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Abstract
We investigate the influence of tides on the exchange of water between theArabianGulf and the Sea of
Oman through the Strait ofHormuz using a high-resolution numericalmodel. Twonumerical
simulations are contrasted, onewith and onewithout tidal forcing.Wefind that tides suppress
exchange through the Strait, by∼20% in the annualmean, being largest in the summer (∼30%) and
diminishing in thewinter (∼13%). Tides enhance the parameterised shear-driven verticalmixing
inside theGulf and Strait,mixingwarm, relatively fresh surface waters downward thus reducing the
density of bottomwatersflowing outwards. This reduces the lateral difference of density betweenGulf
and Sea ofOman and hence the exchange through the Strait.Maximum reductions occur in summer
when both the vertical stratification andmixing is the largest.

Plain language summary

In amodeling studywe explore how tides affect the exchange of water between the ArabianGulf and the Sea of
Oman through the Strait ofHormuz.Wefind that tides reduce the exchange by roughly 20% in the annual
mean, the effect being greatest and reaching 30% in the summer. Tides enhance themixing of warm, fresh
surfacewaters downwards in thewater column, reducing the density of bottomwaters inside theGulf. This
results in a diminution of the gross density difference between theGulf and the Sea ofOman and hence reduces
the exchange. The effect ismost pronounced in the summerwhenGulf waters are themost stratified andmixing
the greatest.We conclude that the realism of oceanmodels of theGulf will be greatly enhanced if they explicitly
represent tides and their associatedmixing.

1. Introduction

TheArabianGulf (AG) is a shallow basin located between the northern boundary of the Arabian Peninsula and
Iran,figure 1(a)). Its ocean is one of themost saline in theworld (figures 1(b), (c)). Due to its arid climate,
evaporation exceeds freshwater input, and is compensated by a net surface inflow through the narrow Strait of
Hormuz (SH) (Alosairi et al 2020, Privett 1959, Johns et al 2003, Xue and Eltahir 2015). In compensation, warm,
saline and oxygenatedwaters residing at shallow depths of the AG, exit lower down thewater column through
the Strait (figure 1(b)). These spread at intermediate depths into the Arabian Sea and the Bay of Bengal,
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ultimately significantly affecting the hydrography of the north IndianOcean (Jain et al 2017, Sheehan et al 2020,
Pous and Lazure 2004a, Pous et al 2004b). AGwater plays a significant role in the ventilation of the oxygen
minimumzone of the Arabian Sea (McCreary et al 2013). Understanding themechanism behindAGwater
outflow through the SH is thus of great importance. An improved understanding of watermass transport
between the AG and Sea ofOmanmay also better inform efforts to preserve themarine environments of the
region.

Manymodelling and observational studies have addressed the circulation of the AG and the characteristics
of thewatermass exchange through the SH (Thoppil andHogan 2010a, Johns et al 2003, Pous and Lazure 2004a,
Pous et al 2015, Lorenz et al 2021, Kämpf and Sadrinasab 2006, Reynolds 1993a). The circulation of the AG is
broadly cyclonic and the SHplays an important role in restricting the exchange between theGulf and Sea of
Oman (Reynolds 1993a, Emery 1956, Brewer andDyrssen 1985,Hunter 1983, Reynolds1993, Chao et al 1992,
Johns et al 2003). These studies have explored the various processes at work that control exchange. Swift and
Bower (2003) suggest that changes in sea surface slope between the Sea ofOman and the AG is the primary
driving force of exchange on synoptic time scales. Thoppil andHogan (2010a) andVasou et al (2020)noted that
such short timescale variability is set by the local winds. According toVasou et al (2020), short-term variability (2
to 5 day) in transport shows a quasi-barotropic pattern affectingmostly the upper layers. On longer time scales
(seasonal to interannual), exchange through the SH is thought to be controlled by the horizontal density gradient

Figure 1. (a)Bathymetry of the study area (color scale inmeters) together with the locations of 18 geographical regions—marked by
the black boxes—adopted from the observational study of Swift and Bower (2003). Our numericalmodel is compared as a function of
depthwith horizontal averages of in situ observationswithin each box. The cross-section (CS), throughwhich the inflow, outflow and
exchange are calculated in the proximity of the Strait ofHormuz, ismarked by the thickwhite line. (b,c)Annual average of surface and
bottom current with the salinity (in psu)—scale at the bottom—shown in color. A reference vector showing the velocity scale is also
marked.
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between the innerGulf and the Sea ofOman (Pous et al 2015, Chao et al 1992, Yao and Johns 2010, Thoppil and
Hogan 2010a, Kämpf and Sadrinasab 2006).

Studies have suggested thatmixingwithin the AG is associatedwith strong tidal currents, topographic
features and eddy activity (Lorenz et al 2021, Swift andBower 2003). However, previous studies of watermass
exchange through the SHhave disregarded the role of tides in the time-mean general circulation, assuming that
its affect is small when averaged over periods longer than a few tidal cycles (Pous et al 2012,Hughes and
Hunter 1979). The one exception of whichwe are aware is the recent study of Campos et al (2022)whofind, as
here, that inclusion of tides significantly reduces exchange. However, they did not explore underlying
mechanisms. Studies in different Straits indeedfind that diapycnalmixing and residual currents induced by tides
can play a significant role inwatermassmodification and the large-scale circulation (Koch-Larrouy et al 2007,
Nagai andHibiya 2015) by affecting inflow and outflow (Farmer andArmi 1986,Naranjo et al 2014, Sannino
et al 2004, 2015, Kurogi andHasumi 2019). In this study, then, we follow on from thework of Campos et al
(2022) and focus in on the underlyingmechanisms at work.We employ a high resolution 3Dmodel of the AG
previously reported inAl-Shehhi et al (2021) and contrast solutionswith andwithout tidal forcing.

2. A high resolutionmodel of theArabianGulf based onMITgcm

Wemake use of a high-resolution configuration of theMITgcm (Marshall et al 1997)deployed for the Arabian
Gulf as described inAl-Shehhi et al (2021). TheMITgcmhas been extensively used in studies of tides, internal
tides, and residual currents in coastal waters in the presence of complex topographies and geometries—see, for
example, (Sannino et al 2015,Wang et al 2015). Themodel is configured for the AG and Sea ofOman (23.2°N to
30.7°Nand 47.3°E to 62.3°E) as shown infigure 1(a). It is driven bymeteorological forcing at its upper surface,
from tides prescribed at its open-ocean lateral boundaries and by river inflow along the coasts. It has a high
horizontal spatial resolution of approximately 2.5 km and 83 vertical levels ranging from1m in thickness at the
surface to∼200m at the bottomout in the Sea ofOman.More details can be found inAl-Shehhi et al (2021). A
high-resolution bathymetry dataset derived fromSmith and Sandwell (1997) is usedwith a resolution of 3 km.
Themodel is adjusted so that evaporation over theAG is compensated by freshwater fluxes from the lateral
boundary (E-P-R; where E is Evaporation, P is Precipitation andRRiver run-off). A standard configuration of
the nonlocal K-profile parameterization (KPP) (Large et al 1994, 1997) is used to parameterize ocean turbulent
mixing.

The temperature, salinity and velocity components for initial and lateral boundary conditions are obtained
froma 1/48°MITgcmglobalmodel simulations known as LLC4320 (Rocha et al 2016). Themodel was forced at
the surface by 6-h EuropeanCentre forMedium-RangeWeather Forecasts (ECMWF) atmospheric operational
model analysis at 0.148° resolution (∼15 km). A custommonthly river freshwater outflowdataset (capturing the
discharge of the Shatt Al-Arab,Mand,Hindijan, andHilieh rivers) is also included obtained fromLarge and
Nurser (2001) and as described inAl-Shehhi et al (2021).

The amplitude and phase of seven tidal constituents (M2, S2,N2, K2, K1,O1 and P1) obtained from the
Arabian Sea regional barotropic tidalmodel, OSUTidal Inversion Software (OTIS) (Egbert et al 1994, Egbert and
Erofeeva 2002), are prescribed along the open boundaries. Themodel’s fidelity in capturing tidal patterns and
amplitudes is assessed in the supplementarymaterial, where it is comparedwith observations from tide gauges.
The spatial distribution of the fourmajor tidal constituents is also presented there. Themodel effectively
captures tidal features, consistent with previous studies (Mashayekh Poul et al 2016, Pous et al 2012,Hyder et al
2013,Madah andGharbi 2022). TheM2 tide is themost dominant constituent in theGulf and Sea ofOman,
followed byK1, S2, andO1. The co-tidalmaps shows two amphidromic points for semi-diurnal tides: one in the
southeasternGulf near AbuDhabi and another in the southwesternGulf. Additionally, a diurnal tide
amphidromic point is located in the south-central Gulf off Bahrain’s coast (see supplementary). Herewe focus
on the impact of those tides onmixing and the general circulation, in particular exchange through the SH.

To study the effect of tides on the general circulationwithin theGulf, we designed two numerical
experiments driven by: (i) atmospheric forcingwith no tides and (ii) both tides and atmospheric forcing. The
model is integrated for the year 2012 in a repeating cycle. Themodel is run on for 6 years with repeating surface
forcing and boundary conditions and thefinal year is used in analysis.We also carried out amulti-year
calculation including tidal and atmospheric forcing from2003 to 2018 to ensure that interannual variability does
not affect our conclusion.Wefind that interannual variability in exchange through the SH is indeed small
compared to the difference of transport due to the inclusion of tidal processes.
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3. Comparing simulationswith andwithout tides

3.1. The role of tides in the exchange through the Strait ofHormuz
Weanalysed ourmost realistic simulationwhich included tidal forcing (hereafter ‘tidal run’) and compared it to
an additional calculation inwhich the tidal forcing is removed (hereafter ‘non-tidal run’). Themonthly volume
transport through the cross-sectionCS (marked infigure 1(a)) are computed by integrating positive (outflow)
and negative (inflow) values across the transect: see figure 2(g). In both tidal and non-tidal simulations, the
volume transport shows similar seasonal variation peaking during late winter and again in summer.However,
themagnitude of transport differs between them,with a yearly-averaged 20% reduction in the tidal case: the
average outflow (inflow) is 0.278 (.285) Sv and 0.357 (0.352) Sv for tidal and non-tidal runs respectively.
Seasonal-average values show that the volume transport is reduced by 30% in summer and 13% inwinter. The
standard deviation of volume transport across the Strait due to interannual atmospheric forcing is also indicated
infigure 2(g). It is evidently small compared to the difference between tidal and non-tidal transport.

The annualmean transport estimated fromour tidal run is closer to observational estimates than in the
absence of tides. The annualmean volume transport through the Strait inferred frommooring observations
(Johns et al 2003) is∼0.23± 0.04 Sv (inflow) and∼0.21± 0.05 Sv (outflow). Thus, including tides reduces the

Figure 2. Seasonal average ofmodel currents across the sectionCS (marked by the thickwhite line infigure 1)with (left column) and
without (middle column) tidal forcing: (a), (b) showwinter and (c), (d) summer. The difference in bottom currents between
simulations with andwithout tidal forcing during (e)winter and (f) summer. The color scale is in cm/s. (g)Monthly averaged volume
transport (in Sverdrups) across CS, close to the Strait ofHormuz, estimated from simulationswith (blue) andwithout (red) tidal
forcing. Themonthly standard deviation in transport during 2003-2018 including tides is indicated by the vertical bars. Positive values
represent transport out of theGulf.
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tendency of ourmodel to over-estimate the exchange between the AG and the Sea ofOman.Othermodelling
studies driven by tides fromopen boundaries are also broadly consistent with observed estimates of inflow
(outflow), e.g. Pous et al (2015): 0.203 (0.194), Pous et al (2004b): 0.21 (0.17) andVasou et al (2020): 0.22(0.15).
That said, our results suggest that including tidal forcing is critical to obtaining a realistic representation of
exchange through the Strait.

3.2. Circulation drivenwith tides and atmospheric forcing
Weexamined a vertical cross section of themodel’s currents through the SH to understand the change in volume
transport in tidal and non-tidal simulations. The currents are averaged forwinter (DJF) and summer (JJA) and
the zonal component of the current velocity is shown (seefigures 2(a)–(d)) along the lineCS. Positive values
showoutflow (red shading) and negative values inflow (blue). The inflowoccurs through the northern half of the
Strait and outflow through the southern half. Inwinter, the inflow is largely barotropic, but the outflowoccurs
predominantly at depths below 60m, particularly in the non-tidal runwhere bottom currents peak at order
30 cm s −1.Without tides the outflow isweak in the southern half of the Strait at depths shallower than 60 m,
even exhibiting slight inflow along the southern coast (largely absent from the tidal run). In summer, however,
differences aremore pronounced.Without tides, inflow remains fairly uniform in the vertical, while outflow is
largest at depth.However, with tides both inflow and outflow are largest in the top 40 mof the Strait. Note that
the bottom-intensified outflow remains fairly constant throughout the year, implying that the summer exchange
peak is largely associatedwith the barotropic component in the absence of tides, but is surface intensified in the
presence of tides.

To further compare tidal and non-tidal runs, we show the difference in bottom currents in a plan view of the
AG (figures 2(e)–(f)). Tidal forcing suppresses currents at depth, extending out to the Sea ofOman through the
SH.We also analyzed the larger-scale circulation to determinewhether tidal influences are restricted to the SHor
whether there are basin-wide changes—see the depth-averaged and surface currents plotted in supplementary
figures S6& S7. It is found that the tide has impact throughout theGulf, and particularly along its northern coast.
The largest difference between tidal and non-tidal runs is found in theGulf, to thewest of Siri Island close to the
SH,where depth average speed differences reach 21 cms−1 and 25 cms−1 inwinter and summer respectively.
Themaximum residual current speeds in the SHduring summer are 20 cms−1 and 33 cms−1 for tidal and non-
tidal runs respectively, duringwinter 29 cms−1 and 32 cms−1. In addition to the effect of tides on current speeds,
tidal forcing significantly affectsflowpatterns. The north-westward flowing IranianCoastal Current (ICC),
which is associatedwith density gradients between the AG and the Sea ofOman (Swift and Bower 2003, Thoppil
andHogan 2010b), is prominent during bothwinter and summer in the non-tidal run. Theweaker ICC in
winter is attributed to the reduced density gradient between the Sea ofOman and the AGdue towinter cooling
effects. The addition of tidal forcingweakens andmodifies the ICC in all seasons. The summer andwinter
circulation patterns (see supplementary figure S6) both show that the tide induces a large change in circulation.
The addition of tides expands the gyre and its strength is significantly reduced inwinter. Themajor tidal
modifications on circulation patterns occurwithin theGulf, predominantly to the northwhere the bathymetry
is deeper andmost sharply changing.

3.3. Effect of tides onhydrography
The above results show that tidal forcing significantlymodifies the basinwide circulation, with substantial
reduction in deep currents in the SH. As noted in previous studies, the density gradient between the AG and the
Sea ofOman is the dominant force driving seasonal circulation in theGulf (Yao and Johns 2010, Kämpf and
Sadrinasab 2006, Thoppil andHogan 2010b). Any change in this gradientmay affect the basin-wide circulation
and exchange through the Strait. In order to understandwhether tidal forcing has any role in hydrographic
structure, and thereby circulation and exchange, we analyzed the temperature and salinity distributions in tidal
and non-tidal simulations.

Wefirst compared seasonal-means of temperature, salinity and density with historical observations from the
MasterOceanographicObservationsDataset (MOODS) (Alessi et al 1999)which spans the 1940-1990 period.
Al-Shehhi et al (2021) compared the seasonal-average hydrography obtained from the tidal run used in this
studywith the sameMOODS observations.Here we extend this comparison to the non-tidal simulation.We
take 18 boxes along the center of the AG from its north-west corner to the Sea ofOman, and horizontally average
the hydrography from the non-tidal run for summer (seefigure 3) andwinter (see supplementary figure S8). The
boundaries of the boxes (seefigure 1(a)) are defined following Swift and Bower (2003). Comparing tidal and
non-tidal runswith observations (upper rows offigures 3& S8), we see that both have similar biases, specifically
a toowarm and fresh bias toward the surface (i.e. too light) and too cold and salty at depth (i.e. too dense).
However, these biases are less pronounced in the tidal simulation. This can be seenmost clearly whenwe
compare the density (right column): the tidal run remainsmodestly too light at the surface (i.e. remains too
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warm and fresh), but exhibitsminimal bias at depth. The bottomwater density is significantly reduced in the
tidal run. Duringwinter, the densities in both the tidal and non-tidal simulations are closer to observations. The
non-tidal run shows a difference of 1 kgm−3 with observation in summer, whereas the bias is 0.3 kgm−3 in the
presence of tides. In summary, summer biases in temperature, salinity and density are considerably reduced in
the presence of tides.

The simulated spatial distribution of bottom temperature, salinity and density differences duringDJF and
JJA is presented in the supplementarymaterials (see figure S9 in the supplementary section). Tidal forcing is felt
across the entire basin in bothAG and SHwith a strong influence during the summer (JJA)months. The box-
average difference between tidal and nontidal runs over the AG (47.3oE: 56oE, 23.2oN: 30.7oN) is found to be
0.25 °C and 0.43 °Cduringwinter and summer respectively. TheAGbottomwater is freshened by 0.26 (0.5) psu
inwinter (summer) in the presence of tides.Waters on the southern coast of the AG (UAE) aremore saline, and
densewater to the south ismore saline than dense water to the north. A similar observationwasmade by Swift
and Bower (2003). The decrease in salinity and increase in temperature decreases the bottomdensity basinwide.
TheAG is strongly stratified by temperature during summer, with aweaker salinity increase with depth (Al-
Shehhi et al 2021). In the presence of tides, bottom temperatures in the SH (56oE: 57oE, 25.8oN: 27.5oN) exhibit a
larger increase of 0.6 °C inwinter and 0.9 °C in summer thanwithout tides. The salinity in the presence of tides is
decreased at the bottom. In summary, tidal-inducedmixing acts to cool and increase salinity at the surface, and
warm and freshen at depth.

3.4. Verticalmixing
To infer the verticalmixing due to tides, we compared themodel-derived vertical (diapycnal)mixing in the two
simulations. The depth-averaged verticalmixing (Kv,figures 4(a)& (b)) is distinctly elevated relative towithout
tides in summer in the AG. The vertical profile ofmixing, figure 4(c), shows a higher Kvwith tides between
depths of 20 m and 110 m in summer and 60 m to 100 m inwinter. In the SH, theKvwith tides is elevated by a
factor of 4 and 1.5 in summer andwinter, respectively. This suggests that the verticalmixing of tracers is
significantly enhanced in the presence of tides. Figure 4 also shows the ratio between the verticalmixing (tide and
notide) for winter and summer. In summer tidalmixing is found throughout the domain, i.e. it ismore
significant in the presence of stratifiedwaters and so summerwatermasses aremore influenced by the tides than

inwinter. The buoyancy frequency (N
g d

dzr
= - r , where ρ is the potential density) also documents the

weakening of the stratificationwith tides (figure 4). The spatial distribution shows that the difference between

Figure 3.Comparison of summertimemodel solutionwith observations averaged over the 18 black boxesmarked infigure 1, plotted
as a function of depth and box number. The box number increasesmoving eastward from thewestern-most box. Summertime
differences in (a) temperature, (b) salinity and (c)density between themodel solutionwith tides (labeled tide) andwithout tide
(notide) and observations (MOODS) (Alessi et al 1999). The bottom rowof panels shows the summertime difference between the
model with tides andwithout tides. The scale at the bottom is common to all plots.
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the two simulations (tide—notide) is generally negative everywhere in the AG and SH. Themaximum
weakening of the stratification occurs during the summer period.

To study the impact of tidalmixing on horizontal density gradients we estimated the average density
between two boxes, one inside the AG (average of Boxes 10, 11& 12) and a second box outside the SH, in the Sea
ofOman (average of Boxes 17& 18). Figure 4(e) shows the vertical profiles of this difference in the summer (JJA)
andwinter (DJF) seasons, comparing tidal and non-tidal simulations. In the presence of tides we see a notable
reduction of this difference in the summer, particularly between depths of 40 m and 90 m. In contrast this effect
is considerably weaker inwinter. Themixing of lighter waters downwards due to tides is thus seen to decrease the
horizontal density difference. Inwinter, the tide has little effect on these gradients. The reduced density gradient
between the AG and Sea ofOman in the presence of tides is likely an important factor in the significant
suppression of deepwater outflow in summer.

4. Summary and conclusions

We investigated the impact of tides on the exchange between theAG and the Sea ofOman through the Strait of
Hormuz (SH) by comparing high resolution numerical experiments with andwithout tidal forcing. The
reliability of the tides simulated in themodel is assessed—as set out in the supplimentarymaterial—by
comparing themodel with time series observations from coastal tide gauges and currentmeters.Wefind that the
tidemodifies basin-wide circulation and impacts the properties and volumeflux of deepwater outflow through
the SH (figures 2(f)& (g)). The outflow (and compensating inflow) is suppressed in the presence of tides by 20%

Figure 4.Depth-averaged spatialmaps of verticalmixing ratio between tide and no-tide simulations using a logarithmic scale during
(a)winter (DJF) and (b) summer (JJA). (c)Vertical profiles of spatially averaged verticalmixing (logarithmic scale) from simulations
with andwithout tides duringwinter (DJF) and summer (JJA). (d)Difference between depth-averaged stratification,N, with and
without tidal forcing during summer (JJA). (e)The vertical variation of density difference betweenAG (average of boxes 10, 11& 12)
and the Sea ofOman (average of boxes 17& 18)duringwinter (DJF) and Summer (JJA).
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in the annualmean, by 30% in summer and 13% inwinter (figure 2(a)). This broadly confirms the recent study
of Campos et al (2022)whoused a differentmodel.

Earlier studies have shown that barotropic tides can induce residual currents in theGulf due to the non-
linear interaction of large-amplitude tidal currents with bathymetry: theM2 residual itself can exceed 0.15 ms−1

in the AG—see Poul et al (2016). Some large-scale circulation changes found in ourmodelmay thus be
associatedwith such residuals. However, the primary reason for large-scale changes, we believe, is due to the
presence of enhanced verticalmixing induced by the tides.

Wefind thatmean bottom currents are significantly suppressed in the presence of tides due to the
modification of the hydrographic structure inside theGulf. The deepwaters in the SH arewarmed by 0.7 °Cand
freshened by 0.62 psu (average of summer andwintermonths)when tides are included (see figure 3 and
supplementary figure S8), indicative of enhanced downward verticalmixing of lighter surfacewaters. The
increase in bottom temperature is larger in summer thanwinter, and is associatedwith stronger summertime
tidalmixing. The reduction of basin-wide stratification also confirms elevated verticalmixing rates with tides.
Enhanced shear-drivenmixing, especially in summer, reduces the density of the bottomwaterwithin theAG,
reduces the lateral density between theAG andOman Sea and, concomitantly, the rate of lateral exchange. The
effect is weaker in thewinter than in the summer. Indeed the AG iswellmixed inwinter and so the role of tides in
setting deepwater outflow ismuch reduced.

The spatial distribution of verticalmixing shows large values in the vicinity of topography features such as
small seamounts and shelf-slope regions (figure 4). Tide-topography interaction and generation of internal tides
is one of the important processes of enhancingmixing. The greater stratification in summer, togetherwith the
presence ofmany topographic features, facilitates strong internal tides and enhancedmixing. The bottomwater
modification due to tide-topography interaction also occurs elsewhere in the ocean—see, e.g., the Jithin and
Francis (2020) study of warmbottomwaters in the Andaman Sea of the north-eastern IndianOcean. Recently
(Kurogi andHasumi 2019) also noted the tidal suppression of through-flow in a narrow Strait of Seto Inland Sea,
Japan.Our key result should be contrastedwith, for example, Naranjo et al (2014)who found outflow increases
significantly in the Strait of Gibralter by 28% to 33%annually in the presence of tides.

TheAG is known for itsmarkedly distinct winter and summer characteristics, primarily due to significant
seasonal shifts in temperature and salinity (T/S properties). Despite thesemarked variations in T/S properties,
they are not prominently reflected in the exchange rates through the SH (Johns et al 1998, Swift and
Bower 2003).Wefind that tidal suppression in summer is themajor factormaintaining a steady exchange. Our
study suggests that bothwinter and summerwatermasses respond differently to tides. The tide significantly
suppresses the through-flowof stratified summerwater and hence controls the density driven circulation/
exchange.

Climate change projections show that the AGmay undergo substantial warmingwith perhaps adverse effects
onmarine ecosystems (Field andBarros 2014, Paparella et al 2022). The summer SST of AG could increase by
perhaps 4 °Cor so by 2100 (Noori et al 2019), leading to an increase in stratification as the upper oceanwarms. It
would be interesting to knowwhether increased stratification due to this warming enhances the baroclinic tide
and its associatedmixing or reducesmixing due to the increased stratification.Whatever happens, future
increasedwarmingmay affect exchange flows between the AG and the Sea ofOman due to themodulation of
mixing from tides/internal tides acting on seasonally stratifiedGulf waters.
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