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Abstract

The variability of the water mass exchange between the Arabian Gulf and the Indian Ocean is
investigated using a higtesolution(1/36J) ocean model. We focus on the period from December
1996 to March 1998, having as referencsiin measurements at theét of Hormuz. Previous
studies, based on models and observations, suggested a perpetual deep outflow, mainly in the
southern part of the Strait, and a variable flow in the upper ldyetse present study, wmnfirm

that there is a permanent core afdeep outflow in the Strait at depths greater than 40 m,
characterized by highalinity watersln addition, we show that there is a seasonal signéile

upper layers net flownithe southern part of the Strait, altering from net inflow during wintentsp

to net outflow during summer/fall. The mean anno#ibw through the Strait is estimated at 0.22

+ 0.01 Svand the deep outflow at 0.14/0.01 Sv The water mass exchangedhghthe Strait is
controlled by synoptic processes with high variabilitgt nransport fieldsThese processes
characterizehe structure anthe intensity of thetransportpatterrs, exhibitingtwo to five days
period.On synoptic time scaleginds drive an immediate baroclinic flow at the Strait of Hormuz,
affecting mostly theupper layers, and a qudsarotropic flow that peakapproximately2 days

later.

Key Words: Arabian Gulf,Strait of Hormuzocean mod@hg, water masgxchanggsynoptic
processes

1 Introduction

The Arabian Gulf (hereafter called the Gulipcated betweerthe Arabian Peninsula and
southwestern Irgris connected to the Gulf of Oman and the Arabian Sea through the Strait of
Hormuz SoH) (Fig. 1). The Gulf is a shallow, seranclosed sea with about 990 km length and
width ranging from aminimum of 56 kmto amaximum of 340 kmit is the source of tharabian

Gulf Water AGW, also known as Persian Gulf Wateane of the most saline water masses in the
global ocean. During winter, formation of dense wstakes place in the northern part of {Gulf

(Swift and Bower2003 Yao and Johns 201Pous et al. 2(), andon the southern shelve$the

Gulf (KampfandSadrinasab 200%ao and Johns 201®ous et al. 23, Al Azhar et al.2016.

In contrast to other semi enclosed basins, the Mediterranean Sea and the Red Sea, the Gulf has a
wider strait and small depth (an average of 35 m and a maximum of about 110 m rg&a)the
and has no prominent sill to constrain the outf{dahns et aR003. However,Thoppil and Hogan
(2009) suggested that the circulation can be constrained by sitedin the proximity of 26N,
55.4 E, southof the SoH. The sill can affect the outflow variability and restrain the water mass
exchange.

The Gulf isamajor oil regio, and theSoHone of the most important waterways for oil transport.

As a result, there is high risk of oil spills and leaks that could lead to harmful ecological impacts
(Essa et al. 2005; Zhao et al. 2014, 20T%e Gulf is also the pnary point of supply of water

for industrial, as well as domestic usage, fosafroundingcountries. The quality of this water is
highly affected by dust stormahich transport dargeamount of nutrients and also influertbe
ecosyst e m(Gkerbdua kra rGhedir&014. Events of Harmful Algal Bloom$ave
cau®d in the past problems to water security and disturbed the water {&giyen et al2010;

Al Shehhi et al. 2014; Zlaand Ghedira 2034The Gulf is impacted by various environmental
aspects, and therefonenderstading its dynamics and especially the exchanges with the open
ocean|s of high significance.



A thorough analysis of the circulation in the Gulf was presehy Reynold§1993. Incorporating

all available observations, including those of Em@§56, Brewer et al(1978, and Brewer and
Dyrssen (1985, the authorssuggestedhat low salinity water from the Arabian Sea enters
primarily from the northern paof the SoH, anflows westvardalong the southern coast of Iran.

This water is driven to the northwestern and shallow southeastern areas of the Gulf by a general
cyclonic circulation, where it is transformed to highly saline and dense water, sinking to the bottom
and finally exiting tihough the deep part of the SoH.

The SoH plays a critical role in determining the circulation in the Gulf, byirdag the water
exchange between the Gulf and the open ocean. Water exchange through the SoH is forced
primarily by large annual evaporationhieh drives a shallow inflow of Indian Ocean Surface
Water (IOSW) from the Arabian Seend a deep outflow of dense, hypersaline wa#&W). The

low salinity inflow occurs mainlthroughthe northern side of the SoH along the Iranian coast
(Brewer et al1978; Hunter 1986; Reynolds 1993 he highsalinity outflow is mostly confined

to the deeper southern part of the S@thao et al. 1992; Johns et al. 2R0Swift and Bower
(2003 suggested that on synoptic time scales, the sea surface height diffexemeerbthe Gulf
and the Gulf of Oman controls the infleautflow transport througthe SoH, but other studies
suggested baroclinic forcing due to dengitgdientsas the main driving forcéChao et al. 1992,
YaoandJohns 201 The effect of tides is ceiderably low in the Gulf due to weak residual tidal
currents, but important for assessing diurnal and -siumnnal reversible flows and tidal fronts,
especially at the SofMatsuyama et al. 1998; Pous et al. 2013

Johns et al(2003 investigated the wat exchanges through the Saiding hydrographic and
moored acoustic Doppler current profiler dgg&.08°E and B.26°N; Fig. 1, white dos) spanning

the period from December 1996 to March 1998. Thmposed a thredimensional pattern of
inflow and outflow at the SoH, characterized by a deep outflow of highly saline water, banked
against the southern part of the SoH and a varying pattern in the upper layers. A surface inflow of
fresher waters occura the northern part and an upper layer outflow in the southern part of the
SoH. The upper layer outflowxhibits strong seasonal variability, with higher salinity during
winter that switches to a fresher inflow in sprifitghey also evidenced high varitityi at near
surface currents, that present large amplitadd shortterm fluctuations.Johns et al. (2003)
observatiosarethe only welt sampled time series in thel$that can beised taanalyze the flow,

but coves onlya small part of the Strait. Eir resultswerebased on extrapolatindpeselocal
salinity and temperatunmeasurementandtime-gapped velocity datacoveing the period from
December 1996 to early May 1997 and from early August to November 1997.

As a general framework, modeling stdy provides the mean® comput the transport and
examine its variability using simulated velocity profiles acrossthe strait, as opposed to
extrapolatingnformation from insitu measurementsubject to representativity sampling errors
This modelling stdy aims at addressimgen questions relation tothe water exchange transport
in the SoH following previousmodelling studiesn recent year§Thoppil and Hogan 200% ao
and Johns 2010, Pous et al 2018)particulatr we focus on investigating the higlrequency
variability of the flowandfor this, we have configured a higbsolution modein the horizontal
and vertical directions For the vertical grid wehave configured avery detailed vertical
representationf thewater @lumnstructureusing up to 50 levels, important to resaollie deepest
parts of the Gulfincludingthe water exchange transporthe SoHand the outflow in thdeepest
parts of theGulf of Oman



Thoppil and Hogan (2009) used the Hybrid Coordinate Od¢adel (HYCOM; Bleck et al.
2002, with 1 km horizontal resolutioanda 16-layer vertical configuration having as reference
the year 2005. They simulated intermittent changes in the salinity oufil@sentingsalinity
pulses of short duration in the SoH, in agreement with Johns @083 ’observationsThe
salinity outflow variations were linked with the formation of mesoscale cyclonic eddies. The
fluctuationsof the wind forcingnduced the transport viability, triggeredby baroclinic instability
processes explaininthe formation of eddies.The upper 50 nilow exhibited high frequency
variability with frequent reversalbased ora fewrepresentative daily snapshots of mean currents

The same model (HEOM; Bleck 2002, Halliwell 2004waslaterused by Yao and Johns (2010),
with a different setup usirfgkm horizontal resolution and 13 vertical lev&¥ao and Johns (2010)
suggestethatthe mainmechanisntontrollingthe inflon—outflow transport througthe SoHwas
the baroclinic responsedue to densitygradiert. Another finding was that the surface inflow
through the Straiéxhibited strongseasonal variability. Theflow wasenhancedn the northern
part of the Gulduringsummer In winter, theinflow shifts towards the soutirn partof the Gulf,

as a result afheintense northwesterly winds. In the same sttiglytransporoutflow through the
deepest parts of the Straras foundmaximum(minimum) duringsummer(winter). The latter,
impliesthat the water exchange througire Srait is mainly driven by buoyancy fluesover the
Gulf, controlling alsahe seasonality of the outflow.

Pous et al. (2015) used a hydrostatic (shalater) model in spherical coordinatédARS3d;
Lazure and Dumas, 26§ with 9 km horizontal resolution and 30 vertical leve&ensitivity
experimerg were also performed with higher resolution (3 km) version of thevdel The study
showeda seasondb interannual variabilitfor thenettransportwith high intraseasonal outflow
variability and interannual fluctuations driven lensity gradierst It was concluded that an
optimal model resolution tproperly resolve the water exchangesthe Straitis about3 km,
pertaining to the fact that the &hange isaffected bymesoscale processasd synoptic wind
variability.

In this study, we investigate the variability of the water mass exchange througdHh®cusing
on synoptic time scalesn relation tothe localwind forcing We provide new insigts on the
spatiotemporal variability of the transpdoased on theletailed representation of ti&rait and
examire the transportfluctuationsacrossa broadfrequency spectrumVe performed amcean
modelsimulationvalidatedwith in-situ observationsoverthe yearsl996to 1998. The paper is
organized as follows. The model configuratitme experiments anthe methods are described in
Section 2. The results are presented in Section 3, including a model assegsmesitinsitu
observations. A brief summary and the conclusions of this study are presented in Section 4.

2 Experimental environment

2.1 Modelconfiguration

We use a regional configuratiari NEMO version 3.6(Nucleus for European Modelling of the
Ocean; http://www.nemocean.eu/Madec2012, covering the Arabian Gulf and the Gulf of
Oman (47.58°E to 59.75°E and 22.48°N to 30.44"M; 1).

The threedimensional primitive equatiored the present configuraticere discretized on a 1/36°
curvilinear Arakawa &rid (~2.42.8 kmy T 0 wo o grid pointy assuming hydrostatic and
Boussinesgapproximations, based on the ORCA tripolar grid commonly used in NEMO



configurationgBarnieret al. 2008. At this resolution, th@cean model is edeiesolving in the
deepest parts of the domain and eg@dymitting in the shallower regions, with a Rossby radius of
deformation of a few knonly (Hyder et al. 201 The regional domain (hereafter ARG36) is
configured with the SIREN tdpoas an exact 1:3 subset of the global operational system
PSY4V3R1 (http://marine.copernicus.eu/). The vertical discretization ha$eb@ls, with partial

steps to allow for an accurate representation of the seabed. The bathymetry is based on
GEBCO_2014dataset(Weatherall et al. 2035 The ARG36 grid setip, based on the parent
system PSY4V3R1, simplifies the nesting procedure, using as initial and open boundary conditions
a prescribed climatology based on the analysis fields (SSH, T, S, U, V) froarcihges of
CMEMS (http://marine.copernicus.eu/). The eastern boundary of the ocean model is set in the
Arabian Sea at 59.75°E, including a buffer zone of 10 grid points.

A split-explicit free surface (timsplitting) scheme is used to adequately simulas¢ external
gravity waves(Shchepetkin and McWilliams 20R5The model simulates tides and a Flather
(1994 scheme is imposed as a radiation condition to add the tidal harmonic forcing in the open
boundary. The tidal components are provided by the TPX@@bal model of ocean tidéisgbert

and Erofeeva 20Q2s the sum of 11 constituents (M2, S2, K2, N2, K1, O1, P1, Q1, M4, Mf, Mm).
The baroclinic update of the depth varying prognostic variables is set at 150 s.

The major river source in the Arabian Gislitomposed by the Tigris, Euphrates and Karun rivers
and is called Shatl-Arab. The river is imposed in the model as a surface boundary freshwater
flux of constant salinity 0.1. The river runoff varies in a sinusoidal, wan minimum valuef

350 n#/s in October and maximum of 65G/in April (Kampf andSadrinasal20086.

The meteorological fields are provided by the DRAKKAR Forcing Se{3F55.2; Dussin et al.

2014), using a bulk core formulation with time interpolation between the ocean moe@edtéps.
Weighting files are supplied to map the data between the atmospheric and ocean model different
grid meshes, using bilinear interpolation "on the fly" for the heat/freshwater fluxes and bicubic for
the wind forcing. The implementation of the radia flux is parametrised using a tvb@and light
penetration. There are no surface restoring terms on observed or climatological SST and SSS
variables.

In terms of physics, we use the Generic Length Scale (GLS) turbulent closure scheme for the
vertical mixng, with k-epsilon parametrisation and Canuto tfpstability functiondUmlauf and
Burchard 20032005. At the bottom, a quadratic friction is applied, using a drag coefficient of
¢® p 1 m2/s2. The horizontal tracers' advection schem@UBCKEST (Leonard 1979 whereas

the momentum advection formulation is calculated by applying a mixed total energgtantal
enstrophy conserving scherflee Sommer et al. 2009We use horizontal bilaplacian diffusion
operators along geopotential levels, for both momentum eddy viscosity and tracers eddy diffusivity
coefficients, with the values set-@t5p mmms/s ard -2.5p Ttma4/s, respectively. A partial slip is

used for thdateral boundary condition of the tangential velocity at the coasts.

2.2 Model simulation and methods

A “supi’n si mul at i o rovenagariodooh yearsasthg tbeurealistidFS5.2
atmospheric forcing andtartingfrom Levitu98 climatology (Levitus et al 1998) in arder to

reach steady state and allow the model to develop coherent structures represéthatiegmmal
circulation Following this, a numericasimulation was performed spanning the period from
December 1996 to March 1998. The investigation focuses on this period having as reference in



situ observations described by Johns et24l03, who deployed two subsurface moorings at the
deepest part ohe SoH adjacent to each other, atG0N, 56 05.GE (Fig. 1, white dot)with a
separation of 400 m.

In order to assess the modelling results and for validation against the available obsewations
examine the physical properties of the exchange fldwe. transport is calculated by integrating

at all levelsthe longitudinal velocity U multiplied by the cressction surface of the-8 axis of

the SoH. The net transport is then as the sum of the daily fields. The temporal average refers to the
entireperiod of the simulation (1998998).We have also normalized the transport by calculating

the transport per unit depth, dividing ttaev transport with thehicknessof each level, to account

for thevariable leveldbased on thetretching of theerticalgrid. This is the transport used for our
analysis.

To examine the temporal variability of the vertical water mass exchange structure at thveeSoH
apply a principal component (EOF) analysis on the daily net transport. In addition, the daily net
transportis filtered with a 3@day cutoff frequency, using a fourtitder lowpass Butterworth

filter, with the intention to investigate the seasonal andffequency variability, by means of the

EOF analysis. The power spectral density (PSD) is used to exdminvariability of the energy

of the transport. The frequency function is calculated using Welch's overlapped segment averaging
estimaton(Welch 1967.

Crosscovariances were also calculated to investigate the sieatiporal relatioshipbetween the
wind forcing and the net transport at the SoH. The net transport is filtered witldlay Ifutoff
frequency, using a fourtbrder highpass Butterworth filte to exclude the seasonal cycle and
focus on the synoptic band.

3 Results and discussion

3.1 Model assessment

The modeloutputsare first evaluated against the available observations, in terms of salinity,
temperature and velocity profiles, as well anestes of the net annual volume transport through
the SoH Figure 2presentswith black linesthe temporal averaged velocity profiles at a specific
model grid point, in the proximitpf the mooring site investigated Bphns etl. (2003. The
temporalaverages are calculated over four bimonthly periods and for the yeafrép8sentative

also for other years during spip; not shown)The dense outflow occurs at depths greater than
40m, with maximum values near the sill. The seasonal variabilith@tieep outflow exhibits peak
values during spring/summer, following the formation events of the previous winter, and minimum
values during fall/winter. The net flow of the surface laygdrswa diverse pattern, shifting from

net outflow during summer/fatb net inflow during winter/spring, overall compensatfogthe

deep outflow of théAGW. The latter is a permanent feature in the Smidurring throughout the
year.

The annual integrated transppermodel leve(Fig. 2 blue dotyshows a similar vertical structure

to the mean velocity profile. The upplayer (~ 40m depth) presents a relatively weak net inflow,
with a peak of 0.01 Sv, compared to the strong deep outflow, with a peak of about 0.04 Sv at
depths near the sillWe also present the transpofFig. 2, red line)}computedper unit depthas
previously discussed he model's annual mean transpoihigood agreementith the transport
estimated in the SoH by Johns e{2003. In their studythey found 0.28 0.04Sv fa the surface



inflow on the northern side of the strdt06+ 0.02Sv of surface outflow on the south sidad
0.15 + 0.03 Svor the deep outflow. The annuaflow based on daily model outputs was estimated
at0.22 + 0.0L Sv (0.15 Sv on the northernide of the strajtandat 0.07 £ 0.01 Sv on the south
sidg, and thedeep outflev at 0.147+ 0.01 Sv, which shows a reasonable agreement with the
observationsSimilarly, Pous et al. (20)%estimated 0.193 for theetinflow and 0.185 for the
deepoutflow.

Thetransport of theleep outflow(40 m to seafloorkexhibits significant seasonal variabjlifof a
sinusoidal formfig. 3), with smallvaluesduringfall and largevaluesduring springearly-summer
The maximurnflow occuss in June whistthe minimum in Octobenyith values 0.2 Svand 0.08
Sv respectively Hosseinibalamet al. (2011)and Pous et al. (2015pbund similar seasonal
variability and mean transpoitao and Johns (2010) estimated a value b2 Gv, with maximum
transport in summer and minimum transport in windehns et al. (2003) found a maximum of
0.18 Sv occurring in Malcand a mearmalueof 0.15 Sywith weakseasonal variatiain the deep
outflow, in agreement with Swift and BowelO@3).

Time-longitude diagrams of temperature and salinity profiles in the 8aiFputed at the mooring

site of Johns et a(2003, are presented in Figude Changes in salinityHig. 4a) are consistent

with the altering inflow/outflow circulation pattern of the upper ocean layers at the SoH. Low
salinity values in the surface ocdwtweenJanuaryandJunel997, which are typical of the water
mass inflow from the Gulf of Oman. High gdty values in the surfaceharacteried by the
outflow water mass mixed with ambient saline waters inside the Gulf, are evident from August to
November 1997In addition, he AGW deep outflowhasa higher saliniy compared withthe
surface outflow andexhbits high intraseasonal variability. The structure of the temperature
profiles at the SoHHig. 4b) reveals a warm core in the upper ocean layers associated with the
well stratified thermocline during summer, and intense cooling with reduced stratifidairing
winter. The thermohaline structure in the SoH is also in close agreement with Joh(B0€t3al.

3.2 Spatietemporal variability of the exchanges through the SoH

The exchanges through tBeH present a complex spatial pattern, with high terapeariability.
The transport vertical profile, as presented in Figu(edh per unit depthk- red line, and per
model level- blue dots) illustrates a relatively fresh net inflow of water from the Gulf of Oman,
occurring in the upper layers to approxtelg a depth of 40 m, and a highly saline outflow of
AGW with increasing salinity with depth.

To establish the structure of this variability and examine its characteristic, we decompose the
transport profile acrossthe SoH into dominant components, using an EOF analysis. The
decomposition reveals two dominant EOF modes that expb¥a 6f the total variance (Fid).

The first mode (Figba, b) explain85.8% of the variance and hagjaastbarotropic structurdt
preserg a maximum near the surfaceand gradually reduces with depthuggesting that the
strongest variability occuiig the upperandintermediatdayers with aweake signal inthe dep
layers.The temporal variations related to this m¢#ig. 5b) areclearly stronger during the winter
period compared with other seasoasid show high frequency fluctuatiomiie to synoptic
processes. The second EOF moHm.(5¢c, d) explains7.2 % of the total variance and has a
baroclinic structureexhibiting anearlysimilar vertical pattern to the annual mean transport (cf.
Fig. 2 red ling. The temporal variations of the second mode suggest that the flow is driven by the
seasonal cycle, but also presesitengsynoptic variability thoughwith moderatelylarger period

in relation tothe temporal variability of thesimode The seasonal enim@ement of the transport



followsthe intensification of the buoyancy forcing in the Gulf during wigYeo andJohns 201pD
and presesta minimum exchangmllowing the summer period.

In order to investigate the seasonal {frequencyvariability of the exchange flows, we apply a

low-pass filter of 3@days to the transport to exclude synoptiatures The EOF decomposition

of the filtered transport reveals one dominant mode that explains ~80% of the total v@ignce

5¢, d red line$, resemhihg the 2 mode of the unfiltered transport. Both modes exhibit important
variability in the baroclinic flow of the vertical structure, ifer the upper layer inflow and the

deep outflow. From late winter to early summer the mean transporepnd the first EOF mode

of the wunfiltered transport show a similar ex
flow. In contrastfrom mid-summerto mid-winter the exchangef the flow weakens, as thast

EOF modeopposeghe mean transport piitd. Both investigatedfiltered and unfiltered modes
suggestedhat the temporal variabilitys related to the seasonal cydg, 5d).

Johns et al(2003 characterized th@8D pattern of thexchangeatthe SoH with an uppefocean
inflow at the northerrpart compensated by an outflow at the southern part of the SoH, which
exhibits a seasonal variability. With the purpose of further examining the spatial variability at
seasonal timscales after applying a lowpass filter 0f90-days, we calculate the aage along

the Strait velocity and decompose it into dominant EOF modes. The mean velocisectiss

(Fig. 6a) is consistent with the net transport exchange previously discussedune Eigrhe
exchange is of baroclinic nature, with an uplager inflow overlying a deep outflow, banked
against the southern wall frothe subsurface layers to the bottom sill (Fifa). The three
dominant EOF modes of the filtered velocity explai®%3ofthe total variance (Figb, d, ). The

first mode explains B% and exhibits high variability in the upper layers, being prominent in the
southern part of the SoH (Figb). Duringlate-winter to spring,the temporal modef the first

EOF is negativerestting in a twalayer flowin the southern part of thgtrait, while it ispositive
duringsummer to mieautumn and early to midiinter, indicating a seasonally varying exchange
pattern (Fig.6b, c), similar to the description by Johns et(2003. In the northern part of the
Strait, where there is a baroclinic mean flow, the inflow is weakesreeven reverseto weak
outflow, during the former period and enhancedring the latter.The second EOF (Figd, €
accounts for 2% of the total variance explained and present the highest variabithyg central

part of the SoH, exhibiting alternate lateral foand an even moreomplexexchange pattern.
The first two EOF modes can be related tovidméablecirculation suggesteoly Johns et a(2003,

i.e. the inflow occurring in the northern part of the strait partly recirculates to become a shallow
outflow in the southern parin Figure6f, the third EOF modeeflect the vertical variability of

the flow, matching the previaly described transport profile (cf. fig. 2hile explaining10% of

the variance. The temporal variations of the third mode @gy.are similarto thoseextracted

from the filtered transport profile (cf.figd ) . The | atter coflfowinlatens t hat
winter to early summer is enhanced, whilst is weakened frorsomtmer to mielvinter.

The above results indicatereasonablagreement with the estimates from observations reported
by Johns et al. (2003), for the southern part of the Sirhé.observations suggestbarotropic
meanflow (outflow for the entire water colummjr the entire period, excefadr March and April,
when a twelayer flow appearsDuring these months the inflow was relatively weak, with the
maximum mean deep outflowf the entire period occurring March.Our results suggestedat

this twolayer flow pattern occursvera broader period of time, i.e. from lateénter to spring and
also inNovember. We alsoeveal, for the first timea baroclinic mean flow (inflow)in the



northern part of the SoH, that is enhanced during summer taumiohn and early to midinter,
and weakeror even reversed weakoutflow during the remaining period

In order toexamine the synoptic scale processeshave performed aBOF analysis using the
high pass filteredelocity fields. We used an 8day filter to effectivelyremovethe seasonalycle
and highlight the higlirequency variationsThe three dominant EOF modes of the filtered
velocity explain ¥2% of the total variane (Fig.7b, d, f). The first mode explaind8% andhas a
quastbarotropic structuregxhibiting largevariability overalmost theentirewater columnbeing
prominent in the southeiand centrapart of the SoH (Figrb). The temporal variations related to
this mode(Fig. 7c) are consistent with tbsepresented for the first EOF of theansport profile
(cf. fig. 5b), exhibiting high-frequency fluctuationghat intensify duringvinter. The seconénd
third EOF mods (Fig. 7d, e f, g) account for 138% and 10.6%of the total variancagespectively,
and presentan alternate lateral flowariability for the upper and intermediate layetsossthe
SoH These modes are similar to the@ ROF mode previously described for the lpass filtered
velocity (cf. Fig. 6d) and exhibit weaker temporal variability than the hode, being stronger
from mid-winterto early-summer.This is related to the variability of the general circulation of the
Gulf, rather tharocally induced butcontrolled by processes suasthecyclonic eddies described
by Thoppil and Hogan (2009ndbr by the coremeandering of the inflovas seen in Yao and
Johns (2010)

3.3 Transport attribution on synoptic time scales

As discussed in the previo&ection, the first EOF mode of the unfiltered transport is dominated
by synoptic variability. To further support our argument, applied ahigh-pass filte to the
transportin order taremowethe lowfrequencyariability. The EOF analysis of the filteresignal
reveaéd one dominant mode that explaif§% of the total variance. Thfact, along withthe
enhancement of theecond EOF modiom 7.2% to 80% when highfrequencies are excluded
indicates that the dominant processestrollingthe water massxchange through the Spbétcur
principally on synoptic time scales/eraperiodof afew daysand upto few weeks.

Aiming at attribuing the EOFs to specific physical processes we examine the power spectral
density of the water mass transpattthe SoH (Fig. 8). The low frequency part of the power
spectrum is related to the seasonal water mass exchange pattern. Higlspaetgat seasnal

time scalesvereillustratedfor the deep part of thBoHat depths around 6570 m, matching the
peakvaluesat similar depthgresented in the baroclinic EOF modé&sy(5c). This prominent
featurereflectsthe high seasonal variability of thpermanent deep outflow through the Gulf. In
addition,the high energ spectraof the net inflow in the Gulf occaifrom the surface down to a
depth of~ 20 m, paired with the upper layers of the two EOF modes display€edume5c.

The power spectrushavs a local maximumn deptts rangng from surfaceto almost35m deep
corresponding to a period of nearly faarfive days andtwo otherlocal maxinmafrom surface to
approximatelyl0 m deepwith a period of nearlyhree days. Thesdahree peaks in the hig
frequency part of the power spectrum are reladgtefirst EOFmodeof the unfiltered transpart
which presents maximuwaluesat the same depths, asFigure5a.

Several studies have indicated ttretexchange flow fluctuations ioceanstraits are significantly
impacted by local wind¢e.g., Toulany et al. 1987, Lee and Williams 1988oppil and Hogan
2009,Johns and Sofianos 201dhdXie et al. 2019. Notably, Johns and Sofian@012 and Xie

et al (2019 suggested that, at synoptic time scales, the wind is the most important forcing



mechanism driving the exchanges between the Red Sea and the Indian Ocean throughlthe Bab
Mandeb straitFor the SoH, Thoppil and Hog4R009 also evidenced that short time scales

the variability of the flow is mainly wind drivein order to examine the correlation of winds with
the transport, we estimatehe alongstrait wind stress and volume transport, andawalyzed

their temporal variability.The cross avariance®f their signabrepresented in Figre9. Both the
unfiltered (Fig.9a) and the filtered transport are considered, by applying apaigs filter of 30

days, excluding the seasonal sigriag(9b).

The SoH's tr ans por tcorrelaioniwahdacdl wind gtress fowings(Figa9a)h i g h
The positive correlation, at zero lag, indicates the direct response of the flow to local wind stress,
mainly affecting the upper layers. On the other hand, when transport and wind forcing are
negativey correlated, the influence on the vertical structure of the flow extends almost to the entire
water column, with the flow responding to the wind forcing with a lag of two days. This quasi
barotropic response is the outcome of wind blowing into (out ef)Ghlf, with the associated
transport resulting in water accumulation (deficit) in the basin, altering the sea level and generating

a pressure gradient that, in turn, drives a gbasatropic flow out (in) of the basin. The lag of the
response can be rédal to the size and the geometry of the basin and the(3trhits and Sofianos

2012)

The results outlinaneven highecorrelationwhen a higkpass filter is appliedig. 9b). Having
excluded the lower frequencies, the cross covariances pattarengthened with respect to the
unfiltered field. This patternis well matched with the quabiarotropic high frequency flow
fluctuations, presented in the first EOF mode of the high pass filtered velat#oessedn the
previousSection (fig7b). This becomesore evident when we examine thag correlation of the
wind stressversus theemporal variation®f the threedominant EOF®f the high pass filtered
velocities (Fig10). There is a high correlation among local wind stress and the terapoations

of the first EOF mode (Fi@0 a), consistent with what is presented for the correlation of winds
with the high pass filteredransport (Fig9b), i.e. negative correlation with a lag of ~ 2 days and
positive correlation at zero lag. There is narel@tion between the other tt@mporalmodesand

the wind stressas it is shown in Figurg&Qb, c.

The previousanalysisconfirms the synoptic influence of thecalwind to the transporiMoreover
thecorrelationlag revead thatthewind driven transport towards and from the Gadhgenerate
adelayedsecondary response the entire water column. A similaesponse has beeescribed
by Johns and Sofianq2012 in the exchange flow variability at tigab-al-Mandeb straitn the
RedSea with an elevated response at the Helmholtz resonance phritus study, a complex
frequencydependent behavior of the whalliven transport through the BabMandeb straitvas
suggestedvhich could even result in a transport out of the straresponse to winds blowing into
the Red Seayith an elevated response at the Helmholtz resonance pargichilar analysis will
beconductedn afuture work incorporating longer time series of the strait response

4 Conclusions

Using a highresolution (1/36) model simulation this study investigatedon the water mass
exchange variability through the Strait of Hormuz over the period from December 1996 to March
1998, during which observations are availabl&e focusedon the mechanisms controlling the
transport variabilityacross thevhole Strait, at synoptic time scalesThe modelkesultswerefound

in good agreement with the observatioeproducing weltheoverall picture fothe thermohaline
structure and the temporal variability of the flow throughSbél

10



The annually integrated transport plefacross th&oH resembles an andistuarine circulation,

with a deep outflow of high salinity water, and an inflow of relatively fresher waters at the upper
layers. The net annuiiflow based on daily model outputs was estimated &+021 Svandfor

the deep outflovat0.147+ 0.01 Syin close agreement with the observations.

Examination of the temporal evolution of the exchange flows reveals strong variability over
various time scales. On long time scatég variability of the flow relates to a fm&linic mode,

mainly representing the seasooatle. The exchangeseintensifiedf ol | owi ng an enhal
layer flow from latewinter through earhsummer, while the flow diminishes from rasdimmer

to mid-winter. Strong variability is also evident in the upper layers from the south to the central

part of the SoH, associated withe overturning circulationrand seasonigl varying complex
inflow/outflow patterns A baroclinic mean flow(inflow) is presenin the nothern part of the

Strait During late-winter to springthe inflow is weakened, or even reverse weak outflow,

whilst it is enhancediuringsummer to mieautumn and early to midinter.

Although the seasonal pattern exerts a strong influence in thelloserhange intensity, our
results reveal that the exchange flow variability is dominated by synoptic scale processes. Synoptic
scale processes account for the major part of the variability and can considerably alter the
inflow/outflow structure at th&oH, with periods lasting from days to weeks. The variabditgr

short time scales exhibitaastbarotropic pattern, affecting greatly thyperlayers, with a mean

period of 2 tdb days. The intensity of these modulasatso follows a seasonal cycleith higher
variability occurring after the winter period, when the exchange flow is also stronger.

Finally, it is shown that the synoptic variability of the exchanges aédiéis strongly related to

local wind stress forcing. The exchanges show a Riglly correlatiorwith the local wind forcing

over theSoH, with winds drivingadirect positiveresponseavith enhanced correlation the upper

layers and a negative response (opposite to the wind direction), with the maximum correlation at
a 2day lagthat affects the entire water column

11



Figure Captions

Fig. 1 Model domain and bathymetry of the Arabian Gulf. The Strait of Hormuz is marked with rechtiriee
mooring locatiorof Johns et al. (2003) with white d@6.08°E and 26.26°N)

Fig. 2 Four bimonthly averages and the annual mexrvelocity (cm/s) forthe year 1997 (black lines) in the
SoH close to Johns et al. (2003) mooring. Sitee blue dots represent tl@nual integrated transpaint Sv, in

each model levedtthe SoH.The red line re@sents the annual integrated transport per unit depth profile (Sv/m)
at the SoH.

Fig. 3 Monthly mean values of the transport for the deep outfl@n(tb seafloor) from the Strait.

Fig. 4 Hovmoller diagrams of modehlinity (a) andtemperaturgb) in the SoH. A lowpass filter of 10 days is
applied. The model data span the period from December 1997 to March 1998 in the SoH close to Johns et al.
(2003) mooring site.

Fig. 5 First (a) and second (c, blue line) EOF modes of the SoH water mass traasgditeir corresponding
timeseries (b and d, blue line). Also, first EOF mode of the SoH water mass transport (c, red line) and the
corresponding timeseries (d, red line), by applying apass filter of 30 days.

Fig. 6 Cross section of averaged alorniga8 velocity for the whole duration, up (a), and the first three EOF
velocity modes with their corresponding timeseries down (first mode b, ¢, second mode d, e, and third mode f,
g). A 90-dayslow-pass filter was applied to the velocities.

Fig. 7 Cross section of averaged along Strait velocity for the whole duration, up (a), and the first three EOF
velocity modes with their corresponding timeseries down (first mode b, ¢, second mode d, e, and third mode f,
g). An 8-days highpass filter was applietb the velocities.

Fig. 8 Power spectral density for the transport along the SoH calculated at the model's depths.

Fig. 9 Crosscovariance betweethe alongstrait wind stress anthetransporfper unit depttin the SoH (a), and
(b) the same by applyinghagh-pass filter of 30 days.

Fig. 10Lag correlation of thalong straitvind stress versus the temporal variations of the three dominant EOFs
of the high pass filtered velocities.
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Fig. 3Monthly mean values of the transport for the deep outflow (45m to seafloor) from the Strait.
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