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Abstract

Excess evaporation within the Persian (also referred as the Arabian) Gulf induces an
inverse-estuary circulation. Surface waters are imported, via the Strait of Hormuz, while
saltier waters are exported in the deeper layers. Using output of a 1/12-Degree horizontal
resolution ocean general circulation model, the spatial structure and time variability of the
circulation and the exchanges of volume and salt through the Strait of Hormuz are investi-
gated in detail. The model’s circulation pattern in the Gulf is found to be in good agreement
with observations and other studies based on numerical models. The mean export of salty
waters in the bottom layer is of 0.2620.05Sv (Sverdrup = 1.0 x 10° m® s7"). The net freshwa-
terimport, the equivalent of the salt export divided by a reference salinity, done by the
baroclinic circulation across that vertical section is decomposed in an overturning and a hori-
zontal components, with mean values of 7.242.1 x 1073 Svand 5.0£1.7 x 1073 Svrespec-
tively. An important, novel finding of this work is that the horizontal component is confined to
the deeper layers, mainly in the winter. It is also described for the first time that both compo-
nents are correlated at the same level with the basin averaged evaporation minus precipita-
tion (E-P) over the Persian Gulf. The highest correlation (r* = 0.59) of the total freshwater
transport across 26°N with E-P over the Gulf is found with a one-month time lag, with E-P
leading. The time series of freshwater import does not show any significant trend in the
period from 1980 to 2015. Power spectra analysis shows that most of the energy is concen-
trated in the seasonal cycle. Some intraseasonal variability, likely related to the Shamal
wind phenomenon, and possible impacts of EI-Nino are also detected. These results sug-
gest that the overturning and the horizontal components of freshwater exchange across the
Strait of Hormuz are both driven by dynamic and thermodynamic processes inside the Per-
sian Gulf.
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1 Introduction

The Persian (or Arabian) Gulf, hereinafter referred as “the Persian Gulf” or simply “the Gulf”,
and the Red Sea inject into the Indian Ocean waters with the highest salinity of the world
oceans [1-3]. The volume of water injected by those semi-enclosed seas is small: only 0.2 Sv
for the Persian Gulf water and 0.4 to 0.8 Sv for the Red Sea water [3, 4]. Nevertheless, due to
their unique thermohaline characteristics, waters from these two marginal seas can be tracked
from their sources over great distances, spanning a large area of the northern Indian Ocean [2,
4-9]. In spite of the high salt content, waters from the Gulf and the Red Sea are warmer and
more buoyant than the Indian Ocean Deep Water, which make them incapable to reach depths
greater than 1000m. However, by mixing with the thermocline waters and the deeper waters
below, the waters from the two marginal seas can modify the water mass properties in a large
area of the northern and equatorial Indian Ocean.

Despite their small volumes, due to their high salinity content and the ubiquitous presence
in a large area of the Indian Ocean at thermocline levels, the waters from the Red Sea and the
Persian Gulf may have significant influence in the modulation of the Indian Ocean water mas-
ses [2, 6, 8]. However, to what extent these water really impact the larger scales is still an open
question and is the subject of ongoing research at the American University of Sharjah. Prelimi-
nary results indicate that, indeed, the Persian Gulf and the Red sea waters play relevant roles in
dynamic and thermodynamic processes in the Arabian Sea and in the Bay of Bengal. In any
case, additional knowledge of their main general patterns and spreading in the Indian Ocean
is crucial to better understand the seasonal and longer-scales variability of the water flow at the
entry points into the Arabian Sea. In this particular, one key question relates to the impacts
that increased evaporation due to global warming [10-13] and the human induced changes
including the intense activity of water desalination [14-17] in the Persian Gulf, would have on
the Arabian Sea and Indian Ocean [10, 11]. Of course, these changing processes are common
to the Red Sea as well [18]. However, the Red Sea has a much deeper basin, connected to the
Gulf of Aden by the Bab el Mandeb, a relatively shallow and narrow channel. Waters with
increased salinity tend to sink to greater depths and be trapped inside the basin, with a mean
deep-water residence time of approximately 36 years [18]. On the contrary, the Persian Gulf is
much shallower, with depths increasing towards the Strait of Hormuz and the Sea (or Gulf) of
Oman. Changes within the Persian Gulf are communicated directly to the Indian Ocean on
much shorter time scales. In his classical paper, Reynolds (1993) [1] comments that estimates
of the mean residence time of the Gulf, or the time a water parcel would take to leave the
basin, vary on an approximate range of 2 to 5 years. More recent studies report shorter resi-
dence times. Xue and Eltahir (2015) [19], based on results of a coupled ocean-atmosphere
model, found a mean residence time of approximatelly 14 months. Alosairi et al. (2011) [20]
used a numerical model based Lagrangian approach to compute the residence time of passive
tracers released in different locations in the Gulf. The results show a wide spatial variation,
with times ranging from approximately 1000 days near Kuwait to only 2 days at the vicinity of
the Strait of Hormuz.

Recent studies suggest that the Persian Gulf might be going through changes. Based on
descriptive analyses of daily optimum interpolated sea surface temperature anomaly distrib-
uted by the USA National Oceanic and Atmospheric Administration (NOAA), Noori et al.
(2019) [11] report a gradually increasing trend in sea surface temperature (SST) in the Gulf
and the Gulf of Oman since the 1980’s. In another investigation, using an autoregressive
integrated moving average model, Shirvani et al. (2015) [21] found that, as a result of global
warming, the averaged SST in the Gulf has increased by 0.57°C from 1950 to 2010, with a
more pronounced trend in the last two decades. Considering the overall importance of the
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Gulf water, these changes in the Gulf may have significant consequences to the Indian Ocean
circulation.

Considering the ubiquitous presence of the Persian Gulf waters in the upper-thermocline
layers of the northern Indian Ocean, it is natural to question what would be the consequences
of possible changes in the Gulf. To answer that question, it is crucially important to know bet-
ter the present-day climatological conditions and time-variability of the Gulf’s general circula-
tion, the salt export through the Strait of Hormuz and the relationship with dynamic processes
and the freshwater budget in the Persian Gulf. This motivated the present study, which uses
results of a numerical experiment with the Hybrid Coordinate Ocean Model (HYCOM) to
investigate the spatial structure, the seasonality and interannual variability of the freshwater
budget in the Persian Gulf, and the exchanges of water and salt with the Gulf of Oman.

2 Circulation in the Persian Gulf

Aspects of the climatological conditions and seasonality of the Persian Gulf circulation have
been described by modeling and observational studies in the past few decades [1, 3, 19, 22-28].
According to the literature, the Persian Gulf is a semi-enclosed marginal sea with mean depth
of 36m, connected to the Indian Ocean through the narrow Strait of Hormuz and the Gulf of
Oman. It is located in a region with arid, subtropical climate, with evaporation much greater
than freshwater inflow. As a result of the net freshwater loss, it presents a reverse estuarine cir-
culation, importing Indian Ocean Surface Waters (IOSW), in the top layers, and exporting
higher salinity waters, in the bottom layers, through the Strait of Hormuz. These density cur-
rents are central in the dispersion and removal of salt and other suspended material from the
Gulf. Tidal forcing impacts circulation to a minor extent and only on the smaller scales of
space and time [27-29].

Wind forcing is significant, particularly the Shamal weather phenomenon [1, 3, 23]. Shamal
is a northwesterly wind that blows over the Gulf mostly in summer but sometimes in winter as
well. Summer Shamal winds are important in driving the mid-Gulf eddies and transporting
water to the southern basin [30]. They have ecological importance in transporting larvae as
well as evaporative cooling of the extremely hot summer sea temperatures [30, 31].

In spite of the details added in later studies, the general features of the mean circulation in
the AG follow the schematics presented by Reynolds (1993) [1]. According to that general
representation, and the literature indicated above, the mean motion is dominated by a barotro-
pic cyclonic gyre. Near the surface, the less saline IOSW enters the Gulf through the Strait of
Hormuz forming two branches. One, to the north, flows along the Iranian coast and in sum-
mer can reach regions to the west of Qatar, forming there a cyclonic circulation. The return
flow is by mean of a coastal current along the Arabian and the United Arab Emirates coast-
lines. The other branch of the waters entering through the Strait of Hormuz turns southward
is driven mainly by the Ekman drift due to the predominant northwesterly winds [3, 23]. It
crosses the basin and reaches the southern coasts of the Arabian Peninsula, forming an overall
cyclonic circulation in the southern portion of the Gulf. This general circulation pattern per-
sists throughout the year with marked seasonal variation. In wintertime, opposed by stronger
northwesterly winds, the northern-branch inflow does not penetrate past 27°N. As the winds
relax in the spring and summer, and the seasonal thermocline is established, the current is
coastally intensified and can reach the northern end of the Gulf, bringing the tongue of low-
salinity water up to 28°N. The southern branch is strongest during the winter. It is driven by
the combined effect of the stronger winds and by the sinking of the dense water in the south-
ern Gulf. In its spreading into the Gulf, the IOSW waters entering through the two branches
undergo a considerable salinity increase by evaporation and mixing with ambient saltier water.
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2.1 Freshwater budget and exchanges with the Gulf of Oman

The present knowledge on the freshwater budget in the Gulf and the exchanges of water and
salt between the Persian Gulf and the Gulf of Oman is based mainly on results of numerical
models, with much fewer observational studies. Regarding to the latter, one of the most com-
prehensive observational effort was the expedition on board the US NOAA RV Mt. Mitchell in
the region comprised by the Persian Gulf, the Strait of Hormuz and the Gulf of Oman from
February to June 1992 [1]. Other relevant observational studies are [3, 26, 32].

The Mt Mitchell Expedition provided the data used by the Reynolds (1993) [1] seminal
work, which produced an integrated picture of the Gulf’s physical oceanography. Based on the
data collected during the Mt Mitchell Expedition, ancillary data and literature review, Reynolds
(1993) [1] produced an up-to-date accurate knowledge on the Gulf freshwater budget. Evapo-
ration is much greater than the precipitation. Estimates of evaporation were in the range from
144 cmyr ™" to 500 cmyr~", with most of the evaporation occurring in winter, Precipitation is of
the order of 7 cmyr™". According to Reynolds (1993) [1], the higher winter evaporation rates
are due to the high wind speeds associated with the strong winter Shamal.

Annual averages of the major rivers outflow were estimated as follows: The Shat al-Arab,
comprising the Tigris, Euphrates and Karun, 1456 m” s™'; the Hendijan, 203 m> s™'; the Hilleh,
444 m® s71; and the Mand, 1387 m> s%. If distributed over the entire Gulf Area (251,000 k%),
the combined outflow of these rivers would equate to a precipitation of approximately 44
cmyr~". In his paper, however, Reynolds warns that one should be cautious and further verify
these river runoff estimates, which were based on Iranian river measurement reports and
could be overestimated. Reynolds [1] also points out the complexity of the circulation at the
Strait of Hormuz and very little is described of the salt exchanges with the Gulf of Oman.

Based on observational work [1, 3, 26, 32], the circulation at the Strait of Hormuz has a
two-layer structure, with the inflow of fresher IOSW in the upper layer and the outflow of salt-
ier water along the bottom. Data from a current meter mooring deployed at 26° 16'N, 56° 05’E
show that, while in the upper layer the flow has a marked seasonal variability, the bottom flow
is relatively steady with speed in the range of 0.2 to 0.3 ms™" [3]. In another observational work
[26], data from a moored ADCP at 25° 36.1'N, 57° 00’E covering the depth range from 23m to
115m show a highly variable flow, with along-isobath and cross-isobath speeds in the range of
-0.35t0 0.35 ms™ " and —0.55 to 0.45 ms ™", respectively. Both articles, [26] and [3], report geo-
strophic volume transports in the inner part of the Strait of Hormuz in the order of 0.22 Sv to
0.24 Sv.

According to the schematic representation in Johns et al. (2003) [3], the upper layer inflow
supplies water for two branches of the circulation inside the Gulf. One part will flow to the
northernmost regions, where it sinks and form the outward bottom flow. The other recircu-
lates in a horizontal gyre-like circulation. Based on that, the authors [3] suggest that the mean
exchange through the Strait of Hormuz is composed by a horizontal flow superimposed on
the vertical inverse estuarine circulation. However, Johns et al. (2003) [3] point out that their
observations, restricted to the inner (or western) part of the Strait, do not allow inference
whether this horizontal flow actually reaches the Gulf of Oman or just recirculates within the
Persian Gulf. More recently, observational data collected by Ghazi et al. (2017) [32] on a zonal
section on the eastern part of the Strait (26°N), show that the bottom outflow is confined to
the western side while the upper inflow is dislocated towards the east.

The knowledge based on the scarce observations has been confirmed and extended by stud-
ies based on numerical models. Results of one of the most relevant of these numerical efforts,
motivated by observational work of Johns et al. (2003) [3], were published in two scientific
papers: Yao and Johns (2010a) [23] and Yao and Johns (2010b) [24]. Using an implementation
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of HYCOM, Yao and Johns [23] [24] run a series of experiments to study the seasonal variabil-
ity and the sensitivity to different products. Forcing the model with the climatological COADS
(Comprehensive Ocean-Atmosphere Data Set) products, they found that the simulated vol-
ume transport in the bottom layer, contrary to the fairly steady values sampled by Johns et al.
(2003) [3], presented significant seasonality, being larger in the summer than in fall and winter.
The maximum transport occurred in July, with value of 0.15 Sv and the minimum of 0.07 Sv in
January. In Yao and Johns (2010a) [23], the estimate for the annual mean of volume transport
of the bottom flow is of 0.12 Sv, weaker than the 0.15 Sv reported by Johns et al. (2003) [3]. In
experiments forced with buoyancy-only forcing and in runs forced with high-frequency atmo-
spheric products they found similar seasonal cycle as in the COADS run. The study by Yao
and Johns [23] allows the conclusion that forcing the model with high-frequency atmospheric
products results in a more realistic surface temperature distribution but does not change sig-
nificantly the general features of the circulation.

3 Materials and methods
3.1 The numerical model

The study is based on the analysis of results of a numerical experiment run with HYCOM [33,
34], the same model used by [23, 24]. It is a widely known model and here a brief description
is given, just to highlight the usefulness of it’s layered coordinate system to the present
investigation.

HYCOM is a layered ocean model wherein the ocean is represented as a stack of shallow
water layers (Fig 1). Unlike traditional ocean models the vertical coordinate is not depth (or
pressure) but is a combination of depth (pressure), sigma (bathymetry-following) and/or iso-
entropic (isopycnal) surfaces, which varies with time [33, 34]. As it will be pointed out in the
manuscript, this layered system turns out to be very convenient to study processes in regions
such as the Persian Gulf and the Gulf of Oman.

For this study, the model products for the Gulf area were extracted from results of a numer-
ical simulation, hereinafter referred as GLBa0.18, executed at the Ocean Numerical Modeling
Laboratory (LABMON) of the University of Sdo Paulo (Brazil). In GLBa0.08 the model was
run in a global domain discretized on a 2-D horizontal PANAM mesh: a combination of a

Z Very shallow waters

(z-coordinates) ( Mixed Layer (z-coordinates)

pn Ppr |
T _k=n—
fh ,r Isopycmc layer
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Fig 1. Schematic representation of the model’s hybrid vertical coordinate system. dp,, is the depth of the n,,
interface. In ocen interior, they are the bottom of the layer k = n, with density p,,.

https://doi.org/10.1371/journal.pone.0233090.g001
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Mercator grid south of 47°N with a double patch to the north of that latitude. In horizontal
surfaces, the grid spacing is equal to 1/12 of a degree at the equator but varies with the latitude,
resulting in grid-sizes of about 7km, on average (detailed information on HYCOM global
implementations is available at https://www.hycom.org/global). The grid’s vertical structure is
formed by 32 hybrid layers, allowed to change from isopycnic to “z” or terrain-following sur-
faces as the model runs. The bathymetry was based on the ETOPO-5 data set [35]. The model
was forced with time-varying monthly means of the NCEP-1 Reanalysis products [36] from
1949 to 2015. Tidal forcing was not considered—even though tides in the Gulf are important
in the short term, they do not generate significant residual currents in longer time scales [27,
28] in the Persian Gulf.

For generating initial conditions, the following strategy was adopted. First, a “warm-up”
experiment was run, using as initial condition the output from an experiment downloaded
from the HYCOM Consortium homepage, for an arbitrary day. That is to say, the model was
not started from rest but, rather, with all variables already in some level of dynamical equilib-
rium. Then, the model was run for 27 years, forced with climatological products from NCEP.
The output for the last day of this “warm-up” run, corresponding to day 360 of the 27th year,
was then used to initialize the dated run, starting on 1/Jan/1949. The dated run extended from
from Jan/1949 to Dec/2015. Six-days averages of the model’s output for the last 35 years (1980
to 2015) were considered in the present analysis.

3.2 The atmospheric and radiative forcing

The following variables from the NCEP-1 Reanalysis were considered for forcing the model:
surface air temperature; the surface net downward radiation flux; surface net downward short-
wave flux; precipitation; vapor mixing ratio; surface wind speed and wind stress. The mean val-
ues, standard-deviations and trends for the NCEP forcing fields, in the period 1980-2013, are
shown in Table 1. Most of the variability for all forcing components is in the seasonal cycle. In
particular, the basin-averaged time series of net short-wave radiation, air temperature and
wind speed over the sea surface have a pronounced variation within a climatological year, with
the higher values during the summer months. The maximum values of the short-wave radia-
tion and wind speed occur around the same time, in June, while the air temperature peaks one
month later, in July (Fig 2).

3.3 Approach for the computation of lateral freshwater (or salt) exchange

As described in the Introduction, due to the much greater evaporation than freshwater input
by precipitation and river inflow, the Persian Gulf is a hypersaline environment. The net evap-
oration drives salt export or, equivalently, freshwater import from the Indian Ocean through
the Strait of Hormuz (SH). As suggested in the results of [3] and [23], in the inner part of Gulf,
this lateral exchange of freshwater (or, equivalently, salt) done by the large-scale, tri-dimen-
sional flow can be divided in two components: a vertical overturning and a horizontal

Table 1. NCEP forcing fields statistics for the period 1980 to 2013.

Field

Wind Speed
Air Temp.
Rad. Flux

Sh. Wave Flux

Precipitation

https://doi.org/10.1371/journal.pone.0233090.t001

Mean St. Dev. Trend (year_l) MK test (95%)
2.8ms™! 0.6 ms™" —0.01+.01ms™" 1
25.6°C 7.3°C 0.03+0.16°C 0
219.5Wm™2 57.2Wm™2 0.00 0
104.1Wm™2 41.5Wm™> —0.04+0.89 Wm™> 0
0.10 myear—1 0.13myear”" 0.00 0
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Fig 2. Seasonal variation of the basin-averaged net shortwave radiation, wind speed and air temperature form NCEP.

https://doi.org/10.1371/journal.pone.0233090.9002
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circulation. In a numerical simulation, a third component is related to sub-grid processes not
resolved by the model. The better understanding of this mechanism is highly relevant since
any imbalance could lead to salinity trends in the Gulf with possible impacts on the hydro-
graphic and environmental properties, both locally and in a vast area of the northern Indian
Ocean.

Here, the tri-dimensional characteristic suggested by Johns et al. (2003) [3] is investigated,
considering that the Persian Gulf can be regarded as a small-scale analogue of the Atlantic
Ocean basin. Equivalently to the input of waters from the Bering Strait to to North Atlantic,
through the Arctic, in the Gulf there is the riverine inflow of waters from the Shat al-Arab. A
zonal section along 26°N, between Oman and Iran in the outside part of the Strait of Hormuz,
can be associated to the 34.5°S line extending from South America to Africa. Similar to what
happens across 34.5°S in the Atlantic, the baroclinic circulation across the Strait of Hormuz
can be considered as a sum of an overturning and a gyre-like horizontal component described
by Johns et al. (2003) [3]. For this reason, and also because the same reasoning could be applied
to larger regions of the Indian Ocean, here the following approach, adapted from Drijfhout
et al. (2011) [37], was used to compute the total volume and salt (or, equivalently, freshwater)
budgets for the Persian Gulf.

Start considering vy(x, z, f) as the meridional component of the velocity across and Sy(x, z, t)
as the vertical distribution of salinity at the Hormuz section. Then, the Conservation Laws
for the total volume (V) and the total amount of salt (S) inside the Persian Gulf can be
expressed as:

V, = / / vydxdz + EMP + Rivers + R, (1)

and

/ / / S,dV+V,S = / / vy Sydxdz + Source + Mix + Rq. (2)

In these equations,

oV
V. =
tot
is the total volume trend;
oS
§ ==
Lot

is the total salinity trend;

L S]]

is the volume-averaged salinity and EMP is the evaporation minus precipitation over the entire
area of the Persian Gulf. Source represents the net effect of sources and sinks of salt; Mix is the
effect of small scale mixing at Hormuz and RV and RS are residual terms due to truncation.
Note that the volume trend V was written in bold face just to highlight the link between the
two equations.
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Next, define the quantities:

Mt:;—ol /// S,dxdydz (3)

M :;—1(v*)<s>dz (4)

ov

where:
V= j}/’;j;jz — BarotropicVelocity, (6)
v* =< v, > —¥ — BaroclinicVelocity, (7)
S, = // S, dxdz/ // dxdz (8)
and

/]

In Eqs (4) and (5), the overline denotes zonal integration; M, is the total freshwater-equiva-
lent tendency inside the Gulf; SO is area averaged salinity at Hormuz; M,, and M,,, are, respec-
tively, the freshwater transports associated with the overturning and azimuthal (horizontal)
components of the baroclinic circulation across the Strait of Hormuz.

<y >= V=vy— <, > (9)

4 Results and discussions
4.1 The Gulf circulation

The GLBa0.08 experiment was designed to study processes related to the large-scale circulation.
Nevertheless, because of its relatively high horizontal resolution (1/12-degree) and the use of a
satisfactorily realistic bathymetry [35], it is reasonable to expect that the results could be used to
study some aspects of the circulation in a smaller region such as the Persian Gulf. To check this
assumption, a comparison of the circulation pattern produced by the model in the Gulf was
made with results of previous studies, including numerical simulations carried out with the
same model (HYCOM) [1, 23-25, 28]. For better compatibility, seasonal averages were com-
puted for the same periods as in the cited publications: January-February-March (JEM), April-
May-June (AM]), July-August-Septermber (JAS), October-November-December (OND).

It is found that the model results agree reasonably well with general aspects of the Gulf’s cir-
culation described in the literature. The analysis of GLBa0.08 output shows the mean circula-
tion pattern (Figs 3 and 4) is similar to that described in the classic work of Reynolds (1993) 1]
and the other studies cited above. The circulation is dominated by a year-round barotropic
cyclonic gyre with a significant first baroclinic mode. In the top layer, represented by the verti-
cal average in the upper seven layers of the model (mean depth of approximately 25m), the less

PLOS ONE | https://doi.org/10.1371/journal.pone.0233090 May 29, 2020 9/24


https://doi.org/10.1371/journal.pone.0233090

PLOS ONE

Freshwater budget and exchanges at the Strait of Hormuz

385 370 375 380 385 39.0 395 400 405 410 415 420 425 430 440

1 | 1 1 ] 1 1 | 1 1 1 1 1 |
AMJ — Layer 1:7

JFM — Layer 1:7

29.5°N —

28.5°N —

27.5°N —

26.5°N —

25.5°N —
24.5°N
23.5°N —

48.0°E 50.0°E

I I I 1 1 1 ! I 1 I
56.0°E 48.0°E 50.0°E

] | I
52.0°E 54.0°E 56.0°E

I I
S52.0°E 54.0°E

Fig 3. Seasonal mean distributions of salinity and velocity averaged over the upper seven layers of the model (mean depth of 25m).

https://doi.org/10.1371/journal.pone.0233090.9003

saline waters from the Gulf of Oman enter the Persian Gulf through the Strait of Hormuz
forming two branches, which behaves quite similarly to the pattern described in literature (Fig
3). The northern branch flows along the Iranian coast, reaching the northwestern regions of
the Gulf. The southern branch flows towards the coasts of the Arab Emirates and seems to be
most affected by the seasonality, being stronger in the summer. This finding is in agreement
with Cavalcante et al. (2016) [30] and Thoppil et al. (2010)) [25]. In the winter season (JEM),
the top layer circulation, shown in the upper left panel of Fig 3, has the two branches well
defined and with weak mesoscale activity. Starting in the following season, AM]J, strong meso-
scale eddies start to form and remain for the other two seasons, JAS and OND. A strong quasi-
stationary cyclonic vortex appears around 51°E—53°E in AM]J, peaks in the summer (JAS)
and starts to decay in the autumn (OND). These mesoscale features are also present in the cir-
culation patterns obtained by [23].

The seasonal circulation and salinity distribution for the four seasons in the bottom layer,
the vertical average over the model’s layers 8 to 13, are shown in Fig 4. In spite of some signa-
ture of the barotropic features, such as the mid-basin cyclonic vortex in JAS, it is quite clear
the reverse estuary characteristic of the circulation. The overall salinity is higher, and the pre-
dominant direction of the flow is towards the Strait of Hormuz.
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The two-layer, inverse-estuary circulation in the Gulf is well represented by the vertical
structure of the seasonal temperature and salinity along an axial section starting near the
Shat al-Arab and following the deeper channel towards the Gulf of Oman, indicated by the
sequence of small white circles in Figs 3 and 4. As shown in Fig 5, the isopycnic surface 0, =
32.60kgm >, the bottom of the 7th layer of the model, clearly separates the two regions. Fig 5
also shows that, from within the Persian Gulf basin, passing through the Gulf of Oman and in
the Arabian Sea (beyond the longitude 60°E), waters with the model’s Gulf water characteris-
tics (18.5° C < T < 27.9° Cand S > 37.7) is mainly confined between the 7th and the 13th iso-
pycnic surfaces (05 = 32.60 and 35.15 kgm ). This once more shows how suitable a layered
coordinate model, such as HYCOM, is for studying this circulation pattern, minimizing the
effects of spurious numerical diffusion, for instance.

4.2 Comparing the results with observations in the Strait of Hormuz

One of the main purposes of this investigation is a better undertanding of the spatial struc-
ture and time variability of the exchanges between the Persian Gulf and the Gulf of Oman,
using the GLBa0.08 numerical experiment. As such, in order to evaluate the model’s
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https://doi.org/10.1371/journal.pone.0233090.9006

accuracy, a more detailed look at the two-layered circulation in the Strait of Hormuz is
made, to compare with results of other numerical experiments [23, 24] and with observed
data sampled by instruments moored at 56.08°E, 26.27°N [3]. Fig 6 shows the mean salinity
map and the velocity vectors at each of the model’s grid-points, for the winter (JFM) and
summer (JAS) seasons, in the top (0-40m) and bottom (50-90m) layers. The pale-blue lines
are isobaths and the red star indicates the [3] mooring site. The thick red line along 26°N,
from 56°50’E to 57°10’E indicates the zonal section where some diagnostic will be computed
in the following Sections.

According to Fig 6, during the winter time (JEM) the circulation produced by GLBa0.08 in
the Strait of Hormuz has a well defined reverse estuary circulation, with fresher water entering

PLOS ONE | https://doi.org/10.1371/journal.pone.0233090 May 29, 2020 13/24


https://doi.org/10.1371/journal.pone.0233090.g006
https://doi.org/10.1371/journal.pone.0233090

PLOS ONE

Freshwater budget and exchanges at the Strait of Hormuz

the Persian Gulf in the top layer and saltier flowing towards the Gulf of Oman in the lower
layer. In the summer (JAS) a well defined recirculation cell, appears near the western region
of the Strait of Hormuz. This pattern is not entirely in agreement with Johns et al. (2003) [3]
observations, which showed a persistent recirculation cell throughout the year. In the
GLBa0.08 results, the recirculation seems to be restricted to the inner part of the Strait of Hor-
muz, with no signal of upper layers waters leaving the Persian Gulf towards the Gulf of Oman.
On the other hand, as shown in the lower two panels of Fig 6, the circulation in the bottom
layer is composed by an intense outflow along the Arab Emirates and Oman coastline and a
less intense inflow in the northern part, along the Iranian coast. This clearly supports the idea
that the exchange beetween the Gulf and the Gulf of Oman is composed by overturning and a
horizontal components.

To better compare the vertical and temporal structures of the GLBa0.08 flow with the data
collected by [3], stickplots of velocity were plotted at depths 10m, 20m, 40m, 60m and 80m for
the period 1/Dec/1996 to 1/Jan/1999 at the location of the mooring site of [3] (Fig 7). Accord-
ing to the model, the upper 20m meters are dominated by a flow predominantly from the NE,
with short inversions peaking during the JAS season, as seen in Fig 6. At 40 m, despite the sea-
sonal variability, the currents start to show a tendency to flow more towards the NE. These
results show that structure of the currents produced by the model in the upper layer is not
entirely in agreement with the time series measured at the mooring site. The observations
show that, in spite of intense high-frequency variability, the overall direction of the flow in the
upper layers is to the N-NE, in all seasons. A possible explanation for the differences is that the
model is not reproducing correctly the recirculation branch of the upper flow, which accord-
ing to the observations, occur in the vicinity of the Arabian coastline (where the mooring was
located). This is likely to be an effect of the model’s coarser bathymetry in the region. Also, it
should be noted that only 6-days averages of the model products were available. Thus, one
should not expect any good agreement with the higher frequencies present in the data. In the
bottom-layer, however, there is a much better agreement with the observations. Below 40m,
the flow is relatively steady, as measured by [3]. The stickplots of Fig 7 show that the flow is rel-
atively constant and oriented exclusively toward the NE, with average speeds in the order of
20-25cm/s, comparable with the observations.

The results of GLBa0.08 were compared with the numerical experiments run by [23]. In the
latter, the upper-layer flow forced with climatological products also do not show a significant
recirculation in the region of the mooring. As much as in GLBa0.08, in [23] the inflow in the
top layer is located closer the coast and is predominantly to the SW. In the run forced with
high-frequency atmospheric products, the more intense upper-layer flow is dislocated towards
the Iranian coasts and some recirculation appears near the Arabian Peninsula. In GLBa0.08
the bottom flow also shows sign of seasonal variability, in agreement with the results of [23].
Another interesting feature seen in Fig 6 is the presence of a cyclonic circulation cell, more evi-
dent in the deeper layers, both in JEM and JAS.

Due to the relatively coarse horizontal resolution and quality of the model’s bathymetry, a
decision was made to locate a section for the diagnostics of the lateral exchanges at the latitude
26°N, in the outer region of the Strait of Hormuz. In the model’s results, the upper-layer recir-
culation described in [3] does not extend beyond the Musandam peninsula, towards the Gulf
of Oman. However, as seen in Fig 6, the bottom flux is at the entrance of the Strait is formed
by inward and outward flows. This reforced the relevance to investigate the tri-dimensional
structure of the flow in the outer part of the Strait of Hormuz, considering the presence of a
horizontal component of the circulation. The zonal section along 26°N hereinafter will be
sometimes referred as the Hormuz section.
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4.3 Volume and freshwater budgets

The diagnostics of the lateral exchanges start with the mean vertical structure of the meridional
component of the velocity and salinity across the Hormuz section, in the Summer and Winter
seasons (Fig 8). In spite of the seasonal difference, with a weakened northward flow during the
winter (Fig 8), the two-layers configuration is present all year long, with the upper and lower
layers separated by the o, = 32.60 isopycnic surface. On the other hand, that specific surface

is shallower in the western and deeper in the eastern side of the section. This supports the
assumption that the baroclinic circulation can be divided in two components: one vertical
overturning circulation, driven by the evaporation over the Gulf, and a local horizontal
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recirculation, similar to a gyre circulation, that could be, or not, directly related to the excess
evaporation over the Gulf, as suggested by [3].

In this more complex baroclinic circulation pattern, the fresher waters from the Gulf of
Oman cross the Hormuz section and enter the Persian Gulf as an upper-layer northward cur-
rent, concentrated more to the eastern side of the section. The southward flow of saltier waters
in the bottom layer is concentrated in the deeper part of the section, with the maximum values
near the western boundary. Supperimposed on this overturning circulation, there is local hori-
zontal recirculation, as indicated in Fig 6.

The first term in the right-hand side of Eq 1 is the total volume of water (VT}) transported
across a vertical section representing the Strait of Hormuz. The second term, EMP, is the net
evaporation (evaporation minus precipitation). The last two terms are the contribution from
river inflow and a residual term. In the Gulf, rivers represent only a small fraction in the water
budget, being at the most, one order of magnitude smaller than EMP [3, 26, 28]. As a matter of
fact, the river discharge is a moving target. During the thirty years of the simulations (1980—
2015), many dams have been constructed in Turkey, Iraq and Iran, which have significantly
decreased the freshwater discharge into the Gulf. These data are not freely available but the
decreased riverine inflow should be adressed in future work. Another important subject that
should be further investigated is the anthropogenic impacts on the E-P budget. There are sug-
gestions (e.g.: [14-17]) that water desalination across the Gulf (removal of millions of cubic
meters per day of freshwater and discharge of high salinity brines) may have a measurable
impact on the salinity of the Gulf.

Assuming no change in the total volume with time, the rest term can me estimated as the
difference between V15 and EMP. GLBa0.08 was forced with NCEP reanalysis products,
which include monthly time series of precipitation. Evaporation minus precipitation is a
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https://doi.org/10.1371/journal.pone.0233090.g009

model output and, in Eq 1, EMP is obtained by integrating over the entire region to the north
of 26°N, considering only water points.

To evaluate the accuracy of the EMP calculated by the model, a comparison was made with
the net evaporation from the ERA-Interim reanalysis (Fig 9. Both ERA-Interim and GLBa0.08
products are marked by significant seasonal signals, with the somewhat different mean values
of -0.011 Sv and -0.019 Sv, respectively. The standard deviations, however, are comparable:
0.004 Sv and 0.003 Sv, for ERA-Interim and GLBa0.08 respectively. The negative signal indi-
cates loss of water due to excess evaporation, in both products. Despite the different mean val-
ues, however, the two-time series have variability with significantly good correlation (Fig 9),
with r* = 0.76 and slope = 1.13. One could argue that the NCEP forcing and the ERA-Interim
are both reanalysis products, having used common satellite and other ancillary data. However,
it is still remarkable that the model’s calculations do not drift away considerably from the
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observations. The model’s SST was relaxed to observations, with a 30-days e-folding time. The
surface salinity was allowed to evolve freely, except in regions of river outflow, where the river
discharge is input as precipitation, following approach described by [38]. In HYCOM, river
inflow is treated like precipitation, parameterized as a virtual salt flux.

The time series of the total volume of water transported across Hormuz, VT, has also a
marked seasonal variability, with mean value of 0.027 Sv and higher standard deviation, 0.022
Sv, as compared with EMP. Considering these mean values (VT = 0.027Sv and EMP =
—0.019Sv), the mean error term (RV) should be equal to -0.008 Sv for no volume trend in the
Gulf. This is quite reasonable, since a considerable part of the salt transport across the lateral
boundary (Hormuz) are due to mixing and smaller scale processes not resolved in the 1/
12-degree horizontal resolution.

The calculation of VT, M,, and M, z were made after interpolating the layer velocity to
the Cartesian vertical coordinate z. The total volume of water exported in the lower layer
across the Hormuz section was calculated in the isopycnic coordinate space, with no interpola-
tion. The mean value obtained was of 0.2620.05Sv, which is similar to the 0.2Sv value reported
in the literature [3, 4].

Combining Egs (1) and (2) and using the definitions from Eqs (3) to (8), one can obtain the
total freshwater tendency in the Gulf:

M, = EMP + M,, + M,_ + Rest, (10)

where Rest represents all terms related to sources, sinks, mixing and truncation errors. A more
realistic diagnostic of any tendency in the Gulf would require a more accurate knowledge of
these terms. However, here only the contributions from the three first terms in the right-hand
side of Eq 10 (EMP, M,,, and M,,) are investigated in more details. Assuming no freshwater
tendency (M, = 0), Eq 10 can be rewritten as:

M,, + M,, + Rest = —EMP. (11)

Output from GLBa0.08, from 28-dec-1979 to 07-dec-2015 with a 6-days interval, where
used to estimate M,, and M,,, using the Eqs 4 and 5. The resulting time series, VT, M,,, M,
and EMP are plotted in Fig 10. M,, and M, have similar variability and mean values of
7.242.1 x 107 Sv and 5.0+1.7 x 107 Sv respectively. Their sum, the total baroclinic transport
of freshwater across 26°N, is always positive and has mean value of 12.2 x 107> Sv. The variabil-
ity is marked by a strong seasonal signal, with some higher-frequency variability and signifi-
cant year-by-year differences.

Inserting the mean values for M,,, M,, and EMP in Eq 11, and assuming no salinity trend,
one can obtain the mean residual term Rest = 8 x 10> Sv, which is equal to the residual term
(Ry) in Eq 1, for no volume trend. Again, it is reasonable to assume that experiments with
higher horizontal resolution and a better estimate of small scale mixing this residual term will
be smaller and more accurate. This is very important because any imbalance could lead to
salinity trends in the Gulf.

The correlations of the two components of the baroclinic freshwater transport, M, and
M,,, as well as of their sum (M, + M,,) with EMP were computed for different time-lags. It
was found that both components are reasonably well correlated, with the better results
obtained for EMP leading M,,, + M,, by one month. As shown in the scatter-plots of Fig 11,
the one-month lag values of * with EMP were 0.51, 0.55 and 0.59, respectively for M,,, M.
and M, + M, respectively. Here one must bear in mind that this relatively small correlation is
likely to be due to the large residual term. In any case, the results indicate that evaporation
over the Gulf drives salt export/freshwater import by both the overturning and horizontal
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https://doi.org/10.1371/journal.pone.0233090.9010

components of the internal baroclinic circulation. Improved investigations, using higher reso-
lution models and more realistic forcing would yield more accurate results.

The time-series of the total freshwater exchange by the baroclinic circulation across the
Strait of Hormuz (M,, + M,,) is dominated by the seasonal cycle. To further investigate this
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Fig 11. Scatterplots btween EMP and the horizontal and overturing components of the baroclinic transport across

Hormuz, at a one-month time lag.
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Fig 12. Amplitude spectrum of the time-series of the total freshwater exchange by the baroclinic circulation across
the Strait of Hormuz (M,, + M_,).

https://doi.org/10.1371/journal.pone.0233090.g012

and to have a better assessment of its variability, the amplitude spectrum of the time series was
computed using a Fast Fourier Transform (FFT) routine. The result, plotted in Fig 12, con-
firms that most of the energy is on the 12-months period variability. A second peak appears at
6 months, revealing a significant variability in the semi-annual period. This is certainly associ-
ated with the variability of the Shamal winds over the Gulf. A third peak, much smaller in
amplitude and broader in the period domain, is seen in the range of 26 to 30 months. Although
no significant correlation was found, one could argue that this third peak is a response to the
ENSO signal.

5 Summary and conclusions

In spite of not being designed specifically to study a small semi-enclosed marginal sea, the gen-
eral circulation pattern in the Persian Gulf produced by the 1/12-degree resolution experiment
with a global implementation of HYCOM shows reasonably good agreement with previous
modeling and observational work in that region. Based on that, the model results in the period
from 1980 to 2015 were used to investigate the volume and freshwater budget over the Gulf
and the lateral exchanges of freshwater with the Gulf of Oman, through the Strait of Hormuz.
The results show that the volume of the Persian Gulf Water exported in the lower layers
into the Gulf of Oman, through the Straits of Hormuz, is of approximately 0.26 Sv, in good
agreement with values reported by previous observational and numerical modeling studies [3,
4]. In the region were a current meter was deployed and maintained from 1/Dec/1996 to 1/
Jan/1999 [3], the model presents a highly steady outward flow, in a very good agreement with
the observations. In the upper layers, though, differently from the observations, the model
yields a more variable flow pattern, and a predominant southwestward direction. However,
during the JAS period, the surface circulation presents a nortweastward flow as part of a recir-
culation pattern that closes within the Gulf, suggesting that the surface waters do not reach the
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eastern regions of the Strait of Hormuz, in the Gulf of Oman. This somehow answers the ques-
tion whether the upper-layer recirculation observed by Johns et al. (2003) [3] would extend
beyond the Musandam peninsula. In the lower layer, however, the model shows clearly a con-
centrated outlow near the Arabian Peninsula coastline and a somewhat weaker inflow along
the Iranian coast, indicating the the baroclinic transport across the Strait of Hormuz has over-
turning and azimuthal components.

To evaluate the tri-dimensional structure of the freshwater transport across the Strait of
Hormuz, the exchange across 26°N was decomposed in an overturning and a horizontal com-
ponent. It was found that both components are equally correlated with E-P over tht Gulf, ata
one-month time lag. The highest correlation occurs for the total freshwater transport, the sum
of the overturning and horizontal compoents, with the E-P over the Gulf leading. This suggests
that the exchages by both overturning and horizontal circulation are driven by the dynamics
and thermodynamics inside the Gulf.

The amplitude spectrum of the freshawater transport time series shows that most of the
energy is in the seasonal cycle. A second peak appears at 6 months, revealing a significant vari-
ability in the semi-annual period, likely associated with the variability of the Shamal winds
over the Gulf. The fast Fourier transform (fft) analysis also suggests some variability in the
range of 26 to 30 months, what could be associated with the ENSO phenomena. In spite of the
trends found in some of the forcing products, no significant trends were obtained in the mod-
el’s results.

As stated previously, this paper is part of a continuing effort, aiming at the study of the
pathways and spreading of waters from the Gulf into the Indian Ocean. Presently, the output
of GLBa0.08 and ARGO data are being analyzed and the results being used in a second manu-
script intended to be submitted for publication in the near future. Also, in the continuation,
Lagrangian techniques togheter with higher-resolution nestings of the hydrodynamic model
will be used to better understand the impacts of the smaller-scale processes.
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