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Abstract

By 2050, freshwater production from desalination plants is expected to increase sixfold.
Currently, over 850 desalination plants operate in the Arabian Gulf, with significant local
impacts from brine discharge, especially along the southwestern coast. This study uses a km-
scale resolution ocean model of the Gulf and Sea of Oman, to investigate the impact of
increased salinity on the circulation and water-mass transformation within the Gulf under
different desalination forcing scenarios, ranging from no desalination plants to an extreme 50-
times present levels of desalination. As the forcing is enhanced, increases in salinity and
temperature are found, especially near the bottom of the Gulf as salty, warm dense waters sink
to depth. However, efficient water exchange through the Strait means that even in extreme
desalination scenarios, large-scale changes in temperature and salinity are muted. Local
impacts near plants are more pronounced, with increased water-mass transformation,

deepening, and strengthening of overturning circulation.
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Key findings:

1. Surface salinity increases in the environs of desalination plants in the Arabian Gulf, and its
waters become generally saltier, warmer and denser, particularly near the bottom and on the

southern shoreline.

2. The exchange between the Gulf and the Sea of Oman through the Strait of Hormuz,
strengthens and deepens with enhanced outflow of warm salty water and stronger inflow at the

surface, damping the large-scale effects of desalination.

3. Increases in desalination rates of up to 50-times current levels are considered, at which point
subsurface temperatures and salinity along the southern shoreline change by roughly 0.6 °C

and 2 g/kg, respectively, with a 20% increase in exchange rates through the Strait.

1. Introduction

Due to limited freshwater resources, many countries depend on desalination plants to provide
fresh water for domestic and industrial purposes. Although such plants meet an urgent need,
insufficient dilution of salty discharge into the marine environment can negatively affect
marine habitats such as corals and seaweed meadows (Danoun, 2007). Around half of the
world's desalination plants are located in the arid regions of the Middle East, surrounding the
Arabian Gulf (Roberts et al., 2010; Hosseini et al., 2021), which has an estimated desalination
capacity of 11 million cubic meter of fresh water per day. This production capacity comes
from more than 200 active desalination plants along the shallow western and southern shore
of the Gulf (Figure 1), and 51 additional ones are expected to be commissioned in the near
future (Sharifinia et al., 2019; Hosseini et al., 2021; Purnama, 2021). With the increase in
population, there is a plan to double desalination along Arabian coast by 2050. As shown in
Figure 1, the cumulative projected desal capacity in 2050 is 80 million m? day ~* which is more
than double of that in 2020 and eight times that in 2010 (Le Quesne et al., 2021).

Although seawater desalination is an effective solution to the scarcity of fresh water, it puts
pressure on the marine ecosystem especially in coastal areas. The salinity of brine discharge
is typically up to twice that of the ambient seawater (i.e. 50-70 psu compared to ~35 psu) (Abd
El Wahab and Hamoda, 2012) (Panagopoulos et al., 2019). Since the density of discharge is
largely determined by its salinity, it often sinks to the bottom with little mixing (Einav et al.,
3
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2003). Moreover, since discharge takes place in a coastal zone in the presence of complex
ocean currents (Ruso et al., 2007; Sola et al., 2020) it tends to sink down and spread along the
seabed, the details depending on outfall design and the mixing and flushing characteristic of
the local area. Note also that brine outflows from desalination plants can exceed seawater
ambient temperature (Missimer and Maliva, 2018), depending on the desalination technology
employed; however, we do not attempt to capture this impact, rather our impetus is modeling

and understanding the non-local impacts of increased salinity at the plants’ locations.
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Figure 1. (left) The location of major desalination plants along the coast of the Arabian Gulf
are presented by the red circles. The size of the circles corresponds to the capacity of
freshwater produced from each desalination plant. Blue represents the bathymetry of the
Gulf, ranging from shallow (shaded light) waters to 100 m deep (shaded dark). (right)
Cumulative desalination capacity around the Arabian Gulf (1 x 10® m3 day) between 1980
to 2020 and the projection between 2020 to 2050. The desalination plant dataset was obtained
from the DesalData database (http://www.desaldata.com).
Most studies of environmental impacts have been carried out in support of acquiring permits
from the relevant authorities with a focus on local effects. For example previous studies report
salinity increases up to 2 psu within 20 m of the outlet, decaying to 0.8 psu at a distance of
100 m or so (Roberts et al., 2010; Clark et al., 2018), with concomitant temperature increase
up to 0.7 K (Kress et al., 2020). However, individual outfalls have individual footprints, which
depend on flow rates, effluent characteristics and outfall design. There have been fewer studies
of the wider implications of desalination on the large-scale circulation of the Gulf. Ibrahim &
Eltahir (2019) used a high-resolution coupled Gulf Atmosphere Regional Model (GARM) and
found that flushing by the residual circulation inhibited salt buildup on the scale of the basin.

Campos et al. (2020) found that velocities in the deep channel of the Strait of Hormuz

4
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increased by 0.20 m s when the impact of brine discharge is considered. Paparella et al.
(2022) applied atmospheric forcing based on the IPCC SSP5-8.5 scenario, which projected
reduced evaporation rates, increased air temperature, and higher precipitation in the Arabian
Gulf, considering the presence of desalination plants. They found that it is unlikely for the
average salinity of the Gulf to increase by more than 1 psu and, under less extreme conditions,

it will likely remain well below 0.5 psu, with negligible environmental impacts.

There remains a need to explore the large-scale implications of salinization on the
oceanography of the Gulf, the water mass transformation going on within it, associated vertical
overturning circulation and exchange with the Sea of Oman through the Strait of Hormuz. To
that end we take a high-resolution model of the circulation of the region with a good and
documented climatology — the model is described in Al Shehhi et al. (2021) — and perturb it
with salinity sources associated with the desalination plants shown in Figure 1. We then
imagine that the desalination stress on the ocean is increased 10-fold, 20-fold etc. and, in an
extreme case, up to 50-fold over present-day values. We document how circulation,
stratification, hydrography and exchange properties change relative to the unperturbed state,
and the patterns of those changes. By exploring extreme cases we can study the inherent
robustness of the system and the key ways in which the Gulf could change. We conclude that
the large-scale circulation and patterns of flow are rather robust even in extreme desalination
scenarios and the salinity response, although locally large, is ameliorated on the basin scale
through the efficient exchange between the Gulf and the Sea of Oman which acts to mute

change.

2 Modeling framework and implementation

2.1 Model setup and climatology

The high resolution three-dimensional hydrodynamic model of the Arabian Gulf described in
Al Shehhi et al. (2021) is used in this study. It is based on the Massachusetts Institute of
Technology’s general circulation model (MITgecm) (Marshall et al., 1997). The model domain
extends from the Arabian Gulf to the Sea of Oman. The model bathymetry is obtained from
the 1-min Smith and Sandwell Global Topography dataset (Smith and Sandwell, 1997) as
indicated by the blue shading in Figure 1. The model grid has a quasi-uniform horizontal

5
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resolution of 2.5 km with 83 layers in the vertical, much thinner (order 1 m) at the surface than
in the abyss. There are 25 layers in the Gulf. Initial and boundary values of zonal and
meridional velocity components, temperature, salinity, and sea surface height were obtained
from a global ocean MITgem simulation LLC4320 with the same resolution in horizontal and
vertical (Rocha et al., 2016). Boundary conditions were imposed at the southern and eastern
boundaries in the Sea of Oman including surface elevation and currents associated with eight
tidal constituents (K2, S2, M2, N2, K1, P1, O1, Q1) derived from a global tidal model (Tidal
Prediction eXternal Software: TPXO) (Egbert et al., 1994). The model was forced from above
by 6 hourly reanalysis data sourced from the European Centre for Medium-Range Weather
Forecasts (ECMWF) at a spatial resolution of 0.14°. The reanalysis data includes downward
short and longwave radiation, precipitation, wind components at a height of 10 m together with
the 2 m temperature and dew point. Runoffs from four rivers — the Shatt Al-Arab, Hendijan,
Hilleh, and Mand — are also included. The simulation is for the repeating year 2012, with a

spin up of 6 years at which time the initial state of the model is ‘forgotten’.

The climatology of the model is documented in detail in Al Shehhi et al. (2021), where it is
compared with a range of observations, both in-situ and remotely sensed. We show some key
fields of model climatology in Figure 2. The simulated sea surface temperature varies from 22
°C in the north to 28 °C in the southeastern region of the Gulf toward the Sea of Oman (Figure
2(a)). The surface annual-mean salinity (S) of our solution shown in Figure 2(b) reveals that,
as expected, the interior Gulf is generally saltier than the waters of the Sea of Oman and is the
saltiest in the inner Gulf and along the south coast where salinity can exceed 45 psu (g/kg).
This is a reflection of the fact that the Gulf is an evaporative basin and the inflow through the

Strait of Hormuz comprises relatively fresh water.

Figure 2(c,d) show the residual overturning circulation in the zonal and meridional planes,
respectively. In the zonal vertical plane, we observe water being drawn into the Gulf at the
surface and out at depth (negative indicates anticlockwise circulation in the zonal vertical
plane). In the meridional plane, there is also a tendency for water to upwell in the central Gulf
and then move southward toward the south coast where it sinks to depth before outflowing
through the Strait of Hormuz. The underlying dynamics and associated water mass
transformation is described in Al Shehhi et al. (2021). The ability of the model to represent
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Figure 2. The mean (a) SST and (b) SSS with the surface current from the climatology
simulation. (c) and (d) are the mean zonal and meridional residual overturning
streamfunction (W), respectively. It is noted that the color scales of the zonal residual
streamfunction in (c) are different in the Arabian Gulf and the Sea of Oman. There is
anticlockwise (clockwise) circulation around the blue (red) streamfunction.
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tides and their role in the general circulation are also described in Salim at al (2024) and
Subeesh MP (2024). This base model is now perturbed by various desalination scenarios and

changes monitored and documented. The initial conditions are the same in each scenario.
Desalination Scenarios

We have implemented six desalination scenarios: no desalination activities (CTRL), 1-fold
(x1, with salinity forcing implemented to mimic plants shown in Figure 1), 10-fold (x10), 20-
fold (x20), 35-fold (x35) and a 50-fold (x50) increase in forcing. As shown in Figure 1, the
desalination plants are considered. To estimate local salinity impacts from desalination plants,
we used reported plant brine discharge rates (Alosairi and Pokavanich 2017) and assumed that
the freshwater removal rate was equal to the discharge rate (in essence, a freshwater recovery
rate of 50%). Note this is a somewhat higher removal rate than typical achieved (which is
typically 15-40%). Moreover, some of the freshwater produced is returned to the Gulf in the
form of wastewater. We should therefore interpret our forcing as an “upper bound” of the true
desalination impact, in keeping with the idealized, broad nature of our study. Desalination
forcings were implemented by changing the applied E-P-R (evaporation, precipitation, runoff)
at desalination plant locations corresponding to the red circles shown in Figure 1. One way of
thinking of this is that the desal plants are being represented as “negative freshwater rivers”.
As noted previously, no attempt is made to represent any direct temperature effect of the

desalination plants.
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3. Impact of salinity forcing on the circulation, hydrography and overturning

circulation in the Gulf

We first discuss changes in the large-scale pattern of currents and exchange between the Gulf
and the Sea of Oman through the Strait of Hormuz. We go on to discuss changes in the
temperature and salinity properties of the Gulf and its zonal and meridional overturning

circulations.

3.1 Surface ocean currents and exchange

The desalination plants result in anomalous surface and bottom currents in the Gulf, and the
size of anomalies tends to be larger with the capacity of the desalination plants (Figure 3(a-d)
and 4(a-d)). In x10, we observe an anomalous gyres near the northern, deeper parts of the Gulf
(26°N-28°N and 52°E-54°E), but there are also anomalous surface flows towards the sites of
desalination plants (Figure 3(a,b)). They are more evident in the x50 case, showing stronger
inflow through the Strait of Hormuz into Gulf along the northern coast before being supplied
to the desalination plants (Figure 4(a,b)). The size of these anomalous flows can be significant,

approximately 50% of the surface current in CTRL.

The anomalous bottom currents in the Gulf generally flow out from the desalination plants
towards the Strait of Hormuz (Figure 3(c,d) and 4(c,d)). These currents are strongest near the
desalination plants and flow down the slope of the bathymetry. Again, the anomalous bottom
currents are more pronounced in x50, which carry the warm and salty water mass towards the
Sea of Oman. Hence, the desalination plants have the potential to ‘draw’ the surface fluid in
towards them where it is made dense and sinks before moving away from the sites of the

desalination plants towards the Strait of Hormuz.

As the imposed salinity forcing increases, we observe stronger outflow of saltier, warmer and
denser waters from the Gulf into the Sea of Oman through the Strait of Hormuz, which is
balanced by stronger inflow of relatively fresher, cooler waters (Figure 3(e-g) and 4(e-g)).
Vertical cross-sections through the Strait of Hormuz reveal that anomalously salty water exits
the Gulf at depth on the southern side of the Strait, with fresher water being drawn in to the
north near the surface. The main changes are in the salinity and exchange. The anomalies are
most pronounced toward the bottom because the products of the desal plants are salty and

dense.

11
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3.2 Temperature and Salinity

The impact of desalination plants on the surface and bottom S and T grows with the capacity
of the desalination plants. At present day levels of desalination (x1) there is limited impacts
on the surface and bottom S and T (not shown). As desalination rates increase to 10-fold (x10),
the SST changes are still less then 0.2°C in the Gulf, while there is a tendency of cooling in
the eastern part of the Gulf (Figure 3(a)). This is likely due to cooler water being drawn into
the Gulf from the Sea of Oman through the Strait of Hormuz. In addition, there is a noticeable
increase in the bottom temperature by greater than 1°C near the sites of desalination plants,

which is advected towards deeper regions (Figure 3(c)).

In the extreme 50-fold case (x50), we see a distinct line — what may be called a ‘flushing line’
— along which warm (and salty) waters leave the Gulf (Figure 4(c)). The temperature
anomalies at the surface are comparable with those in x10, showing generally less than 0.2°C
in the Gulf (Figure 4(a)). However, the bottom temperature anomalies exceed 2°C near the
sites of desalination plants and gradually decreases along the flushing line as the water mass
moves away from there (Figure 4(c)). This suggests that there is an active sink of warm water
at the desalination plants which flows out of the Gulf mainly along the slope of bathymetry.
There is also significant increase of temperature near the southern part of the Strait of Hormuz,

suggesting that the temperature of the outflow is increased by up to 1°C (Figure 5(j)).

The salinity anomalies reveal clear patterns caused by brine discharge. In x10, the surface
salinity anomalies increase reaching their maximum along the southern shoreline: 0.5 — 2 psu,
and even greater than 2 psu in the east of Qatar (Figure 3(b)). The bottom salinity increases
even more, showing broader areas with the salinity anomalies greater than 0.5 psu near the
southern shoreline (Figure 3(d)). The positive salinity anomalies extend to the southern part of

the Strait of Hormuz, showing the exit of salty water mass into the Sea of Oman.

The positive salinity anomalies are significant in the 50-fold scenario, particularly near the
bottom of the Gulf (Figures 4(b,d)). At the surface, the inflow into the Gulf experiences the
increasing salinity anomalies which can be greater than 2 psu near the desalination plants
(Figure 4(b)). The bottom salinity anomalies significantly exceed 2 psu near the desalination
plants. This salty water flows eastward, eventually leaving the Gulf through the southern part
of the Strait of Hormuz (Figure 4(d)). Again, the region on the west, close to Qatar exhibits a
12
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salinity increase which is much larger than 2 psu because of poor flushing as evidenced by the

anomalous current which floes toward the coast.

The size of salinity and temperature anomalies generally grows with depth, resulting in
stronger stratification (Figure 5). The increase of the vertical stability is particularly significant
in x50 where the bottom density increases approximately 1 kg/m?, while the surface density
rises by less than 0.5 kg/m?. This is primarily driven by the increase of salinity. The median
salinity near 100 m is nearly 1.5 psu greater in x50 than in CTRL, which is more than three
times the size of anomaly at the surface. This is somewhat expected as the desalination plants
transform the water mass towards higher density classes, indicating that their impacts
accumulate near the bottom of the Gulf. These changes also suggest that the increasing
capacity of the desalination plants in the Gulf exerts higher pressure on the marine environment

near the bottom.
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Figure 5. The median values of temperature and salinity in CTRL (black dots), x10 (olive
dots) and x50 (red dots) at each vertical level. The arrows and their colors represent changes
of water properties as a function of desalination forcing and depth, respectively.

3.3 Changes in overturning circulation

Upon introduction of local salinity forcing from desalination plants, comparison of the
anomaly from x50 in Figure 8(a,b) with the CTRL in Figure 2(c,d), shows that the patterns
13



and sense of the overturning circulation -- both in the meridional and zonal directions --
remains the same but becomes stronger. Measures of the strength of these overturning
circulations as a function of desal strength is plotted in Figure 6(c,d). Most of the changes
occur in the northern and western regions of the Gulf. We observe a broad increase in the
strength of these overturning cells, and the change does not ‘level out’ even for x50, at which
point overturning strength approaches 50% of the mean. This supports the ‘flushing’
hypothesis of Ibrahim and Eltahir (2019) that the Gulf can efficiently exchange waters with

the Sea of Oman buffering interior change.

Interestingly, the overturning circulation in the Sea of Oman has also intensified in x50 (Figure
6(a)). This change is greater than in the Gulf, showing approximately a 100% increase
compared to CTRL (Figure 6(f)). The anomalous streamfunction extends deeper than 200 m
in the Sea of Oman, indicating that the outflow from the Gulf can sink deeper in x50 than in
CTRL due to the increased salinity of the outflow from the Gulf. At the surface, the westward
flow towards the Gulf has been intensified with the increased desalination capacity. Hence,
the enhanced overturning circulation in the Sea of Oman supports a more efficient exchange

of the water in the Gulf.
3.4 Changes in the water-mass transformation rates

Quantification of the water mass transformation rate — that it the rate at which the density of
water is changed from one value to another — is discussed at length in Al Shehhi, 2021 for our
CTRL scenario in which any local (desalination plant) salinity forcing was absent. In the
annual-average, the Gulf has a positive water-mass transformation rate both by surface heat
and freshwater fluxes (Figure 7(a,b)), meaning that water is converted from lighter density
classes to heavier ones. The largest contribution for the positive transformation rate is the latent
heat flux followed by longwave radiation (Figure 7(c)). In the Gulf, evaporation exceeds
precipitation (the latter is negligible) thus increasing the density of surface waters in the Gulf.
The shortwave radiation, however, lowers the density which largely compensates for the
density increase by both longwave and latent heat flux combined, leading to both positive and
negative values in the Gulf. On the other hand, the density increase by the freshwater flux is
positive in most parts of the Gulf, resulting in greater contribution to the total water mass

transformation rate.

14
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Figure 6. The anomaly of the residual streamfunction in (a) zonal and (b) meridional
directions, respectively, for x50 compared to CTRL. There is anomalous anticlockwise
circulation around the negative anomaly of the streamfunction. (c) Zonal streamfunction
(Sv) at different locations in the Arabian Gulf for CTRL, x1, x10, x20, x35 and x50. The
yellow color represents the eastern part of the Gulf, the blue color represents the center and
the purple color represents the western part, (d) Meridional streamfunction (Sv) at different
locations in the Arabian Gulf for CTRL, x1, x10, x20, x35 and x50. The orange, blue and
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yellow dots represent the southern, central and northern part of the Gulf, and (c) the zonal
stream function (Sv) at the strait of Hormuz for CTRL, x1, x10, x20, x35 and x50.
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Figure 7. Water mass transformation rate (m3/s) by the surface (a) heat flux and (b)
freshwater flux in CTRL. (c) The total water mass transformation rate by longwave
radiation (LWR), latent heat flux (LH), sensible heat flux (SH), evaporation (Evap), and
desalination plants (Desal) in the Gulf.
The introduction of forcing does not change the broad pattern of water mass transformation.
However, there are significant increases, by as much as 100 m?/s, close to the desalination
plants (not shown). When integrated over the whole Gulf, desalination plants rarely alter the
water mass transformation rate contributed by heat and freshwater fluxes. In x50, however,
the contribution from a few desalination plants to the transformation rate becomes comparable
to that of evaporation over the whole Gulf region (Figure 7(c)). The increasing transformation
rate due to desalination is consistent with the pattern of anomalous surface currents: the
positive anomalies in the transformation rates (or increased diapycnal volume flux towards
higher density) align well with the anomalous surface current observed in x10 and x50 (see
Figure 3(a,b) and 4(a,b)).
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Figure 8. (a) Transformation rate by the diffusive salt flux below the surface (aD/da). (b)
The difference of dD/da between x50 and CTRL.

The positive water mass transformation rate due to diffusive salt flux below the surface layer
can increase the density of the surface layer, though it is generally small compared to the
surface buoyancy flux (Figures 7(a,b) and 8(a)). However, in certain regions, larger localized
transformation can occur where the KPP boundary layer scheme can generate significantly
enhanced localized diffusivities and mixing of salt. With the introduction of desalination plant
forcings, the localized mixing by salt increases the density at the surface, particularly near the
desalination plants in x50 (Figure 8(b)). The anomalous transformation rate by the salt mixing
exceeds 100 m?/s, and the contribution from diapycnal salt mixing to the surface layer density
increase is greater than that from surface buoyancy fluxes. The positive anomalous
transformation rate is also seen along the flushing line before the salty water from the
desalination plants sinks away to depth. Given that the Gulf has a relatively uniform vertical

profile in winter, this warm and salty water has the potential to increase the surface density.

4 Discussion and conclusions

The overall impact of salinity forcing from desalination plants across the Arabian Gulf has
been assessed through application of a 3D regional model based on the MITgcm. Four major
rivers and several desalination plants in the Gulf region were considered in the six scenarios:
no desalination plant forcing, existing scenario (1-fold), 10-fold, 20-fold, 35-fold and 50-fold
increases. Our desalination plant forcing was found to increase the salinity by approximately

17



3348
4
5349

12353
13
14354
15
16355
17
18356
;3357
21
21358
23
§§59
26360
27
268361
29
30362
31
35363
364
37366
38

398667
40
41

42368
43

44
45369
47310
48

371

51
52372
53
54373
55
56374
57
c375
59

6
6(1)376
62

63

64
65

0.2 g/kg and over 3 g/kg along the Gulf coast for the entire Gulf in the most extreme scenario.
Particularly significant increases in salinity were observed in shallow regions near the coasts
of Qatar and Bahrain where the circulation is weak and exchange with the interior Gulf limited.
In addition, an increase in the depth-averaged temperature up to 0.2-1.0 °C near the discharge
area of the desalination plants was noted, in Kuwait, Saudi and in the nearshore area of the
United Arab Emirates. A significant increase in the mean surface salinity and bottom
temperature is observed during the summer months when strong stratification suppresses
vertical mixing. In winter, brine is more uniformly mixed through the water column. Most of
the impact of brine discharge on the salinity and temperature, however, occurs on regional
scales within 2 to 3 kilometers from where the discharge occurs. the offshore areas are less

affected and response rather muted even in the most extreme desal rates considered.

We also find impacts on the horizontal and vertical overturning circulations. As desalination
rates are increased, fresher water is drawn into the Gulf more through the northern, surface
regions of the Strait. This leads to an anticlockwise anomalous cell which returns waters mid-
basin just north of the coastal shelf. Meanwhile salty waters are drawn over the shelf from the
desal plants operating on the southern coast. These sink to depth and exit the Gulf in a deep
salty anomaly to the south of the Strait. The associated overturning circulations retain the
same broad patterns but increase in strength reaching 50% of the mean in the 50-fold scenario.
This attests to the efficiency of the exchange which mutes the large-scale response of

temperature and salinity.
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