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Multi -model analysis of the Adriatic dense water dynamics
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Abstract

This study aims to enhance our understanding of the-droran dense water dynamics in the Adriatic Sea using different
stateof-the-art modelling approaches during the 2aiB4 period. Pradatally, we analge and compare the results of four
different simulations: the latest reanalysis product for the Mediterranean Sea, the recently evalaatsblution
atmospher@cean Adriatic Sea climate model and the kinge running Adriatic Sea amsphereocean forecast model used

in both hindcast and data assimilatigrith 4-day cycles)modes. As a first step, we evaluate the resolved physics in each
simulation by focusing on the performance of the mod€hen, we derive the general conditionstle ocean and the

atmosphere during the investigated periBthally, we analyse in detail the numerical reproduction of the dense water

dynamics as seen by the four simulatigise prerequisite for propermodellingof the ocean circulatiom the Adriatic basip Deleted:

This study confirms @t kilometre scale atmosphet

. . . . X . . . X ocean approach, ndirydrostatic atmospheric modefie vertic
including kilometre scaleatmospherecean approach, nérydrostatic atmospheric models, fine vertical resolutions in both | resolutions in both atmosphere and ocasad proper location ¢

atmosphere and ocean éhe location and forcing of the open bounda&gnditiong are thus discussed in the context of the

forcing of theopenboundaryconditionsare
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differengsimulations.In conclusiopthe 3tyear long evaluation run of the Adriatic Sea climate mgslglund to beable to
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outperformmostaspecs ofthereanalysis productheshortterm hindcasandthedata assimilated simulatipim reproducing |

the dense water dynamics in the Adriatic Sea. method
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which then may be improved by a data assimilat
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The focus of this study is the Adriatic Sgan elongated serginclosed basin located tine northern Mediterranean Sea. The [Deleted:
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main geomorphological features of the Adriatic Sea (Fig. 1a) include a shallow bathymetry of the northern Adriatic sh{ Deleted:

which meets these requirements

gradually increasing in depth towards the 280 m deep Jabuka Pit. The middle Adriatic is sémarated ~1200 m deep [Deleted:

found to be

Southern Adriatic Pit (SAP) by the Palagruga Sill bhewh dDeeted
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northern lonian Sea. The Adriatic region is also characterized by an extremely complex eastern witastfinay islands

and large mountain ranges along the entire basin.
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The thermohaline circulation is one of the main factors influencing the Adriatic Sea dynamics. On the one hand, the river Po
in the northern Adriatic drives the outward Western Adriaticrént (WAC) along the western coast. On the other hand, the
inward Eastern Adriatic Current (EAC) flows along the eastern side of the Adriatic Sea and transports the water masses from
the Mediterranean Sea and, in coastal regions, from large rivers lacatedhern Albania and southern Croatia. Another
important driver of the thermohaline circulation is the formation of the densest water mass in the whole Mediterranean Sea,
the North Adriatic Dense Water (NAADW, Zefemanda, 1963).

It is known to occuin winter during severe bora events associated with hurksaergth gusts upto 58/ s ( Bel ugi |

Kl a2dQ4) . Bora events have a typical d ur alt 2004nGrisofjonoaahdo ut t wo
Belugil, 2 0 @l.92012)s Theypaeerstsokgly inffluénced by the orography and occur most frequently and most
intensely along the nort he @mln200V;eQokerbehls2 OBy n t ROObKidge drgl. , Bel ugi |
Durran,1 9 8 7 ; K alz2005;| Smiehf1987). Practically, the alternation of major mountain gaps and peaks along the

Velebit mountain range results in the formation of gap jets and wakes (e.g., Alper8@d9; Jiang and Doyl005; Signell

etal., 2010). The bora jets are thus occurringimown locations (Fig. 1b). The Trieste Jet has the northernmost location, the

Senj Jet is the most intense dodhest reachingaeawhi | e t he Karl obag and Sukogan Jet s
middle Adriatic (Dorman et al., 2007; Pullenetal 200 7 ; Janekovi i et al ., 2014; Denami
also occur along the eastern coast in the middle and southern

During the most extreme bora events, the intensithefipwardsea surface heat fluxésaking out heat from the séais

largely increased along the jets inducing negative buoyancy fluxes associated with sea surface cooling at hourly ® daily tim
scal e (e. gal,2014; Banarkebeval., fzoah'ﬁhis cooling, in addition to the homogenization of the coastal waters
during the late autumn and winter seasons, results in the formation of dense waters over the northern Adriatic andrthe Kvarne
Bay (e.g.,al2atmdék ol Zipléi;e/ti et lali,2018)e Days to weeks after such bora events, a strong
thermohaline circulation mostly driven by bottom density curreiitstarts in the Adriatidonian basin and generally last for

mont hs 4.Q000)ilddeed, the dense watersiggated in the northern Adriatic or within the Kvarner Bay, travel along

the Italian coast following the Po River plume (Areegiani
Adriatic basin towards the northern lonian Sea or alleated within the Jabuka Pit (Marini at, 2006), the SAP (Querin

etal., 2016), but also within the Kvarner Bay, which serves as both an area of generation and deposition of the dense waters.

Thus, boradriven dense water formation in the northern Atici jointly with the deep waters generated through -olorzen
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open convection in the SAP (Galil et al., 2002) , has a
biogeochemical properties (Boldrin et al., 2009, Bensil.e2013;Ga | i dl.,281 0 ; B al.t 201¢;tJaspricaeet al.,
2022).BesidegheAdriatic Seadense water formatioonshelf and itssubsequerginking along shelf breaKse., cascading [Deleted: in
Shapiro and Hill 1997, 200®as beembservedand studiedn manyotherareasof the worldoceanandparticularlyin higher [DE|etedi a

latitudes(Borenas et al. 2002; Shapiro et al., 2003; Wahlin 2002, 2004; Ivanov et al., 2004; Heggelund et ber2ddé;et
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al., 2007;GarciaQuintana et al., 2021).
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In the Adriatic, @st numerical studies have shown the importance of several factors influencing the modelling of-the bo( Deleted: P

driven dense water formation. At first, the atmospheric forcing used as a source of forcing for the ocean models were not

capable to properly reprodeithe extreme bora events driving this process (Bergamasco et al., 1999; Vested et al., 1998; Beg

Paklar et al., 2001; Zavatarelli et al., 2002; Oddo and Guarnieri, 2011). Indeed, the resolution of the atmospheric model has

been found to be one of the mastportant characteristics known to impact the bora wind speeds, due to an improved

reproduction of the orography andtheamnhc e ment of j et f | o als2017n Aldo,ithe enportanceiod s ( Bel ugi | et

the ocean model resolution has been demonstrated through many studies that used -kitateelireitedarea models to

simulate ocean processes driven by extreme condlitiothe Adriatic Sea (e,gcavaleri et al., 2010, 2018; Ricchi et al., 2016; {Deleted: Specifically

Carniel et al., 2016; Denamiel et al., 2020b). Further, the influence of the freshwater forcing in the ocean modelsl was fo[ Deleted: Janekovil et al., 201
Lo . . . . . . . . Deleted: .
to be crucial in modelling the dense water formatjn particulay the riverrunoff climatology used in previous studies cele -
- _ o o (Deleted: Vilibii et al., 2016;
(Raicich, 1994pverestimated real river discharges along the eastern Adriatic Zeasttérelli and Pinardi, 2002; Chiggiato Deleted: © Vilibii et al.. 201¢

and Oddo, 20Q8andhas been replaced by a new climatolegyich was based onp-to-dateobservationg J a n e k 0 V'i'/l (peeted: the most advanced variational scheme,

2014),That significantly improved the reproduction of the dense water formation, in particular at its secondary soione/locat| Deleted: ; Janekovi i et al ., 2
in the Kvarner Bay\(i | i bi I e0r18 Mii | h, a n200vli 61 ). ©ther fadtors,sucl? & 1th8 choice of open boundary
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conditions, the parametrization of vertical mixing and diffusion, etc., were alsd foure important (Benetazzo et al., 2014;
Janekovil et al., 2014).
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The proper representation of the bdraven dense water dynamics in the Adriatic Sea is still nowadays challenging, whethe
Moved (insertion) [3]

it is for research purpose as hindcast simulations and re@sahpducts or for operational purpose as forecast simulations/ [Deleted. (

This is why, recently, data assimilation was explored as an avenue to improve free model simulations, including the dc{ Deleted:

ie.,a
water dynamics in the Adri at ietal32629). Mok partieutadye FéurDenensiankl), |, [Deleted: simulations
Variationalschemeg4D-V a r ; Courtier et al ., 1994, Janekovili Jenas a|[DEIet9d:5
used duringhte 201415 period when a large number of in situ salinity, temperature and current observations were ayaila{ Deleted:
(Janekovil et thgd3l-year (2987201))evallation sirhueatiopf the Adriatic Sea and Coast (AdriSJ: [si:z::i 'a
Deramiel et al. 2019, climate modelsing kilometrescale atmospherecean models over the Adriatic basin has also been [Deleted: dataset
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A Cont r dnlthe Rlimat® communityprodue several decagdgong resultsforced byyeanalysisproductg(without datajr [Deleted: the
assimilation)angare mainly usedfor evaluaton purposgn climate studiesAs afree wun (i.e., dynamichy consistent over/’ ( Deleted: _of modelevaluation
decades contrarily to reayals productsvhich depend on the availability of the observatioftsorne and Vosg2010, the [Demmd: )
AdriSC evaluationsimulationhas already provided invaluable information about tilenow unknown, kilometre-scale {Ezin;iﬁd: Default Paragraph Font, Font: Times New Ro
present trends and variabilioy the Adriatic Sea (@] | i | e)t. al ., 2023 [Deleted:
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The aim of this study is thus to compare the currently available modelling strategies used to representithebhatense

water dynamics in the Adriatic Sea. The approaches considered in the stu¢ll) dne newest highesolution physical

145 reanalysis product for the Mediterranean $escudier et al., 2020, 20Rhereafter referred as MEDSE®Which isgenerated

by a numerical system composed of the Nucleus for European Modelling of the Ocean (NEMO) V3.6 model (Madec et al.,

2017) and dhree-dimensional variaional (3D-Var) data assimilation scheme OceanVAR (Dobricic and Pinardi, 2@08)

forced bythe ERAS5 reanalysisHersbach et al., 2020(2) the yearlong simulations of a atmospher@ceanAdriatic Sea Deleted: the newest reanalysis product for the Mediterran
L R X L the recently evaluatdihe-resolution atmospherecean Adiatic
forecast model( J anekovi | cenmposeé bf ROMS2Redidhal Ocean Modelling System; Shchepetkin climate mode{ Prani | et al., 20ad

150 McWilliams, 2009)and ALADIN/HR (Aire Limitée Adaptation dynamigue Développement InterNational; Tudor et al., 2013, | Deleted: &
2015)modelsused in both hindcast modeereafteyeferredas ROMShind) and with a 4BVar data assimilation procedure

(hereafter referred as ROMSII), and (3)the recently evaluatefl-year simulation ofhe fine-resolution atmospherecean
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AdriSC climate modelhich isbased on a modified version of the Coupled Oe&mosphereWave SedimentTransport
(COAWST V3.3) modellingystem (Warner et al., 2013RdriSC model izomposed otheROMSmodel(hereafter referred

155 as AdriSGROMS), andthe Weather Research and Forecasting (WRF v3.93kamarock et al., 20Q5nodel hereafter
referred as AdriSGVRF),
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In the following section, the numerical models as well as the methods used to perform this study are described. The results o
the analyses are presented in Seand discussed in detail in SettFinally, the main conclusions of the study are surized
in Sect5.

160 2 Material and methods
2.1 Northern Adriatic Experiment (NAJEX) Deleted: a

The time period investigated in this study includes the Northern Adriatic ExperimeE®) campaign which took place Deleted: a
between late autumn 2014 and summer 2015. The attredfi*.dEx campaign was to study the dense water generation and | Deleted: a
transport within and off the Kvarner Bay. It consisted in collecting temperature, salinity and current data using several

165 instruments and observing platforms. To measure the currents, adogier current profilers (ADCPs) were deployed at
9 locations between late November 2014 and-fidust 2015 while conductivity temperaturedepth (CTD) probes
measured salinity and temperature at 5 of the ADCP locations. Additionally, vertical ppbfiéesperature and salinity were
acquired at 19 CTD stations during two cruises between 3 and 6 December 2014 and between 26 and 29 May 2015. An ocean
glider was operated off the Kvarner Bay in a campaign lasting only for 3 deg 24 to 27 February 28, while an Arvor

170 C profiling float was deployed on 19 February 2015 in the northern part of Kvarner Bay and was recovered on 15 March 2015
off the Istria coast. The full description of theeMEXx campai gn i s provided icampadn,| i b Deleted: a

three severe bora episodes with gusts above 50%in ¢he Velebit channel occurred: between 28 December 2014 and 1
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Due to the unique dataset collected during thiedBx campaigri which has already been used either in datarélssion

experiments (Janekovil et al ., 2020) or i hthee201& boraaventn n

present a unigue opportunity to compare the capacity of different models (e.g., reanalysis, hindcast, assimiliedssim

climate simulations) to reproduce the dense water dynamics in the Adriatic basin. /

2.2Methods
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The main features of the numerical models/products used in this study are presented in Table 1. Additional information af peleted: 2.2.1 Mediterranean Sea reanal§isis

more detaitd description of the models is providesSupplemerdry Material (section S2)

In order to compare different simulations, model results fithizontalgrid resolution coarser than 1 km are interpolated to
the AdriSC-ROMS 1 km grid using the regridding uéines based on the Earth System Modeling Framework (ESMF) software
(http://earthsystemmodeling.ordast accesg March 2023. More specificallythe sults of theoceanmodels(MEDSEA,
ROMS-hind and ROMSull) and atmospherimodelg(ERAS, ALADIN/HR-hind, ALADIN/HR-full and AdriSGWRF) are |

all regridded ¢ a horizontafesolutionof 1 km, ]

\
\
Hereafter, the bottonpotential density anomalieg®DAs) are calculated using the function available within the NCAR

Command Language (NCL) library (Levitus et al., 1994a, 1994b; Dukowicz, B&@8;//www.ncl.ucar.edulast access:4L

The newest highesolution physical reanalysis product for t
Mediterranean Sea (hereafter referred as MEDSEA) distrib
within the Copernicus Marine Environment Monitoring Serv
(CMEMS) framework (Escudier et al., 2020, 2021) is used

study. It covers the whole Mediterranean Sea and a part of
Atlantic Ocean for the 1982019 period. The reanalysis is ge
by a numeical system composed of thaicleus for European
Modelling of the Ocean (NEMO) V3.6 model (Madec et al.,
and a variational data assimilation scheme Ocean{Zdbricic
Pinardi, 2008 1

NEMO is a norlinear, free surface-zoordinatehydrodynamic
model which solves the primitive equations using tspétting

technique. The model has a horizontal resolution of 1/24° (.
and 141 unevenly distributed vertical levels (thickness varie
m in the upper layers to 100 m in the deeper lay&fs.atmos|
forcing of the ocean model is provided by the European Ce
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November2022) and the downward turbulent heat fluxes are computed as the sum of the latent and sensible heat fluxes l{ Deleted: 1 May 2022

on the formulas provided in Denamiel et al. (2028221a). To be noted, heat fluxes from &IEADIN/HR -full results are

also modified by the 4&ar data assimilation process. Further, in this study dense waters are defiABéd\foequal or larger

[ Deleted: Forth

Deleted: e

| Deleted: simulations

than29.2kgn*based on previous research dealing with dense |y

al., 2016).

A comparative evaluation of the simulations for the 2@%4periodis carried out againsh-situ temperature and salinity

obsevations extracted from the/ M Ex campaign (Vilibil et -tarin monitofing fraéhgect t

(Il nstitute of Oceanography and Fisheries, Croatia)ias,'

et al. (2021),The assessmentjisesentedn the form ofa Taylor diagranfTaylor, 2001)using multiplestatistical parameters” :

andprobability density functions of the biag¢*DFs). The biases are calculagaddifferencepetween te daily results of the

simulations andhe availableobservationgi.e., they are daily instantaneous bias ert@@shsequently Jte model results are

extractedat the location(i.e., near neighbour grid pointdepth {.e., linearinterpolaton from model depthto observation
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depth) andiming (i.e., approximated tdaly averag¢ of the observationsThebiases aréhenobtained as thdifference

betweenmodel resultandpbservationst eachpoint in time depthandspace,The probability density functions aderived Deleted: is taken as
¥
with a kernelsmoothing metho@Bowman and Azzalini, 199@yhich calculates thprobability density estimate based onia. [ Deleted: 7
normal kernel funtion, and is evaluated 400 equallyspaced poirst Also, for each model, the median atite median Deleted:
and

absolute deviation (MAD) of the biases are calculated.

Additionally, to determine theninimumhorizontalresolution necessary to resolve the processeurring in the AdriatiSea

the baroclinic Rossby radii are calculated fioe whole AdriSEGROMS 1 km domainThe results arpresentedas spatial

distributions ofmedian and MD of the Rossby radiuas well as in the form of a time series of the Rgsadiusfor the four

subdomains rorthern Adriatic, Kvarner Bay, Jabuka Pit addep Adriati§. In this study, Jie potential densitymethod

described in Chelton et al. (1998)used to calculate tigrunt Vaisala frequency andence, thdirst mode ofthe Rossby

radii This method can result in an underestimation of the Rossby rtiwiveertical spacing is not fine enough. As the AdriSC
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long-term monitoring transect (Institute of Oceanography ar
Fisheries, Croatia) as well as the databasé puls h e d b
(2021) and described in Pr

and at all depths.
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ROMS model is providing results on 35 tieal sigma layers for the entire Adriatic Sea, this underestimatorthusonly

occur withinthe SAP area,,

Further, to quantify the general conditions in the ocean and atmosphere throughout the whde 2€xdd, an analysis of

the extremes is performe#or each of the four simulationthie results are presented spatial distributions of extremes
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accompanied with spatial distributions of their associated timing (in days). This includes the spatial distributions of the

maximum wind stresses and the minimdownwardturbulent heat fluxes in the atmosphééthesea surfaceand of the

maximumPDAs, minimum temperatures and maximum salinities in the ocean.

In order to better capture the dense water dynamics, two different temporal analyses of the results are also performed. First

time series of daily surface wdrstresses and downward turbulent heat fluxes in the atmosphdref daily bottom PDAs,

temperatures and salinities in the ocean are presented as the spatial average over different subdomains selecteden areas whe

dense waters are known to be eithengrated oaccumulatedThese subdomains are the northern Adriatic and the Kvarner
Fidditian

Bay for both atmosphere and ocean as well as the Jabuka Pit and the deep Adriatic for the ocean onl

the daily bottom PDAtime serieqrepresented without thenean and thseasonal signdlearly and haHyearly)whichare

removed from the serigdeach poify More specificallyaftersubtractinghe mea anddetrendinghe time seriegheseasonal N
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signal iscalculated using the leastiuares methodf a sine functiorand subtracted from thseries Thefinal time series

) { Deleted: is

PDAsis presented at selected datesMarch, 1 April, 1 May and 1 June 201and for the whole 20145 period as a movie

Jhe final analysiguantifies the total daily volume traport of the outflowing dense waters across four transect§4TEig.

1a)for all depths The outward transpgi$ calculategas a double integral of velocities normal to the transect over the area ¢

the vertical plane of the transect.
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3 Results
3.1Comparative evaluation during the 201415 period

A brief comparative evaluation of the four simulations is performed in order to quantgkitisef the ocean models against
18987 CTD measurements (Fig. 2c). The number of observations depending eptthesd(1) 6331 for the-80 m range,
(2) 5909 for the 4A.00 m range, (3) 2130 for the 2600 m range, and (4) 1577 for the 000 m range. The observations
partially cover the northern Adriatic, the Kvarner BethneP al agruga Sill and the SAP.

Taylor diagram (Fig. 2a) showeorrelations and normalized standardized deviations of the modelled and oliesrpethture

and salinity for each simation. For MEDSEA, the correlationfor temperature and salinity’ 0.77 and0.01 Deleted:

ywhile the normalized standardized deviati@rse1.68 and 0.39, respectivelROMS-hind

and ROMS-ull have almost the sameorrelatiors (~ 0.94) and standardied deviatios (~ 1.02 for temperaturewhile for

are lowesamong all simulations

salinitythe correlations ar@.90 and 0.92nd standardized deviatioA$3 and 0.81, respectivelidriSC-ROMS correlation Deleted: |,

is 0.92 for temperature and 0.89 for salinity, whereas standardized deviatioBs8&rand 0.27, respectivelBased on ta
Taylor diagram MEDSEA demonstratetower performanceoverall than ROMS-hind/full and AdriSGROMS which have

similar resultsfor temperatureFor salinity, only the correlationsire similar while the standardized dewion islower for
ROMS hind andsubstantiallylower for AdriSC-ROMS

For the temperature biases (Rip), ROMShind distribution has a median €f.37 associated with a large peak and a MAD [Deleted:

2a

of + 0.33 °C.ROMSHull distribution has a lower peak and a mediar0o29 + 0.31 °C. MEDSEA disbution has a median

of 0.00 = 0.84 °C with a heavier tail of positive biases up to 4.5AdESC-ROMS distribution has the lowest peak and a
median of-0.04 + 0.61 °C. Therefore, the ROMS simulations systematically underestimaseatemperature buthe
assimilation reduces the biases. FugiSC-ROMSand MEDSEA models overall better reproduce the observed temperatures
but have largest MAD due to an overestimatiothetemperatures in MEDSEA and both an eard underestimation of the
temperaturebetween2 and +2 °C ilPAdriSC-ROMS

For the salinity biases (Figd), ROMShind distribution has the lowest peak and a mediarDdf6 + 0.12.ROMS-ull [Deleted:

2b

distribution has a higher peak and a mediarOd®9 + 0.09. MEDSEA distribution has a median @00+ 0.36, a tail of
negative biases down t@.0 and a heavy tail of positive biases with a secondary peak at approximatégriSC-ROMS
distribution has a slightly higher peak than MEDSEA and a median of 0.02 + 0.16 with very low probabilitiggaforene
biases below0.2 but a heavy tail up to around 1.0 and a secondary peak around 0.4. HelR®MBdull and hind
simulations both underestimate the observed salinities but the assimilation reduces the bidsktSTHROMSmodel tends

to overestnate the salinity while the MEDSEA results display the largest-aret underestimations eflinities.
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Lastly, the comparison dhe performance ahodels with different resoluti@may beaffectedby thedoublepenalty effect

(Crocker et al., 202@nheaning thain pointwisecomparison with observatiotisefiner resolution modedtend to be penalised

morethan the modslwith coarser resolutioand therefore they can vriworse When a model has sufficient resolution to

reproduce ssmaltscale featuréut it simulates it incorrectly, it is penalised twice:carfor not simulating the feature where

it should have been amhce for simulating it wherefiiesn 6 t  bsereedCouwtraily, if a model resolution is not sufficient

to reproduce a featurit will be penalisél only orce for not reproducing the featufihis might partlyexplain why the AdriSE€

ROMS modelpresents a higher bias variability in both temperature and salinity and thusstawdardizedieviations than
the ROMShind and ROM&ull models.

3.2 Analysis of the extremes

To analyse how the different models capture the extremes during thelB0ddriod, the spatial distributions of daily
maximum wind stresses, daily minimum downward turbulent heat fluxes and their associated timing are pneSigites

3 and 4 while the spatial distributions of daily maximum bottom PDAs and their associated timing are presented i} Figure
Additionally, the spatial distributions of minimum temperatueend maximum saliniés are provided and described in
Supplementary Material (Fig. S1 and S2).

3.2.1 Wind stresses and downward turbulent heat fluxes

Moved down [2]:  Furthermorethe spatial distributionsf th
median and MAD ofhe Rossby radicalculated from the Adri!
ROMS resultsrepresentedor the entiremodel domairon Fig.
and 3b respectivelyln generalthemedianRossby radius is
decreasindrom open seawardsshallower coastal areag he
highest valueare found to baround 10+ 2.0km in the open
northern lonian SeaMedian Rossby radére slightly lower in ti
SAP with values around.B + 1.3 kmwhile sharpy decreaing o
edgewf the pitto around 0 + 1.2 km.In the Jabuka Pit, thec
reach around.® = 1.2kmwhereas irthe rest of the middle Ac
around 2.5 #.2km. Thedeeper part of the Kvarner Bayeser
high variability and Rossby radiround2 + 1.5 km The lowest
median Rossby radii as well as the lowest MAD are calcule
northern Adriaticaround1.0 + 0.4 km Further, the time series
Rossby radisare presented for the northern Adriatic and Ky
Bay (Fig. ) as well as for the Jabuka Pit and deep Adriatic
subdomainsln the northern Adriaticthe radius varies betwee
1.0 kmuntil April 2015 and then increases to around 1.5 kiti
Septembeafter which itdecreases below 1 km. For the Kvar
the valuebtainedrom November 20140 April 2015are ver)
(below 500 m) after which theyraduallyincrease peaking in
summer at 3.5 km ancédreasing again in September. lie tal
Pit, there is a decrease fraapproximately 4 km down to extre
low values aroun800 m inFebruary 201%fter which it increz
The deep Adriatic subdomain shows the same behaviour a
Jabuka Pit but ith almost 4 km higher values thrchaut thewt
year.Overall, the baroclinic Rossby radii present high varial
the Adriatic Sea anthe resultsuggest thagven sukkilometre
ocean models are needed to simulate procéssies Adriatic S
particularly the dense water geation However, forclimate
simulationshorizontalresolutionbelow 1 kmis not feasibleyet

It should be noted that ERAS5, which is forcitige MEDSEA reanalysis, produces vesgnallwind stresses over the whole [

Deleted: 1

Deleted: 5

basin (Fig. 3a), barely reaching 0.4 N*in the northern Adriatic, whilALADIN/HR -hind andALADIN/HR -full wind stress [
results (Fig. 3c, 3e) are extremely similar despite the variational scheme of the assimilation changing the wind.stresses (
the differences between teADIN/HR -hind and full wind stresses are at least an order of magnitude smaller than the
differenceswith the otheratmospheric models). FurthékdriSC-WRF, which is the only kilometrscale atmospheric model
used in this comparison, overall generatesldhgestextrems for both wind stresses (> 1.5 N2pFig. 3g) and downward
turbulent heat fluxes (<1100 W n¥; Fig. 4g). However, for the downward turbulent fluxes, ERA5 prodot@smum heat
losses(i.e., minimum heat fluxvalues)comparable tAAdriSC-WRF (Fig. 4a, 4) while ALADIN/HR -full maximum heat
lossesareat least twicesmaller tharin ALADIN/HR -hind (Fig. 4c, 4e). In factALADIN/HR -full has thesmallestmaximum
heatlossesof all simulations and shows a patchy spatial distribution withsthellestvalues oer the middle of northern
Adriatic, barely reaching 750 W #in FebruaryMarch. Consequently, both MEDSEA aAdADIN/HR -full are strongly
influenced by the assimilation (e.g., sea surface temperature coming from remote sensing products or variatiesalfchan
the heat flux forcing, respectively). Another important point is that the turbulent heat fluxes are highly influenceseay the
surface temperature and the relative humidity, which are in return influenced by the solar rathatizaximum heatosses
arethusmore likely to be found in December 203dnuary 2015 due to a difference in agea temperatures of aboutt3C

having a larger contribution in the downward turbulent heat flux calculation than the intensity of the wind stressest(Fairall

al., 1996)i than in early February/March 2015 when the temperature differencemalier
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In the northern Adriatic, the Trieste Jet is see\bADIN/HR -hind/full and AdriSC-WRF models with wind stre [Deleted;

maximums

reaching 0.8 N rhand 1.3 N n#, respectively. It is also important to highlight that the Trieste Jet producatdAyIN/HR -
hind/full is further extended offshore than in tAelriSC-WRF simulation. For the downward turbulent fluxes, ERA5 and
ALADIN/HR -hind/full give smallintensity almg the Trieste Jet (abov800 W m?) between January and March 2015, while
AdriSC-WRFreaches850 W m? in December 2014.

Thelargestvalues of maximum wind stresses are found in the Kvarner Bay and along the Senj Jet for all simulations including
ERAS. They reach up to 1.3 N-Afor ALADIN/HR -hind/full and more than 1.5 N #for AdriSC-WRF over a far wider area

than the other models. In this region, for the downward turbulent heat fluxes, the minimum values are reached by ERA5 (i.e.,
-900 W m? despitenot reproducing the bora jets) aAdriSC-WRF (below-1100 W n), while ALADIN/HR -hind and full
reach-850 W m? and barely750 W m?, respectively.

In the middle Adriatichighwind stresses up to 1.2 Nffor ALADIN/HR -hind/full and AdriSC-WRF modek are produced
al ong the Kar | ob agAd8SCRMREextendsitie tkarlobagHlet toe¢he middje of the Adriatic with values
(up to 1.5 N n¥) several timetargerthan achieved with thaLADIN/HR -hind/full simulations. It also produces some sigo
wind stressesip to 1.3 N nfalong the Dalmatian coast where other bora jets are known to be located. In tdonsward
turbulent fluxes, the minimum values are in aversg¥0 W m? for ERA5,-800 W m? for ALADIN/HR -hind, largerthan-

400 W m? for ALADIN/HR -full, and below1100 W nv along the eastern Adriatic coast fsdriSC-WRF.

In the southern Adriatic, maximum wind stressef\ILADIN/HR -hind/full reach up to 0.7 N rA but are lower along the
coastline. In the\driSC-WRF simulation, the windstresses remain relativedynallin the southern Adriatic (below 0.5 N-m
2), aside from a small patch efrgervalues off the southern Montenegrin coast. Fodihwenwardturbulent fluxes, the results
obtained with ERA5 anddriSC-WRF are quite similar vth strong intensities along the eastern coast (in ave@gfeW m
2and-1000 W n¥, respectively) and values abov@®0 W m? offshore.

Overall, for all modelgnaximaof wind stresses are associated with bora events, ddnil@wardturbulentheat fluxes seem [Deleted:

maximums

to bejnfluenced by the seasonal variations of the sea surface tempéd@Biremorethanthe wind stresse$n other words [Deleted;

more

thelargestinput to thedownwardturbulent heafluxes is coming from the bora wind, yet a small fractiomhichis found to

influence maxima othe heafluxesi is coming from SST. That is the reason why maximieaitfluxes occurmostly during

bora episodes in late December/Early February (&igwhereasthe maxima of wind strees occur mostly during lora [Deleted;

episodes in early February/early March (Fg.Additionally, theAdriSC-WRF model generates the strongest dynamics with, [ Deleted:

in average, the highest wind stresses andntlaimum heat coolingwhile ERA5 has the lowest wind stresses and
ALADIN/HR -full thelowest heat cooling

10



545

| 550

555

560

565

570

3.2.2 Potential density anomalies

In the northern Adriatic, all simulations produce the highest maximum PDA values during late winter (Fétarcr2015;
Fig. 5b, d, f, h). They reach up to 29.4 kg on the shelf for MEDSEA, ufo 29.6 kg nfalong the coast but below 29.3 kg
m3on the shelf foROMS-hind, up to 29.8 kg m along the coast and in average 29.5 kyom the shelf foROMS-ull, and
finally, above 29.8 kg halong the coast and in average 29.7 k¥fon AdriSC-ROMS (Fig. 5a, c, e, g).

In the Kvarner Bay, both MEDSEA afOMS-hind have extremely low maximum PDAs (below 29.0 k§)nindicating no
dense water formation in this area. In contrast, RfMS-full andAdriSC-ROMS give high maximum PDAs (up to 29.6 kg

m23and 29.7 kg m respectively). HoweveROMS-Hull presents patelike PDA distributions withmaximaoccurring partly [Deleted: maximums

during winter and partly during spring, whitelriSC-ROMShas more homogeneous values over the whole Kvarner Bay with

Jnaximaoccurring mostly in the winter but also in September in a few very small areas. Further, off the KvarfDB&y, [Deleted: maximums

full produces a large patch of extrdgndense waters>(29.8 kg m?) which does not seem to be smooth aadtinuouswith

the previaus data assimilation cycle spatial PDA distributions over the rest of the Adriatic domain. In thjsdatse

assimilation is correcting for the initial state of the ocean model at the start of the assimilation cycle, asdbstafettive

mechanismdr correcting suboptimal atmospheric (hydrostatic and coarser) forcing and ocean model vertical and horizontal

resolution constraints. This patch occurred in February and is located just southwest from the glider data assimilated in the

model, whichisthe t r ongest contri butor to the data assimilation cost function at

In the middle AdriaticROMS-hind showsrelatively low maximum PDAs (below 29.1 kg3nbut the other models present
some interesting spatial variatiorla the Jabuka Pit, which is a known dense water reservoir, maximum PDAs reach up to
29.5 kg m?in MEDSEA during autumn 2014 (i,ehe highest PDA values over the entire basin), up to 29.6%g ROMS

full during spring and summer, and only up to42g m3in AdriSC-ROMS during spring. Additionally, irROMS-full and

t

h a

AdriSC-ROMSsimulations, the PDAnaximaare highest in the western part of the middle Adriatic in late winter and spring, [Deleted: maximums

resembling the dense water outflow that normally pegki® 2 months after its generation in the northern Adriatic. However,
in ROMSHull, some high values of maximum PDAs (about 29.4 &) ane also present along the Dalmatian islands which is
not an areaknown for the formation or the@ccumulationof densewatersdue to the extensive freshwater discharge of the

Neretva River

In the southern Adriatic, within the SAP and mostly during winter, maximum PDASs reach up to 293%4rklylEDSEA, only
29.2 kg m? in ROMS-hind, up to 29.3 kg mMin ROMS-ull and upto 29.4 kg n# in AdriSC-ROMS. Along the western side
of the SAP, where dense waters are known to cascade through canyon systems (Rubino et RIQRIEIR) andAdriSC-
ROMS produce some transport of dense waters (> 29.3 Rgmostly in late sprindor AdriSC-ROMS and in March for
ROMSHull. Additionally, MEDSEA,ROMS-hind and AdriSC-ROMS present relatively low maximum PDAs (< 29.0 kg m
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3) in the coastal area east from the SAP, a shelf strongly influenced by the Albanian rivers (Artegiani e¥)alwHig9

ROMSHull has higher values reaching up to 29.2 k§ m

Overall, in the northern Adriatic and the Kvarner Bay, where the dense waters are generated during strong bora events,
MEDSEA andROMS-hind have lower maximum PD#\(29.4 kg m?and 29.6 kgn®, respectively) thalROMS-full and

580 AdriSC-ROMS(29.7 kg mPand 29.8 kg m, respectively). However, iAdriSC-ROMS extreme dense waters are generated
homogeneously over the entire northern Adriatic, while they appear as pat&@bsi®full due to D-Var data assimilation
4-day cycling which update the initial state of the ROMS model. Surprisingly, in the Jabika Ritown collector of the
dense watei's the PDAs oROMSHull are higher than in thedriSC-ROMSsimulation, indicating that eithéxdriSCROMS
is far too dissipative, or that the impact of assimilation is higR@MS-full. Finally, in the SAP, maximum bottom PDAs are

585 produced in all simulations generally during late autumn and early winter (Decembedaiisty 2015), indicating that

no-rthern Adriatic dense waters didnoét reach the bottom of the SAP by the end

3.3 Dense water dynamics
3.3.1 Subdomatkaveraged time series

To better understand how the different models capture the dense water dynamics within the Adirgtibd daily results
590 are presented as time series spatially averaged over the known sites of generation and collection of dense w&tensdFig. 6
Supplementary Material Fig. S3 and S4).

In the northern Adriatic, all models present three prominerkgetwind stresses (Fig. 6a), capturing the three severe bora
events that occur during titNAdEX campaign: 28 December 2014 January 2015,-3 February 2015 and@ March 2015.
These dominant wind stress events are also associated with peaks of dbwmimalent heat fluxes in all models (Fig. 6c¢).
595 However, theéntensitiesof the ERA5S wind stress peaf& 15, 0.3 and 0.R m2) are half thosén ALADIN/HR -full/hind and
AdriSC-WRFwhich are all similar (peaks at 0.3, 0.6 and.812). Further, the irgnsity of the downward turbulent heat flux
peaks is often lower and more spread or shifted over timPAdADIN/HR -full (peaks at300,-450 and-300W m?) than in
the other models, due to the variational scheme used in the assimilation. It should lteatthedstrongest peaks in downward
turbulent heat fluxes are always reached by ERA5 andiniSC-WRF (peaks at-600, -400 and-350 W m?), while
600 ALADIN/HR -hind produced slightlysmallerintensities in general (peaks -&00, -350 and-300 W m?). Concening the
associated bottom PDA time variations (Fig. 7a), it should be first noted thAdtif®C-ROMS PDAs are systematically
higher than in the other models by-@3 kg m® due to higher salinity (differences of about-0.8; Fig. S4a). Second, faH
simulationsthe maximum values are obtained between February and March 2015, when the dense water generation is found
to occur (Vilibil et al., 2018). Fur tpnobablydrivenbythedssimiaiony 2015, a | arge increas:é
605 of the ArvorC, towedCTD and glider datahich influenced two 4lay cycles is seen irROMSHull, which reaches values
nearly as high as iAdriSC-ROMS The PDAs without seasonality show that the peaks of density due to thdriveradense
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water formation are reproducedat models (Fig. 8a). The highest increases in density during these peaks are always reached
by ROMSHull (0.4, 0.35 and 0.3 kg # and the lowest by MEDSEA (below 0.1 kg3iior the 3 peaks). However, the
MEDSEA andAdriSC-ROMS densities already incread before the first bora event by 0.2 kg mhich means that in fact

the highest peak is reached AgriSC-ROMS after the first bora event and that MEDSEA densities are closeli&C-
ROMSvalues. The PDAs without seasonality also clearly show, foradiets, a decrease in density during spring and summer

when the denser waters are transported from the northern Adriatic towards the south.

In the Kvarner Bay, the three bora peaks of wind stresses (Fig. 6¢) and the associated downward turbulens l{€a. fluxe
6d) are also seen by all models. However, ERA5 computed wind stresses are always extremely low (below) OvBile
AdriSC-WRF produces stronger wind stresses (peaks at 0.5, 0.6 anirr% than ALADIN/HR -full/hind (peaks at 0.25,

0.4 and 0.N m?). The intensity of the downward turbulent heat flux peaks is again alesyand more spread or shifted

over time inALADIN/HR -full (peaks at400,-400 and-300W m2) than in the other models (peaslarge as300,-500 and

-600N m2). Also, AdriSC-WRFmodels produceightwind stress peaks above 0125n2 between December 2014 and April
2015, whileALADIN/HR -hind/full only surpasses this threshold for the three main bora events. Consequently, the non
hydrostatic kilometrescaleAdriSC-WRF model (at 3km resolution) is capable to reproduce much higher wind stresses than
the hydrostatic ALADIN/HR model (ati8n resolution dynamically downscaled té& for the winds only) due to the impact

of the highly nodinear orographic processes on thealyics of thebord r i ven fl ows (e. g. , Grubigil,
2015). Next, thedownward turbulent heat fluxes are less intense in ERA5ADIN/HR -hind than in AdriSC-WRF,
indicating that the cooling rates are lower which thus should lead tgéessation of dense waters. In terms of bottom PDA
analysis (Fig. 6b), similarly to the northern Adriatic subdomainAihieéSC-ROMS model produces the highest values, while
MEDSEA andROMS-hind generally have the lowest values with differences up t&@.® in FebruaryMarch 2015. This
difference is again mostly driven by salinity, which is the lowest in MEDSEA and again the highAesiSE-ROMS (Fig.

S4). However, salinity is much higherROMS-ull than inROMS-hindstarting in December 2014, wheear bottom salinity
measurements were available continuously in the Kvarner Bay through the NAdEx campaign. Convincingly, these
measurements moved tROMSfull run fromROMS-hind towards the higher measured salinities and closer t8dh&C-
ROMStresuts. As for the northern Adriatic subdomain, the PDAs without seasonality show three main peaks linked to bora
driven dense water formation in all the models (Fig. 8b). However, the timing ROMS-full peaks as well as their intensity

is generally diffeent than for the other models (which all behave quite similarly), particularly after the second and third bora

events. This shows the impact of the assimilation of the NAdEx campaign observations with@Misefull model.

In the Jabuka Pit (Fig. 7c ai8d), bottom PDAs (with and without seasonality) from the two free model AdisSC-ROMS
andROMS-hind) increase from February 2015, when newly generated denser waters from the northern Adriatic start to fill
the pit, and peak in late April 2015. HoweyAdriSC-ROMSPDAs are higher thaROMS-hind both in mean values (more

than 29.1 kg nivs. less than 29.0 kg-#h but particularly in increase rates (0.2 kg im 2 months vs. less than 0.1 kg®in
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2 months) during the known arrival time of dense vgieithe Jabuka Pit (i.e., between March and June 2015). Interestingly,
ROMSHull shows an earlier increase in PDAs during December 2014 and January 2015, up to 29,Zikgilar to the
values obtained iddriSC-ROMSin late April. This increase is prably driven by the availability of measurements at that
time. Later, after a small decrease between February and MarcHRRDWMES-full PDAs start to slowly increase until summer.
Different than other simulations, MEDSEA starts with high PDA values in authigher by about 0-2.3 kg m? than other
simulations), which then decrease by March down to slightly higher valueR@isk$-hind and stabilize till September 2015.
This shows that no dense water arrival in the Jabuka Pit is seen by MEDSEA durigg26sn

In the deep Adriatic (Fig. 7d), bottom PDA values are similar in all models with slightly higher vaR&8s-hind/full and
lower values in MEDSEA anddriSC-ROMS. Further, temporal changes in PDAs are high&@MS-full and MEDSEA as
they assnilate deep observations (e.g., by Argo profilers up to8@® m) which were available during the whole 2a®

period (Kokkini et al., 2020), as can be clearly seen in the PDAs without seasonality (Fig. 8d).

Overall, the analysis of the time series slftiaveraged over the subdomains where dense waters are either generated (i.e.,
northern Adriatic and Kvarner Bay) or collected (Jabuka Pit and deep Adriatic) confirms the results obtained for the extreme
values. First, the AdriSC climate simulation geates the strongest dynamics of all the models during the bora events with the
highest intensities in wind stress, downward turbulent heat flux and bottom PDA (except in the Jabuka Pit and the deep
Adriatic). Second, the MEDSEA model, closely followed bg ROMS-hind model, is generating lowest levels of dense
waters during the December 20M&arch 2015 period. Finally, the assimilationROMS-full, despite reducing the intensity

of the downward turbulent fluxes, tends to increase the bottom PDA valuethasubdomains but particularly in the Kvarner

Bay and the Jabuka Pit.

3.3.2 Time evolution of the bottom PDA spatial distributions

To better visualize the evolution in time and space of the dense waters, the spatial distributions of the dailyDi#sttare P
analysed both at specific datege., 1 March (Fig. 9), 1 April (Fig. 10), 1 May (Fig. 11) and 1 June 2015 (Fig. a8y for
the entire duration of the 204k periodas a moviegrovided in the Video Supplementlereafter, the results are pented

chronologically combining both Figuresl2 andthe movie

Before the first bora event of 28 December 2014, dense waters are mostly present in the deep Adriatic with bottom PDA values
ranging from 29.%g m-3 for ROMS-hind/full to more than 29.&g m-for MEDSEA andAdriSC-ROMS. However, in the

Jabuka PitMEDSEA shows PDAvalues up to 29.%g m-in November 2014, slowly decreasing to 2Rgm-3 before the

first bora event, but also BBOMS-full around the 20 December 2014 with values bel®22kg m-3.

During the first bora event, iAdriSC-ROMS (and not in other models) dense waters (ab®é Rg m=) are immediately

generated along the coast of the northern Adriatic (i.e., along the Trieste Jet). Then, these dense waters aretbaasgsrted
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the Po River delta and the northern Adriatic shelf. Denser waters (above 29.4% &gergenerated and transportedéniSC-
ROMSfrom the Gulf of Trieste at the end of January, and also in the Kvarner Bay iAdiw8C-ROMS (with values up to
29.3 kg m?) andROMSHull (with values up to 29.45 kg ). Further, inROMSHull, just before the second bora event,
patches of extremely dense waters (above 29.4 Rgmd up to more than 29.5 kg-fhhave grown in the northern Adriatic
shelf andof the Kvarner Bay. At the same time,AdriSC-ROMS the dense waters start to be transported from the northern

Adriatic shelf towards the western Adriatic coast along the Po River plume.

Between the second bora event and3iMarch 2015 (i.e., thirddra event)a larger amount gdense waters are generated in [Deleted: more

the northern Adriatic (along the Trieste Jet and in the shelf) by all the models, with PDA surpasskgr@%.m AdriSC-
ROMSandROMS-hind/full and up t029.4 kg m?® in MEDSEA. Howeverit should be noted that MEDSEA only sees dense

waters in the northern shelf and not along the Trieste Jet. Furtheger amount pdense waters (above 29.5 kg3nare [Deleted: more

generated within and off the Kvarner Bay and transported along the Po Riwez fwards the Jabuka Pit and the southern
Adriatic in ROMSHfull andAdriSC-ROMS. However, due to the availability of assimilated measurem&@S-full first
generates dense waters off the Kvarner Bay and then within. In coAmiaSC-ROMS clearly ransports the dense waters
generated within the Kvarner Bay towards the west along the bora jets. On the 1 March 2015 (Fig. 9), dense waterg are startin
to be collected within the Jabuka Pit in b&DMS-full andAdriSC-ROMS while no dense water has beesmsported that

far south in MEDSEA an@ROMS-hind.

Between the third bora event and 1 April 2015 R@MS-full andAdriSC-ROMS after an initial increase along the bora jets,
dense waters (above 2%§ m-3) are transported along the western coast ftioennorthern Adriatic and the Kvarner Bay
towards the south, and partially collected in the Jabuk&RRiMS-hind alsoshowssome dense water transport (with PDAs
barely reaching 29.Rg m-3) from the northern Adriatic towards the Jabuka Pit. HoweveMBEDSEA, the dense waters
generated in the northern shelf (up to 2%45n-3) seem to slowly dissipate without being transported1@pril (Fig. 10),
the northern Adriatic dense waters have decreased to PDA values below 293rkiylEDSEA, barely eaching 29.2 kg m
“in ROMS-hind, beingmostly below 29.35 kg ni in AdriSC-ROMSand have even totally disappearedk@MS-full. For
ROMSHull andAdriSC-ROMS, dense waters (up to 29.35 kg®rand above 29.5 kg rhirespectively) still remain within the

Kvarner Bay.

Between the 1 April and the 1 May 2015R@®MS-full andAdriSC-ROMS continuous transport towards the south results in

a larger amount pdense waters being collected in the Jabuka Pit from where they start to cascade towards thetl8AP vi [Deleted: more

deepest parts of the Palagruga Sill (Rubino et al ., 2012) . It should be
more western path iIAdriSC-ROMS than inROMS-ull. On the 1 May 2015 (Fig. 11), no dense water is present in the

MEDSEA andROMS-hind models, except within the SAP. Dense waters (PDA above 29.3%gemain within the Kvarner

Bay, the Jabuka Pit and along the western codRONS-full andAdriSC-ROMS
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Between the 1 May and the 1 June 2015, the remaining dense watethargaisported towards the south or, for the most
part, collected within the Kvarner Bay and the Jabuka Pit in B&MS-full and AdriSC-ROMS The collection of dense
705 waters within the Kvarner Bay (particularlyAdriSC-ROMS where PDAs are above 29.k% m-3 over most of the bay) can
be explained by the fact that this area is much deeper than the open northern Adriatic. On 1 June 2015drigvdi2he
dense waters collected within the Jabuka Pit have much higher PORGMS-full (above 29.4 kg n#) than inAdriSC-

ROMS (below 29.3 kg n?) despiteAdriSC-ROMS clearly producing greater amount,afense waters during the three bora [Deleted: more

events. This can be explained eithernlyiSC-ROMSbeing too dissipative and/or by the strong impact of therélssion in
710 ROMSHull.

After the 1 June 2015, dense waters remain within the Kvarner Bay till the end of JR@Mi&full and till the end of
September foAdriSC-ROMS, and within the Jabuka Pit till the end of September, with PDA values above 29.25 ky m
ROMSHull but barely reaching 29.2 kg #in AdriSC-ROMS

Overall, AdriSC-ROMSgenerates a larger amount of dense waters than the other models because of the strongest atmospheric

715 forcing, while MEDSEA andROMS-hind do not properly reproduce therte water dynamics in the Adriatic basin. However,

ROMSHull collectsa larger amount pdense waters in the Jabuka Pit than all the other mdtelan be concluded that [Deleted: more

AdriSC-ROMS:is probably too dissipative during the transport of the dense wedershe northern Adriatic and thévarner
Bay towards the southrurther, inROMS-full, the patchy distribution of very dense waters during winter and spring can be
explained by the assimilation of data irddy cycles for which CTD measurementsolleded at some given sites and for
720 some specific dayst ook a significant role in adjusting the Adriatic dynamical sol
demonstrates the importance of the coverage and thedomgavailability of the assimilated data.b&tter representation of
the dense water dynamics within the Adriatic basiR@MS-hind canthusbe envisioned (and is possible as demonstrated by

the results of the AdriSC model) before performing the data assimilation which, for the moment, is intagalbje

compensate the cumulated weaknesses of the ALADINIRFROMS-hind models. [Deleted: +

725 3.3.3.Daily volume transportslang selectedransects [Deleted: t

To quantify the dense water outflow across different sections of the northern and middle Adriatic, the \aispwets of

dense water defined by the PDA threshold of 29.2 Kgthmough four transects (T1 to T4) are presented in Fig&rdhe [Deleted: 4

transport is defined as positive towards northwest (transects T1, T3 and T4) or northeast (transect T2). In gendfél, MEDS

and ROMShind transports are the lowest for all transects, which is expected as their overall PDA values are found to be the

730 lowest of all simulations. With the same argument, the AREIMS transport ighe highesfor all transecf{sexcept for T4, [Deleted: produced as
where the ROMSull transport prevails (Figl3d). [Deleted: everywtere
[Deleted: 4
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The transpod produced by MEDSEA at Targ mostly very low, peaking aD.03 Sv in February (Fidl3a). ROMShind [Deleted: is

transport varies there betwed€h07 Sv and0.01 Sv in Februaryhile the largest absolute values are produced during March, [Delemdi 4

reaching0.30 Sv. ROM&ull transports at T1 are similar in magnitude to RONI&d but the timing is different. In February,

the transport reaches down .20 Sv whereas in March the values amaller reaching only0.04 Sv. AdriSEGROMS

transports at T1 are extremely high from February to April compared to the other simulations. saufleststward [Deleted: southeastward

transports are produced in February, with values down to akh@§t Sv while i March and April they reaci®.80 Sv.

For T2, MEDSEAand ROM®& i nd transports are nul.l or almost nulll (Deleted:such

PDA valuesabove 29.2 kg n# within the Kvarner Bay(Fig. 13b). ROMSHull franspots arethe highest in February and in Deleted: 4

Deleted: negative

. - . S _— S Deleted: in
AdriSC-ROMS transports indicate that the ratio between dense water originating from the northern Adriatic and the Kvari 9

(
(
[E Deleted: ,
(

Deleted: negative

Bay is roughly 60:40, which is similar to the transport ratio derived for the massive denseemamtign in winter 2012
(Janekovil et al., 2014).

For T3 and T4, both MEDSEA and ROMfihd transports are null throughout the whole period. R&MIStransports at T3 [Deleted: negative

vary around0.05 Sv from the middle of February to the end of May (E#g), being the highest in the second half of March [Deleted: 4

and reaching0.20 Sv. Furthermore, the results show some similarities in the behaviour of the-RO&® AdriSCROMS

transports. Interestingly, the dense water transports at T3 are lagged for abouhte® weeeks (depending on the simulation)

after the transports at T1 and T2, from which an estimate of bottom density current may be computed (approximately 0.10

0.17msh.

Lastly, ROMSfull transports are extremely high at T4, much higher than in ZdR®MS, peaking during MareApril with

values reaching0.90 Sv and0.70 Sv, respectively. For the rest of the time, the transports are relatively low, guestioning if

these outbursts of dense water are driven by the assimilated data or by an outoseofveters with high densities that are

produced by ROMSull northwest from transect T4, in the Jabuka Pit.

4 Discussion

The multtmodel analysis performed in this study has demonstrated that reproducing the dense water dynamics within the

Adriatic basinis extremely complex as the presented models produced different or even divergent results despite all being
thoroughly evaluated in previous studies (Escudi edi;et al., 2021;
Denamiel et a).2021b, 2022). However, it is important to keep in mind that the presented results belong to different model

Janekovi

categoriesMEDSEA is a reanalysis product covering the full Mediterranean Sea for the20987period, ALADINHR; (Deleted: ERAS

- . o . L ) o ~ | Deleted: D
ROMS does not covehe full Adriatic Sea and is used, in this study, either in hindcast mode (hind) or fully assimilated mo;d‘ clete

( Deleted: and
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with 4-day cycles (full) for the 20345 period andfinally, AdriSC is the evaluation run of a climate model covering the full
Adriatic for the 19872017 period. This implies that numerical schemes (e.g., discretization, parametrizationjugn(esgt

physics, resolution, forcing) used in these models as well as the type of simulation performed (free run vs. assimilated run)

strongly influence theuality of the presented results. As this study only comparesdtéite-art models JERA5, WRF, [Deleted: ECMWF

ALADIN in the atmosphere and NEMO, ROMS in the ocean), the differences in numerical schemes will not be discussed
hereafter because it is difficult guantify how they impact the dense water dynamics as they vary from model to model.
Though, the different model saps will be analysed with the aim to better understand their impact on theea dense

water dynamics in the Adriatic basin.

4.1 Impact of the resolution and the physics on the bora dynamics

First, the ERAS reanalysis at 25 km resolution has been demonstrated to be incapable to capture the bora dynamics (Denamiel
et al.,, 2021a). Consequently, in this study, ERA5 wind stressdsvar® threetimes smaller than thAdriSC-WRF and
ALADIN/HR results. However, both in the northern Adriatic and in the Kvarner Bay, heat losses calculated from the ERAS

MEDSEA modeli via bulk formulae using sea surface temperature assimilating remote semslngt§i are comparable to

the ALADIN/HR-ROMS-hind model (Fig.§). These heat losses are still underestimated compared to the AdriSC mode[ Deleted: 5

particularly within the Kvarner Bay and the Gulf of Trieste as well as along all the bora jet3)(Fig. [Deleted: 2

Secondthe hydrostatic ALADIN/HR model at 8 km resolutidrwith the wind fields further dynamically downscaled to 2

km i has already been demonstrated to reproduce the basic bora dynamics (Horvath et al., 2009). However, in the Kvarner

Bay region, our results stv that the ALADIN/HR wind stresses are not as intense and not covering as wide an area as the
non-hydrostaticAdriSC-WRF model. Indeed, the bora creisw variability in the Kvarner Bay might occur at a kilometre

scale, in particular during deep boraeves ( Kuzmi | et al ., shawe a Srpng sulilbnietreespatieb r a pul sati on
componentposinga challenge for proper quantification in any kilometoale atmospheric model. Nevertheless, Denamiel et

al. (2021a) have demonstrated that, during @ tevents including two in 2015, thelriSC-WRF 3 km model reproduced

very well the wind speed observations at Pula, Rijeka, Ogulin,
Bay region) above 20 m/s despite over predicting them lig Gpn/s below this threshold. Further, the ALADIN/HROMS:

hind heat losses are always smaller than those computed from-ERASEA and AdriSC models. It is documented that

hydrostatic atmospheric models are not capable to capture all the details ofatfets{&lemp and Durran, 198 Blockley

andLyonsl 994 ; Gr i s og o n% CansequenByetheydipstatic appPofirdation used in ALADIN/HR constrains

its ability to reproduce the finegcale details of the bora flow (Horvath et al., 200%)erefore, heat losses in ALADIN/HR

Zavi gan,

Go s

ROMS (hind and full) mostly occur along the Senj Jet but are still weaker than in AdriSG)(Ftgrther, quite surprisingly, [Deleted: 2

the 4DVar dai assimilatiorscheme used in tHROMS-ull assimilation is reducing the intensity of the turbulent heat fluxes

and thugreatinga dynamical imbalance between the wind stresses (which are similar in comparison to the differences betw{ Deleted: creates

the different atmospheric models) and the heat losses forcing the ocean model.
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Finally, the evaluations oAdriSC-WRF model performed both fahe climate run over a 3jear period (Denamiel et al.,

2021b) and during extreme bora events (Denamiel et al., 2020a, 2020b, 2021a) have demonstrated that a 3 km resolution is

appropriate to represent the atmospheric dynamics within the Adriatic Basiner, the results of thedriSC-WRF model at
3 km resolution articularly the intensity of the winjifiave been shown to converge towattts results obtained with the
higherresolutionAdriSC-WRF1.5 km model during bora events (Denamiel et al., 202awever, only sutkilometrescale
atmospheric models can properly capture the highl¢lnonnear dynamics of the bora f|
using a 3 km notydrostatic model is still a compromise between accuracy and efficiency. Thisaroisg is particularly
important when running mulijear/climate simulations havirggtremendous computational tobhis isalsohighlighted by

Vodopivec et al. (2022)who conducted a sensitivity study over ayear period using different runoff configations and

ows (Kuzmil et al., 2

different sources of atmospheric forcing and concluded that the atmospheric forcing has a substantial impact on the hydrology

and circulation of the Adriatic Sea.

4.2 Impact of the resolution and the bathymetry on th@lense waterdynamics [

Deleted: capacity of the reservoirsto collect

[ Deleted: s

In the ocean models, the resolution is mostly going to impact the representation of the many islands located along the easter

Adriatic coast but more importantly, of the reservoirs collecting the dense waters withidrtagcfasin (i.e., Kvarner Bay, [

Moved (insertion) [2]

Jabuka Pit and SARJo better understand the necesdassizontalresolutionneeded to reproduce the Adriatic Sea dyngmics
the spatial distributions of the mediand MAD of the Rossby radii calculated from the AdPBOMS results are presented

for the entire model domain on Fita and14b, respectively. In general, the median Rossby radius is decreasing from ope|
seas towards shallower coastal areas. The Highkses are found to be around 10.0 + 2.0 km in the open northern Ionia“h Sea|
Median Rossby radii are slightly lower in the SAP with values around 7.5 + 1.3 km while sharply decreasing on the\bdge
the pit to around 5.0 + 1.2 km. In the Jabuka Pity#iaé reach around 4.0 + 1.2 km whereas in the rest of the middle Adr\\jétic

around 2.5 + 1.2 km. The deeper part of the Kvarner Bay presents high variability and Rossby radii around 2 + 1.5 km.
lowest median Rossby radii as well as the lowest MAD aleutated for the northern Adriatic around 1.0 + 0.4 km. Further,

the time series of the Rossby radius are presented for the northern Adriatic and Kvarner Bay (Fig. 3c) as well asufa th‘e‘Ja

Pit and deep Adriatic (Fidl4d) subdomains. In the northeAdriatic, the radius varies between A% km until April 2015

and then increases to around 1.5 km until September after which it decreases below 1 km. For the Kvarner Bay, the|v

obtained from November 2014 to April 2015 are very low (below 500ftaj which they gradually increase peaking in

summer at 3.5 km and decreasing again in September. In the Jabuka Pit, there is a decrease from approximately 4 km dd

extremely low values around 300 m in February 2@ffer which it increases. The deadriatic subdomain shows the same, |

behaviour as the Jabuka Pit but with almost 4 km higher values throughout the wholéhgezalues of the median Rossbhy

radii obtained in the SAP correspond to what was previously found by Kurkin et al. (2020) itudheoledicated to analyzing

Deleted: Further, different Digital Terrain Models (DTMSs) |
been used to generate the bathymetries of the presented n
order to evaluate the joint impact of resolution and bathyme
MEDSEA andROMS hind/full bathymetries are compared tc
AdriSC-ROMSmodel at 1 km resolution (Fig. 1b, c). The M|
model is clearly shallower thakdriSC-ROMSwithin the Kvari
Bay and the Jabuka Ply(60-80 m) but also in the middle of
SAP by more than 100n). Consequently, the capacity of the
MEDSEA model to naturally collect the dense waters withir
known Adriatic reservoirs is decreased compared té\tniSC-
ROMS model and thus relies heavily on the assimilation of
available data. In thROMS-hind/full model, the bathymetry i
generally shallower than ikdriSC-ROMSwithin the Kvarner |
and along the canyon system between the Jabuka Pit and
(between 2040 m). This is particularly important as it might
the differences in pashseen betweeROMS-full andAdriSC-R
when the dense waters are transported from the Jabuka Pi
the SAP. However, concerning the Jabuka Pit and the SAF
alternated positive and negative differences in bathymetry |
ROMSHull/hind andAdriSC-ROMS clearly show some shifts
locations. Whether and how these shifts in location impact
water dynamics is not clear with the results presented in th
Further, it is important to highlight that thelriSC-ROMS modi
uses 35 verti sigma layers while thROMS-full/hind model ¢
has 20 of them. As the bedaiven dense water dynamics req
properly resolve both the surface (for the sea temperature |

and the bottom (for the dense water transport) layerdirie

vertical resolution used iAdriSC-ROMS may play a major a |

|| the overall performance of the model.

Deleted: Furthermore

the first Rossby Radii in European seemiclosed basin©verall, the baroclinic Rossby radii present high variability in the

Deleted: 3

Adriatic Sea and the results suggest that everkdoimetre scale ocean models are needed to simulatenge ofprocesses
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in the Adriatic Sea, particularly the dense waktgmamics However, for climate simulations horizontal resolution below 1 km [Deleted: generation

is not feasible yet.

Further, different Digital Terrain Models (DTMs) have been used to gentratbathymetries of the presented models. In

order to evaluate the joint impact of resolution and bathymetry, MEDSEA and Ri8ull bathymetries are compared to
the AdriSGROMS model at 1 km resolution (Fig. 1b, c). The MEDSEA model is clearly sfelkhan AdriSEROMS within
the Kvarner Bay and the Jabuka Pit (by880m) but also in the middle of the SAP (by more than 100 m). Consequently, the

capacity of the MEDSEA model to naturally collect the dense waters within the known Adriatic reservi@cseiased

compared to the AdriSROMS model and thus relies heavily on the assimilation of the available data. In the-RQdVSII

model, the bathymetry is also generally shallower than in AARSBAS within the Kvarner Bay and along the canyon system

between the Jabuka Pit and the SAP (betweed®@M). This is particularly important as it might explain the differences in

paths seen between ROM®I and AdriSGROMS when the dense waters are transported from the Jabuka Pit towards the

SAP. However, corerning the Jabuka Pit and the SAP, the alternated positive and negative differences in bathymetry between

ROMSHull/hind and AdriSGROMS clearly show some shifts in locations. Whether and how these shifts in location impact

the dense water dynamics is wt#ar with the results presented in this study.

Finally, it is important to highlight that the AdriSROMS model uses 35 vertical sigma layers while the RGMIHind

model only has 20 of them. As the bahdaven dense water dynamics requires to propesplve both the surface (for the sea

temperature cooling) and the bottom (for the dense water transport) layers, the finer vertical resolution used-R@EISSC

may play a major a role in the overall performance of the model.

4.3 Impact of the salinity forcing on the dense water generation [Deleted: 1

i Deleted:

Dense water generation is highly sensitive to the background salinity content provided either through the open boundariesor

the direct river outflows imposed on the ocean models.

First,inROMShind, J a n eak @014) fuareified an underestimation of salinity by@=2for a simulatiowf the massive

dense water formation in 2012. After wupdating the eld river climatologies
al. (2016) confirmed that evehe simulations using the most realistic river representation underestimate the background

salinity content within the Adriatic basin. As the AREG model (foréR@MS-full) is setup with the old river climatologies

and has a low salinity content over timtiee Adriatic basin, far too much fresh water is inputted througR@KIS-hind open

lateral boundary located in the southern Adriatic. ConsequentliR@MS-hind results presented in this study for the 2014

15 period have low basiwide salinities andhterefore generate dense waters with lower bottom PDA values.

Next, theAdriSC-ROMS model has been thoroughly evaluated over ¢ 3lar peri od in Pranil et al. (2021) . First
northern Adriatic, despite a lack of accuracy for salinities under 36, due to the Ponepresentation, thedriSC-ROMS
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model has been shown to perfomell in reproducing dense water masses. Second, in the KvarneABAgC-ROMS

salinities have been demonstrated to be too high, which could lead to a general overestimation of the dense water bottom PDAs

in this region. And finally, in the SAP, the evation revealed that the salinities and the densest waters are captured relatively

well by theAdriSC-ROMS model.

Finally, salinities in MEDSEA are closer to ti&riSC-ROMS results in the southern Adriatic (i.e., Jabuka Pit and deep

Adriatic subdomains) red to theROMS-hind results in the northern Adriatic (i.e., northern Adriatic and Kvarner Bay

subdomains) during the entire 2018 period (Fig. S4). It can thus be safely assumed that the old river climatologies used in

MEDSEA are resulting in low salinés over the northern part of the Adriatic basin and hence lower bottom PDAs during the

boradriven dense water generation events.

4.4 Impact of the assimilation on the ocean dynamics

First, inROMS-ull, the 4DVar data assimilation is applied iuldycycles which means that the ocean dynamical properties

are not continuously smooth in time betweendpelesasthe ROMS-full model adjust the initial state at the beginning of

each cycle. Consequently, despite the large improvement of the ocean §ettisouminimize the cost function of the

assimilation, the dense water generation and transport@stiauousprocess in time is not properly reproduceRO@MS

full. For example, as the salinity is generally underestimatB@NS-hind, the data assingtion performed ilrROMS-Hull is

constantly trying to adjust salinities (and therefore bottom PDASs) to higher values. However, the data availability is highly

variable during the investigated period and, for example, is more concentrated in the Kvarderiigathe Februarivarch

2015 period or along a northern Adriatic transectR@einj) surveyed with a monthly or bimonthly frequency. This thus leads

to having extremely high bottom PDAs present off the Kvarner Bay before the actual generation of¢heaters within
the Kvarner Bay or along the Trieste Jet in@MS-full modcel.

Second, MEDSEA, contrarily tROMS-Hull, uses a 3B/ar assimilation approach which is known to lose the temporal

information contain in the observations through averaging && o v i |

et

al

’

2020) .

I n

gener al ,

MEDSEA assimilates less data trR@MS-full which benefited from the observations collected during the NAdEx campaign.

Consequently, MEDSEA is incapable to adjust its solution in order to capwiproper dense water dynamics. For example,

in the Jabuka PIitlEDSEA provides a constant decrease in bottom PDAs from autumn 2014 to winter 2015 opposite to all

the other models and probably driven by the availability of the assimilated observatmn#\fgo data). HoweveROMS-

full is likely to have assimilated the same observations within the Jabuka Pit but has also been assimilatDard\difter

data obtained off the Kvarner Bay during the NAdEx campadtgrther, during the winter, whéyora episodes occur, only a

small number of SST cloud free scenes asElae for assimilation in ERA5As a result, MEDSEA, contrarily tROMS

full, is mostly incapable to generate the bdrizen dense waters and hence to transauedt collect them witin the Jabuka

Pit.
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5 Co

The aim

analysin

nclusions

of this study was to enhance our understanding of theltivea dense water dynamics in the Adriatic Sea using and

odifferent stateof-the-art modelling approache¥hemain findingsof the studycan besummarized as follows:

In the northern Adriatic and Kvarner Bay, dense water generation is better cap®Reil &full andAdriSC-ROMS

than in MEDSEA andROMS-hind which areproducinglower volumes of dense waters. The AdriSC model generates

the strongesdynamics of all the models during the bora events withatigestintensities in wind stresses, downward
turbulent heat fluxes and bottom PDAs. Also, extreme dense waters are gecensitegbuslyin time and over the

entire northern Adriatic iddriSC-ROMS, while theyappear as patchesROMS-full in whicha maximumis found

off the southern tip of Istria, along the Senj. Jétisis linked to a combination of parameters including theag

cycles of the 4Bvar dataassimilation method used iIROMS-full and the use adtmospherecean kilometrescale

models in AdriSC. Further, in the AdriSC simulation, due to the higher spatial resolution, the densest waters are

collected within the Kvarner Bay where they stay for the longest amount of time.

1 The transport of dense wasealong the western coast is not quantitatively captured by MEDSER@MIS-hind.
Whereas, in the Jabuka FROMSull collectsa larger amount gdense waters than all the other models, indicating [ Deleted: more

b/

that AdriSC-ROMS is probably far too dissipative. kty, in the SAP, the results show that the northern Adriatic

dense waters did not reach the bottom of the SAP by the end of any simulation, classifying the winter of 2015 as a

moderate in dense water formation over the northern Adriatic shelf.

Impact of esolution of the atmospheric models is best seen in the ERA5 results which strongly underestimate the

wind stresses. However, the heat losses are comparable between the models, but generally underestimated compared

to AdriSC-WRF. Concerning the hydrostatapproximation, thenon-hydrostatic modeAdriSC-WRF reproduces

more intense wind stresses with larger spatial coverage and stronger heat losses than the hydrostatic ALADIN/HR

model.
Y; guringwj ( Deleted: first
he differences in resolution of the ocean models and bathynoieanyyinfluence [ Deleted: and
the path andiepositionof dense waterglowever,jt is not clear how thismpacts the dense water dynamics. Deleted: inw
The ocean models are highly sensitive to the salinity input wiiégls an important role ithe dense water generation. EZ:ZZZ T
In particular, the usage of old river climatologies causes lower salinitR®MS-hind and MEDSEA, hence lower [ Deleted: yet
bottom PDAs, whileAdriSC-ROMSreproduces higher salinities and PDAs. [ Deleted: Further, t

Compared td(ROMS-hind, the data assimilation IROMS-Hull tends to increase the bottom PDA values in all the
subdomains but particularly in the Kvarner Bay andidguka Pit. Although assimilation made a large improvement
of the ocean fields, the fields are reflecting initial state adjustments at the beginning of each assimilatiencgcle
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not producing long temporal smooth transitions. In addition, the lac&rttal resolution in th&@OMS-full model

probably contributes to the improper representation of the dense water dynamics.

In summary, the reproduction of the dense water dynamics in the Adriatic Sea requires the use of (1)-kitaieetre
atmogphereocean approach, and nbgdrostatic atmospheric model®) fine vertical resolutions in both atmosphere and

995 ocean (3) properforcing of the operboundaies of the models, and, finally4) appropriate representation of the-sea
interactionge.g, formulation of thesurface wind drag). This study reveals that, if these conditions are fulfilled, models running
at the long temporal scales can outperform coarse resolution reapabghists an@ssimilated simulation®everthelessin
addition tothese prerequisites, 4ar data assimilation could be used to sadtteermodelproblemsi such as seaurface
temperature drifts, high mixing of the dense waters, ietaften found in longerm hindcasts and shedrm forecasts.

1000 However, such approaetould be extremely expensive in terms of the required numerical and observational resources needed
to achieve itThis study thus paved the way to a new generation of Adriatic circulation models which now should optimize

the accuracy of the results and tisage of the numerical resources

Code availability

The code of the COAWST model as well as the ecFlowppoeessing scripts and the input data neededtorréhe AdriSC
1005 climate model in evaluation mode can be obtained under the Open Science Fra(@S#)rttata repository (Denamiel, 2021)

under the MIT license
Data availability

A major part of the observational daetusedin thisstudyvan be obtained under the Zenodo data repository (V
under the Creative Commoby Attribution 4.0 Inernational licenseThe remaining part of the observational dsgsis not
1010 publicly available ashedatawere collecteavithin projects inwhichthey werenotpublicly dissenmated. The dataveregiven

for research purposéy the Institute of Oceanogray and Fisheries (Croatia) upon request

The model resultssed in this studgan be obtainednderthe®® SF dat a reposit or Credti®Cammbris, 2022) wunder the

by Attribution 4.0 International license
Video supplement

1015 Themovieof the daily spatial distribution of bottom PDA for the 2e13periodcan be obtained under the OSF data repository
( P r a26822)under theCreative Commonby Attribution 4.0 International license
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Figure 6: Time series of daily turbulent fluxes and wind stresses averaged overtidansains: (a, ¢) northern Adriatic and
1500 (b, d) Kvarner Bayor the 20142015 period and four simulations
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