a mably lower correlation with ksitu

data ¢ = 0.79 AppendixA Table A2). All other satellite products analysed here appear to capture the SSS pattern described
above for 2016 and 201#&nd correlate strongly with isitu data (r> 0.9, AppendixA Table A2). This difference in SSS
pattern agrees well with the two modes of SSS variability previously observediin gata and described by other studies in

this region(Dmitrenko et al., 2005; Osadchiev et al., 2021f)the four products considered here, the LOCEAN SMOS Arcti

and JPL SMAP products captysarticularly consistent patterns of interannual variabélitghave strongest correlationdth

in-situ data (r9.92 for LOCEAN, r=0.95 for JPL, Appendik Table A2). This is particularly notablgiven they originate

from different satellites and are generated from different processing algorithms. These twospllodd@&EAN SMOS and

JPL SMAP) ae chosen for further use in this study, due to their strong similarity and good correlation valuessittitidata.

10



255 GLORYS12Viand the two satellite producshiowsimilar areas of open water / 0b retrievalsIn 2019, the area of open
water B particularly large irGLORYS12V1and in all satellite products, with no regions of notable sea ice (\&#h€re 30%)
below 80°N throughout the Laptev and E&dterian Seas. In 2016, thesermore extensive sea ice and few satellite SSS
retrievals in the Aptev Sea but a large area of open water in the East Siberiawlsataextendsonsiderably 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
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LOCEAN 2019: 0000008800000000000
000000000000000000000000000000
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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 transect interpolatedgh in-situ data
(shown in map of JPL SMAP SSS in bottom left for each year) withsitu data overlaid with black rings and satellite data for that

265 transectin JPL SMAP and LOCEAN SMOS SSS shown as a line of points. JPL SMAP data is madéraesparent where the provided
SMAP SSSuncertainty is < 1pss.
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GLORYS12V1ifeaturesa wellkmixed plume in the shallowest regions of the shief016 and 2019Figure3), and in almost

all other years considered. Henitggreesvell with in-situ data in regins and years where the plureaniellmixed nearshore
(e.9.2016 shown above and 198nd 2000 not shown) but fatts represent years with a stratified plume nearstag2019

shown above and0®8 and2011 not kown). The variability of stratification dynamics, even just in the two years examined,
suggests it is not appropriate to assume a constant mixed layer depth on the shallow sheffreasolsg been done to
estimate fresh water contefidmbert et al., 2021)Iin all yeas examined, irsitu data shows the fresh layer (< 15 pss) i
relatively shallowand only extend® between 5 and 10m, shallower than Kara due to weaker tidal mixing (Osadchiev et al.,
2021).

In 2019, some differences in surface plume extent are visible between GUQRY&nd insitu data.Some of these
differences may be due smtio-temporal mismatch of September monthly 1/12 degree data with pesittiidata (in late
September/early October), as vertical stratification is very seasonally and regionally variable (and bathymetricalgdgontroll
in this region(Janout eal., 2020) However, both satellite products more closely resemble the extended plume visible in in
situ datathan GLORYS12V1

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

River. Whilst in some years, theage only very smallegions of SSS below 20 pss (2014), in other yeargbleregions of

SSS as low as 6 pss have been observed (in 2043)ut et al., 2020Within GLORYS12V], the shdbw surface layers
consistentlymore saline (between 12 pss) than wsitu dataand salinities below 20 psge typially 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

shallow shelf regions (< 20 m), the more saline surface waters, fresher bottom waters and less extensive surface ptimes sugg
GLORYS12V1is too wellmixed compared to isitu data. This is reinforced by the weak tidal influence in this region and as
there is rarely sufficient windriven mixing to break up such strong stratificat{@ofonova et al., 2014; Hélemann et al.,

2011; Janout and Lenn, 2014; Shakhova et al., 2014)

Salinity stratification on the shelsimuch stronger than that temperature andsiby far the dominant control on density in

this region (Osadchiev et aR021).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
Therefore, this study focuses odisigy stratification in this region, which is more consistent ower course of September,

andmore 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 armiimulative Lena
River runoff in spring (Julian day 150)(right) over 19932022.Re gi ons wher e correl ations are
denoted by the white contour and brighter colours.

There is aignificant spatial pattern in correlation betwetre threemonth (Junéo August)mean eastwarditbulent surface
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), particubrly in the East Siberian
SeaThenegative correlation suggests strong eastward wind stress is consistent with fresher SSS ridse stianeg positive
correlations offshore are present, albeit in different regitmsughout June, July and August,veall as in the threenonth
mean(AppendixB Figure Al). However, the negative correlation nearshore is only present in July and Augostll region
of negative correlatiofx -0.75)is also present just Easttbe Vilkitsky Strait and is visible in all three monthEhese strong

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

A weak nonsignificant spatial pattern itorrelation is foundbetweercumulativespringrunoff and GLORYS12V1 SSShis
pattern suggests a positive correlation nearshore, particularly in the East SiberemmSenegative correlation offshofde

weak positive correlation nearshore suggests increases in runoff are consistent with imcr8&®sThis pattern is the
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opposite of what would be expected and what has previously been suggested: that an increase in runoff would drive nearsho
freshening However,there is almost nowhere that this correlatiost@istically significantWhilst 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 cumulative sumotelr amalial

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

Similar correlation analyses conducteetween runoff and eastward surface stveitis 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 SS&nd the threemonth mean ERAS eastward turbulent suface stress
(METSS) over June to August (68) (left) over 19932022. Correlation between GLORYS12V1 September SSS andmulative Lena

River runoff in spring (Julian day 150 (right) over 19932022.Regions where correlations are statistically significantf/ O0 . 05) ar
denoted by the white contour and brighter colours.

Figure5 depicts thestrongspatialpattern ofcorrelation betweethe threemonth (June to August) mean eastward turbulent
surface stresand GLORYS2V1 SST This 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 sheffand thatwestward wind stress is consistent with warmer SSTs in this fedibe region of negative

correlationdiffers in region between June and August (Appemiiigure A2). It is closest to shore in Jumad appearto
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move offshore oveduly and AugustWhilst this negative correlation is mainly confined to the Laptevi®dane and August,

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

A weak positivecorrelation is present between cumulative spring runoff and GLORYS12V1hs@&ighout the Laptev Sea.

This positively correlation is not statistically significant anywhere except in the central Arctic (> 80 HiN)positive
correlation suggests increasguting runoff is consistent with warmer SSTs throughout the Laptev Beaspatial patterns

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

correlations but are even weaker and are ndsstatly significant (AppendiB Figure A2).

METSS 3MM 6-8 Runoff 150

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

Figure 6 : Correlation between GLORYS12V1 September SlGnd the threemonth mean ERA5 eastward turbulent surface stress
(METSS) mean over Jwne to August (68) (left). Correlation between GLORYS12V1 September SST andpring cumulative Lena

River runoff (to Julian day 150)(right) over 19932022 Regi ons wher e correl ations are stati
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 regpn of strong positive correlation is present just off the
continental shelf in the Laptev Saad a region of strong negative correlatisqpresentn the central Arctic (> 85 °N)n

turn, this implies that eastward wind stress is consistent with seile@lC in the northern Laptev Sea and lower SIC in the
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central Arctic (and that westward wind stress is consistent with decreased SIC in the northern Laptev Sea and increased Sl

in the central Arctic).

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

3.3 Drivers of interannual variability in September SSS

The mean atmospheric circulation pattisrrepresented iRigure7, calculated as the mean surface stress over the box defined

in Figure 2. Values arenotably dfferent in 2016 and 201%igure 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\
Segust off the ontinental shelfln 2019, theresipredominantly anticyclonic circulation with Nontvestward winds dominant

over the Laptev Sea shelf. The anticyclonic circulation \asibl2019 more closely resemble® mean circulation pattern

visible over 20112020(Figurel).
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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 dots indicatingthe most eastward (red dots) and wstward (blue dots) years chosen
for analysis for both the longer SMOSGLORYS12V1 timeseries (darker red and blue dots) and the shorter SMAP timeseries
375 (lighter red and blue dots). The range of the maximum and minimum easard turbulent surface stress between June ashAugust
is shaded in greySpring cumulative Lena River runoff (until the 150" Julian day) (green) and mean June to August arctic oscillation
index (AOI) (orange, standardized by standard deviation of surfacetress) are overlaid.

The magnitude of variability in mean eastward turbulent surface stress (= 0.6% &tmoss the entire timeseries is notably
larger than that ohorthward turbulent surface stress, which remained within + 0.02°NTime years of lghest eastward

380 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 sae=2011, 2013 and 2019 over the SMOS timeseries and 2015, 2019 and
2020 over the SMAP timeserids. years where the mean e&atd turbulent surface stressriegative (denoting predominant
westward turbulent surface stres$jere & considerably morwithin-year variability (typically > 0.05 N n# in eastward
turbulent sirface stress in the months spanning Jurfeugust(denoted by the grey overlay igure?7).

385
There is goodigreemenbetween the thremonth mean oéastward turbulent surface stregel AOI(r=0.65, p=0.02)The
AOI is highest in2016, 2017 and 2018 over the SMOS timeseries and 2017, 2018 and 2021 over the SMAP timeseries. The
AOl is lowest in 2011, 2015 and 2019 over the SMOS timeseries and 2015, 2019 and 2020 over the SMAP timeseries.
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390 Spring cumulative rurfb does notsignificantly co-vary with turbulent surface stregs-0.30, p=0.3l) or the AOI ¢=-0.39,
p=0.19 over this timeperiod Spring runoff is highest i2012, 2013 an@014over the SMOS timeseries and 2015, 2020 and
2021 over the SMAP timserieSpring runoff idowest in 2016, 2017 and 20b8er both the SMOS and SMAP timeseries.
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Figure 8 : Eastward (E, top row) and westward (W, middle row) composites calculated from the identified three most eastward and
westward yars for (left to right)y GLORYS12V1SSS, LOCEAN SMOS and JPL SMAHR he diference composite (eastwardwvestward)
for each product is shown on the bottom row. TBRORYS12VImean 30% sea ice concentration contour is overlaid on the respective

400 composite plda.
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The eastward/westwarcbmpositesof all three SSSproducts agrestrongly, regardless of the differing years chosen for
analysis (

Figure 8). The composite analysidearly highlightsthe differing pattern of $Sunder positive (eastward) and negative
(westward)zonal wind.The eastward composite cédg resembleghe 2016 SSS pattern visibleRigure 2, and the westard
composite closely resemblté®e 2019 SSS patterfhis strong resemblance between particularly anomalous individual years
and the zonal wind composite plots supports that the zonal wind is the dominant driver of variability in thi& esgsonith
strong westward wind haveonsiderable offshore trarmp, and northward spreading of the plume, denoted by the presence
of anomalous fresh water in the Northern Lapteva@ehrelatively higher salinity water in the East Siberian Akarnaively,

years of eastward windeassociated with onshasad aloigshoretransport, 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 composite difference plogsovide a cleaar visualisation of theNorth/South(offshorénearshorellipole 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 msety dlvan the individual
eastward/westward compositdsis agreement suggests that although the three products have different mean SSS states, the

capture very similar patterns of variability.

Thereis a notable difference i8IC in years of westwardnal eastward wind forcing in botBLORYS12V1and the satellite
data(indicated by the absence®$Sdata) Under westward wind forcing, theptevSIC is smaller in the Laptev S€245074

km?) and the 3098IC contouris nearer shoré the East Siberian Se The oppositesitrue undeeastward wind forcing, with
a largerSIC in the Laptev Se376064 k) and the 3095IC contourfurther offshoren the East Siberian Sea.
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Figure 9 : Eastward (E, top row) and westward (W, middle row) composites calculated from the identified three most eastward and
westward years for (left to righffLORYS12VISST andL4 CCI SST (maskedyp30% sea ice concentration] he difference composite
(eastvard i 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 CClI data and is overla@l®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 4°C ae typically present off the continental shelf in both composites (and all years analysed), with a rapid
transition in temperature present at the 3886 margin Figure9). On the shelf, temperatureseaypially warmer (> 1°C)

and riverine plumés typically > 2°C, with large regions in excess of 4°C.

The eastward/westward composites of both products agree very well and suggest notable differences in SST pattern unds
differing zonal wind forcinglUnder eastiard wind forcing, both GLORYS12V1 and CCl SST composites show 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 Seara a 30%SIC contour nearer shore in the East Siberian Sea.
Under westward wind forcing, both SST composites show warm SST anomalies are mostly advected offshore to the Northert
Laptev Sea. Té westward wind states icoincident with lower & in the LaptevSea and a 30%IC concentratiorcontour

further from shore in the East Siberian Sea. A dipole composite pattern is also visible in the SST difference camposite
visible in the SSS difference composite. However, the difference composite betweesraasid/ westward wind states

presents in an East/West direction 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 contraij GLORYS12V1 September SSSST
or SICin the Laptev or East Siberian shelf sgagmulative 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 dynamicshan the
cumulative runoff in summer or the total runoff over the yefmwever,the correlations witlspring cumulative runofére

almost entirely not significant.

It might be expected that years with the largest magnitude of cumuating / summer / annual river discharge would have
the largest fresh surface layer (< 20 pss) as has previously been sugdestedilative annual dischard&/mbert et al.,
2021) However,the GLORYS12V1 correlation analysis suggests there is no significant correlatiothe outflow of the
Lena Riverbetween SSS and cumulative runaiffany time of yealf anything the oppositeattern appeatsue nearshore in

the East Siberian Sea: with increases in spring runoff driviglger salinities near the coaahd low salinities offshorélhe
differing result here, compared timbert et al. (20213ppears to be primarily due to differences in BEC and GLORYS SSS,
and in turn the variality in fresh surface layer arelo mechanism has yet been suggestedatae theopposing behaviour

found herelt is possible there is some negative feedback whereby earlier spring runoff drives earlier sea ice retreat, and in

23



465

470

475

480

485

490

turn expands the regiaf wind influence and spreads the plume further offshidmvever, this counterintuitive correlation

warrants further investigation.

The short nature of the satellite SSS timeseries prevents-@epth correlation analysis wittunoff as was done with
GLORYS12V1butvisual comparisosuggestsio clear pattertvetweeninterannual variabilityn spring runoff and SS&
visible overthe SMOSor SMAP satellite period. This comparisons alsocomplicated by the interannually varying ifree
region, whichdetermines the total area of SSS retrievals and in turn, any derived fresh surface lay&varehss period,
spring runoff is lowest in 2016, 2017 and 2018. Whilst the fresh surface layer is extensive in 2018, it is very smaiaiyd coa
confined h 2016 and 2017These two years were excluded from analysighmbert et al(2021)due to lackof SSS data,
which partially explains the differing results he¥éhilst the area of satellite SSS retrievals is relatively small in these years
compared to other years analysed, the edge of the plume is clearly visible in the area of open wategeEisstisatythe
small plume observed in these two years is not just due to the relatively small area of open wateirandrthtiere is no
reason to exclude these years from analyg@mversely, gring runoff is highest i2012, 2013 and 2014gain, there is no
conclusiveSSSpattern as the fresh surface layerekativelyaverage irall three of these year§he inconsistent response
satellite datasuggests cumulativepringrunoff is not a major driver dhterannual variability irSSS pattermasis suggested
from GLORYS12V1 and asaspreviouslybeensuggestedby other studie§Osadchiev 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., 20080sadchiev et al., 20213atellite SSS data shown h@mvides a complete picture of SSS variability

and confirms what haspreviouslyonly been suggested from-gitu data thatzonalwind forcing is the dominant driver of

Laptev SSSSatellite SSS datalsoprovides a clear, complete visualization of differences in freshwater tratisfmarhout

the sea ice free Laptev and East Siberian gedsr different wind regimesaugmenting the scattered view available from in

situ dataWestward wind drive considerable offshore transport, and northward spreading of the plume toward the Northern
Laptev Sea. Conversely, eastward wind is found to drive alongshore transport, resulting in a coastally confined river plume,
denoted by more saline waters in the NerthLaptev Sea and fresher waters in the Southern East Siberian Sea. Given the
different eastward and westward years chosen for composite analysis for SMOSMg®, the agreement in
eastward/westwar8SS composites between JPL SMAP and LOCEAN SMOS pesilidifies this finding

The composite analysis highlights the dominance of the zonal wind over the meridional wind in driving SSS patterns. Within
regions with particularly shallow shelf bathymetry, such as in the South Laptev Sea, the Ekman asiverhhsuggested to
almost completely align with wind direction or to be transported ~60° to the(Bghitrenko et al., 2005; Kubryakov et al.,

2016; Zatsepin et al., 2015 he strong dominance of the zonal over meridional wind component observed here (in driving
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the fresh surface | ayer SE / NW) supports that full Ekm
is to the ridnt of the wind but not fully perpendicular to it.

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 Z0dAdout et la 2020)and 2018 Tarasenko et al., 2021\where the

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

There has historically been some debate as to the role of the AOI in controlling SSS variability, botl{Bacalyet al.,
2010; Janout et al., 2015; Steele and Ermold, 2G4 on a full Arctic basin sca{#orison et al., 2012; Rabe et al., 2014)
The mean eastward zorslrfacestress in this regiorsifound to be strongly correlated to the mean AQluneAugustover

the full GLORYS12V1timeseries (r=0.49), and this corretatiis particularly strong over the SMOS satellite period (r>0.67).

Very similar spatial patterngeafound when calculating composites from the three years of maximum and minimum (June
September) AOI as when calculating composites from years of maximum and minimuri(dusd ERAS5 zonal surface

stress (not shown). The similar spatial patterns highliggit lbcal whd 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 decadal variability in &m gxtwhich 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 forcing in this 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 dynanm(iEgyure3). In 2016, insitu andGLORYS12V1SSS agree particularly

well and show a welinixed very fresh plume nearshaffeigure 3), likely driven by the strong consistent onshore Ekman
transport driving downwellingOsadchiev 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 dynamic apgars to be visible in 1994, wleestrong eastward wind stresscoincident with a coastally confined and
well-mixed plume (not shown but visible in-gitu data an@GLORYS12V1SSS and SST

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

shelf, visible in insitu data in thesgears, suggests that the fresh layer is more strongly stratified in years with considerable
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northward spreading. This phenomenon appeared true in 1994 and 2016, where strong onshore Ekman transport appeared
drive the welimixed plume observed. Hence sgée that the shallow shelf is below the calculated Ekman depth for this region

(37 m)(Baumann et al., 2018; Tarasenko et al., 20Bkinan transport clearly plays a ralecontrolling vertical stratification,

at least in years where eastward wind stress drives onshore transport and mixing / dow(lvegitmgnd Helfrich, 2002)
However, it is also possible that the magnitude of river discharge is a dominant control on the vertical distfilBSiSn

given thee is no conclusive evidence that theface freshayervareswith cumulativerunoff.

This hypothesis was not tested as the constantmigtd plume nearshore sugge&®sORYS12V1is not capable of fully
representing plume stratifitan dynamics in this complex environme@ther model output was considereddse {ncluding
CMEMS TOPAZ GLORYS2V4, ORASS5, GloSea5/FOAM, CGLOR®ut all models considered either had insufficient
vertical levels to accurately resolve the shallow sf@IEMS TOPAZ) or suggested the shallow shelf to be wmked in

all years considered.he challenge of accurately representing mixing/stratification dynamics in Arctic shallow shelf seas has
been widely documente@anout et al., 2020; Hordoir et al., 202&jven the large number of vertical layers present in
GLORYS12V] even on the shallow shelf, it is likely poor representation of vertical strétfida due to modejrid / physics

andor parameterization of vertical mixing rather than due to insufficient vertical layers to be able to realistically represent the
plume(Arpaia et al., 2023; Wise et al., 202Eyen in years with a mostly wethixed plume (E@016),in-situ data typically
showsa more saline layer at depth in cemtaggions on the shelf, whick almost never captured IBLORYS12V1 The
challenge of accurately modelling stratification in Arctic shallow shelf seas andrphémited availabity of in-situ data on

the shelf preventa more indepth analysis of the representation of vertical plume structure VBIbRYS12V1 It may be

useful for future studies to considetht inclusion ofnterannual runoff forcing auld improve representan of stratification

dynamics.

4.4 Sea surface temperature sea ice concentratiorvariability

SST has been shown to be a useful indicator of plume location in this (Bgiotnenko et al., 2005; Osadchiev et al., 2021;
Tarasenko et al., 2021puring the summet,ena Riverwater is typically at around 18C before entering the Laptev Sea,
which ismuch warmer than the typical S®&low sea ice of below T (Juhls et al., 2020)his se$ up the gradient in SST
that i clearly visible over the Laptev Sea, with temperatures beld6@ Off the continental shelf and below sea ice and
temperatures above°€ present over much of the shé&imilar resultshavepreviously been shown from-gitu data, with
offshore SSTs typically below 0 °C and SSTs near the mouth afthe Rivertypically over 3 °C and up to 10 °C in the last
2 decadeg$Osadchiev et al., 20217 his represents a significant increas&eptember nesghore SSTever the last several
decadegKraineva and Golubeva, 2022; Polyakov et al., 2005)
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Many studies have considered the dominant drivers of SSS interannual variability and of the seasonal and dedéglal variab
in SST,but few have considered whether SSS and SSVarp with distance from the mouth of the Lena and in turn what
drives interannual variability in SST in this region. Tlhggedcorrelation anccomposite analys shows that zonal wind
components a key driver of interannual variability in SST as well as of SSS. This finding highlights that correspondence
between SSS and SST is not only driven by their common source but also by their common driver of interannual variability.
The strong correspordce betweenastward/westwar8SS and SS€omposite®n the shallow Laptev shelf is unsurprising

given that warm and fredtena Riverwater dominates oceanic properties in this region.

However, whilst the eastward/westward composites appear similaidecaible differences are observed between the SSS
and SST composite differen@nd correlatiorplots. The SSS composite (eastwarestward) difference plots suggest a
North/South dipole where eastward forcing appears to drive onshore /esmttbard tragport of fresh SSS anomalies and
westward wind forcing drives offshore / northward transport of fresh SSS anontalite laggeecorrelation analysis
betweermeaneastward turbulent surface stress and SSSpétisrnis highlighted by th&ipole betwen thestrong negate
correlation nearshore argdrong positive correlation at the edge of the continental sBelfiversely, the SST composite
(eastwarewestward) difference plots show an East/West dipole where eastward surface stress drives easgpantdofran

warm SST anomalies and westward surface stress driveswestivard transport of warm SST anomali€ke lagged
correlation analysis between June to August eastward turbulent surface stress and SST consists predominantly of a strot
negative comlation in the northern Laptev Sea. Whilst there is a weak region of positive correlation in the East Siberian Sea,
which would create the East/West dipole described above, it is not significant. The difference in strength of correlation
indicates that witét westward wind stress drives a strong increase in SST (and/or eastward wind stress a strong decrease il
SST) in the northern Laptev Sea, eastward/westward wind stress drives a much smaller change in SST in the East Siberic

Sea.These differences in cquosite difference plots likely occdiue to feedback cycles between SST;,SSS and albedo

Hence, whilst the zonal wind clearly plays a key role in controbhotlhh SSS and SST pattertise differences between SSS
and SST composite differenaad corelationplots highlight that this warm and fresh water is exposed to very different thermal
and freshwater forcing after entering the Laptev Ssanparing the responses of SSS and B®Vides unique insight into
understanding the contribution of the abmvind 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 potsprial wind clearly controls the initial plume
propagation Undereastward wind forcingt transports the fresh, warm plume along the coast to the East Siberjan&ea
otherwiseunder westward wind forcing, it transports the plume offshore to the Northern Lapt&83da a dominant control
on the spatial distribign of Septembe8ICin this region so the initial transport of this plume drives sea iceimrbiat region

This relationshipis highlighted by the very strong correlation (r=0.91) between mean SST over the Laptev Se@ iand Sl
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Septemberand by the v similar correlation patterns between eastward wind stress and GLORYS12V1 SST amteSIC
strong correlatiorprevioudy found between rivewater fraction and melvater fraction supports that this relationship is
causal rather than coinciden¢Blauch et al., 2013Pespite this strong correspondence, the initial heat brought by river runoff

is only suggested to contribute ~10% to sea ice breakup in early @paag et al., 1994However, the initial loss of sea ice

near the river mouth and the daréloured water that replaces it (high in dissolved and suspended particulate matter) alters
surface albedo and increases heat absorption creasingng wsitive feedbacKkBauch et al., 2013; Park et al., 2028%
SSTsarecooler than atmospheric air temperature in summer, SSTs will continue to warm until atmospheric temperatures start
to cool in autumr{Janout et al., 2016The strongly stratified summer halocline also increases stability of the water column,
making summer heating more ettive (Osadclev et al., 2021)Whilst warm summer air temperatures will drive a warming

of SST in open water regions, freshwater input from precipitation has a negligible impact on SSS and sea ice melt only plays
a small role in altering summer S$3ubinina et al., 2017)Thesedifferences drive the observed differences in composite
differenceand correltion plots. The SSS composite difference plots represent just the direct response of SSS to the zonal wind
(offshore/nearshore)rhe SST composite difference plakso highlight the importance of the SST{Spositive feedback
whereby warm river runoftlrives sea 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 northern éaftea, compared to the East Siberian 8ag, be related to this SST/SIC
positive feedback and theming and/or regiorof sea ice retreat. It is possible that offshore transport (driven by westward
winds) drives earlier and/or more expansive seariet, 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, further workddmineeded to confirm thik.is worth noting that the
similarity between SSS and SST eastward/westward composites highlights the importance of the zonal wind in modulating

this SST/SIC warming positive feedback.

The considerable diéfence in spatiglattern ofSIC under eastward and westward wind forcing andéfegionship between

SST and ST suggests zonal wind is not only a key driver of variability ir5$8d SST but also of LaptevCSIThere have
previously been Arctiavise studies that have ggested that the summer A@la good predictor of SegphberSIC (Ogi et

al., 2016) but the same has not yet been suggested locally in the Laptev Sea. The consistency of SST composites calculate
in this study from years of strong eastward (/westward) turbulefaicgustress with that of strongly positive (/negative) AOI

years supports thédrge scalecirculation appears to be the dominant driver of variability in this region.

Previous work in this region has also suggested that variabilitgthiSunrelatedtsea ice dynamid®sadchiev et al., 2021)
However,boththe compositeand correlatioranalysis here clearly show that variability in zonal wind stress does play a role
in controlling SST an&IC. Attributing vaiability in SST and in tursICto zonal wind stress immplex due to th8ST/SC

warming positive feedback described abawd the strong decline inGlisible in the LapteyKraineva and Golubeva, 2022)
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However, the spatial pattern BLORYS12V1eastward and westward SST composites is consistent regardless of time period
chosen (the fulGLORYS12V1time period, the LOCEAN SMOS time fped 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
timeserie}. In addition, the spatial pattern of variability visible inthh&&ST composite difference ploasmd in eastward
turbulent surface stress and SIC correlation péotetably different from the lonterm pattern of SST warmiray SIC decline
(between 1992002 and 2012019 inGLORYS12V)), which suggests a pattern mbre rapid warming distributed across

the continental shelThe consistency of SST composites shotlva difference in spatial pattern of S8ider differing wind
forcingand the strength of correlation and similarity in correlation pattern between shtiviailent surface stress and SST
and SICsupport that wind stress is a control on SST and in S@ptembeSIC. Further work is needed to investigate if

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

4.5Implicatio ns 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., 2022; Park et al., 202@Q)is also clear that the increase in river
runoff will increase the freshwater content of the Laptev Sea and have implications for local andvilleetitratification
dynamics as well as for local biogeochemistipwever, theweak 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 ftaty 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 mieR000s, the Lena plume typically remaiir&ronglystratified and confined to the Laptev Sea shelf, constrained
by the extensive sea ice cover and small region of atmospheric inflidemamut et al., 2020T he loss of sea ice cover in the
Laptev Sea is enlarging the area in contdth the atmosphere and increasing the time of atmosyitan exposure.

The strong influence of the AOI on local wind stress in this region, and the increase in correlation strength overelemhore r
time period, highlights the need to investigate hlawgescale atmosphericcirculation will change over the Arctito
understand future changes in Laptev Sea freshwater tranShrtrelationship is only likely to become stronger given the
AOl is suggested to have increasedariability in recent deades(Armitage et al., Q18; Morison et al., 2021and 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 influglareout et al., 2020; Johnson and Polyakov,
2001; Zhuk and Kubryakov, 202ahd in turn have the potential to speed up transport between the shelf seas and central Arctic
(Charette et al., 2020)
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660 However, the impact this will have on the wider Arctic will strongly depend on changes incgttiatifidynamics 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 changenifélst. On the one hand,
having aarger opemwater region exposed to wirdtiven mixing for longer periods couttbeperstratification, increasing the
tendency of a wellnixed plume(Janout et al., 2020)This appeared to occur in 2016 andras likely under strong eastward

665 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 strengthfaicsstratificatior(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 alternaéites $ould become more frequent, with the
increased influence of wind variability with the loss of sea ice o@arout and Lenn, 2014 hanges in stratification will be

670 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@ptier et al., 2019Untangling all
these compounding changes remains a challenge and will only led sgl@a unified approach bringing together a combination
of different data products and typesluding in-situ 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

675 understanding Arctic wide freshwater transport. Understanding these processes will be further aided by the launch of highe
resolution satellites for mapping sea surface geostrofarid total) velocity, induding the Surface Water and Ocean
Topography (SWOT), SeaSTARlarmony andODYSEA (Gommeminger et al., 2019; Morrow et al., 2019; Suess et al.,
2022; Lee et al., 2023)

5 Conclusiors

680 Satellite SSS agrees well with-$itu data(r ©0.84)and provides notable improvement compare@it®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 satellitesiindiata in this region
highlights the need for more nesuirface insitu data for validatio in this region, particularly nearshore over the lowest

685 salinities. The current lack of nearshore low salinitgibn 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 confirmeghat in-situ data has previously suggestit thezonal windis thedominant
690 driver of offshoefonshorelLena Riverplume transport, with strongpnsensus in SS&tternsunder eastward and westward
wind regimesn GLORYS12V1 LOCEAN SMOS and JPL SMARAnnual, summer andpringrunoff do not appear to play
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a role in controlling interannual varialijtin SSS SST or SIGn the Laptev and East Siberian sése zonal wind also play

a key role indriving SSTvariability and appeatto drive spatial variability irtSIC across the Laptev ariehst Siberian Seas.
The differences in spatial patterns of S8%d SST under eastward/westward wind fordiighlight the importance of the
zonal wind for dispersing riverine heat and in turn controlling the SET8sitive feedback, which plays a considerable role
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 circulatiomighlights 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 SSKISST thizdregion
highlights the challenge but al$iee need to understand this feg 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 région wi

impact both this region andider Arcticsea ice dynamics and frestisr transport

31



Appendix A

Only observations in the upper 10m are used for comparison with satellite data. The same analysis was conducted using on
data in the upper 5m with no significant improvement. The analysis shown here is for the upperet8im & much data as
possible.

710

Table Al: Cruises, vessels and timeeriods 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 {Polyakov—and-Rembe
UCTD Tryoshnikov 2019)
(Janout et al., 2019)
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 data over 20:22020. The regridded SMOS
715 data and GLORYS12V1 reanalysis (on a 0.25° grid) are used for comparison sith data. BottPearsorcorrelation
coefficients and roetmean square difference (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 collocation wititirdata. 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
720 37 collocations). Therefore, RMSDs and correlation coefficients are also calculated for SMOS products and reanalyses ove
the longer SMOS time period (20PD20) to obtain more collocations (228). JPL SMAP and LOCEAN SMOS have

particularly high correlatiocoefficients and low RMSD values and agree well so are used for further analysis.
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725 Table A2: Correlation coefficients from in-situ SSS data < 10m over 2018020 (left) and 200-2020 (right) with GLORYS12V1,

BEC SMOS and LOCEAN 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 ccefficients 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.

730

20152020 20102020
All obsv <10m Common obsy All obsv <10m Common obsy
<10m <10m
Num Corr Num Corr Num Corr Num Corr
obsv coef 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

735 GLORYS12V1, BEC SMOS and LOCEAN SMOS products regridded at a 0.25 degree spatial resolution, JFBMAP 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
collocatedwith in-situ data (All obsv <10m) and for only where all products had a collocation point near situ 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 3.04 3.93 1672 2.14 3.25
ORASS5 219 2.75 3.74 1672 141 2.42

740
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 typially between 1.1 and 1.65. Despite this relatively
high error in RMSD, due to the large range of SSS observed over this small area (5 to 35), botadatasdtcorrelated.
JPL SMAP, LOCEAN SMOS, and the median sat product stand out as having paytiiglacorrelation (r 9.8) coefficients
745 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 relativehjigher salinities > 30 offshore. Therefore, the salinity range captureddityinbservations

only collocated with one satellite product/GLORYS12V1 typically includes a larger range of salinities (with more SSS values
<30) than that captured by-8itu 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 isitu obserations collocated with all products.

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

2020 and p0.78 over 2012020), the correlation deteriorates when only considering observatiwre 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 taheptiogéscale 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 fineresqaleme 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 SSS modgdb Arctiebased

process studies.
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Appendix B

METSS 6 Runoff 365

7
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METSS/Runoff vs GLORYS SSS 9 corr
Figure Al: Correlation between GLORYS12V1 September SSS and mean eastward turbulent surface stress (METSS) or@B80
North and 120-160 Eastin June (6), July (7), August 8) (left column) over 19932022. Correlation between GLORYS12V1
770 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 19932022. Regions where corleat i ons are statistically signif
white contour and brighter colours.
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Figure A2: Correlation between GLORYS12V1 September SST and mean eastward turbulent surface stress (METSS) ov6&:80

775 North and 126160 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 19932022. Regions where correlationsardsat i st i cal ly significant (y
white contour and brighter colours.
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