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Impact of Brine Discharge from Seawater Desalination
Plants on Persian/Arabian Gulf Salinity

Hamed D. Ibrahim, Ph.D."; and Elfatih A. B. Eltahir, Sc.D.?

Abstract: The Persian Gulf (also known as Arabian Gulf) is surrounded by desalination plants with about 50% of worldwide capacity to
desalinate seawater. Most of these plants dispose of hypersaline effluent (brine) via surface and nearshore outfall into the Gulf. Because
energy for desalination increases with seawater salinity, buildup of salt in brine endangers potable water supply there. Brine also contains
metals and chemicals (foreign to the marine environment) that have adverse effects on marine ecosystems. Here, for the first time, brine is
introduced into Gulf evaporation-driven residual circulation, which controls subbasin flushing, to quantify brine impact on salinity at basin
and regional scales. Salt buildup increased mean annual basin salinity (40.5 g/kg) by only 0.43 g/kg, which confirms that basin salinity is
insensitive to brine. But regional sensitivity to brine is significant, especially in the southwestern Gulf region near the Arabian coast, where
the largest salt buildup raised salinity by about 4.3 g/kg. The results of this study suggests a significant role for brine outfall position in
determining brine impact on regional salt levels. DOI: 10.1061/(ASCE)EE.1943-7870.0001604. © 2019 American Society of Civil

Engineers.

Introduction

The purpose of this study is to offer a scientific basis for multina-
tional efforts to ensure sustainable seawater desalination in the
Persian/Arabian Gulf, hereafter Gulf. In Southwest Asia, where
the climate is arid and precipitation is low, many population centers
around the Gulf depend on potable water produced from desali-
nated seawater. The six-member countries of the Gulf Corporation
Council (GCC), Bahrain, Kuwait, Qatar, Saudi Arabia, United
Arab Emirates (UAE), and Oman (Fig. 1), produce about 50% of
worldwide desalinated seawater using intake seawater from the
Gulf (Lattemann and Hopner 2008). The Gulf is also used for
the disposal of brine, which contains, in addition to salt, pretreat-
ment biocides (e.g., chlorine), coagulants (cationic and anionic
polyelectrolytes), antiscalants (e.g., H,SO,), antifoaming agents,
and heavy metals (e.g., copper) from plant corrosion (Alameddine
and El-Fadel 2007; Hashim and Hajjaj 2005). Buildup of brine
constituents endangers Gulf marine ecosystems (Sale et al. 2011;
Dupavillon and Gillanders 2009; Roberts et al. 2010). Moreover,
because energy for desalination increases with seawater salinity
(Voutchkov 2018), salt buildup also threatens potable water supply
for population centers around the Gulf.

Gulf evaporation by far exceeds freshwater input from river run-
off and precipitation (Johns et al. 2003; Xue and Eltahir 2015). To
balance this freshwater deficit, residual circulation brings Indian
Ocean waters into the Gulf, while hypersaline water that contains
all the salt left behind after evaporation flows back to the Indian
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Ocean as part of this same circulation. It has long been known that
the environmental impact of brine discharge into the Gulf, at all
spatial scales, cannot be discussed separately without regard to
Gulf residual circulation (Hopner and Windelberg 1997; Morton
et al. 1997). Yet no impact study of brine discharge in the Gulf, at
basin or regional scales, has been conducted that also considers
Gulf residual circulation dynamics. Available impact studies, in-
cluding brine discharge-tidal current interaction (Al-Barwani and
Purnama 2008), near-field (short-term) impact of brine discharge
from single plants (Altarayan and Madany 1992), and brine dis-
charge along coastal sections (Purnalna et al. 2003) do not consider
Gulf residual circulation dynamics.

In ocean effluent disposal via nearshore outfall, steady-state
effluent concentration in areas significantly removed from outfall
position depends on source strength and on spatiotemporal varia-
tions of ambient currents that flush the receiving water body
(Camacho and Martin 2013; Roberts et al. 2011; Roberts 1999;
Nakatsuji and Fujiwara 1997; Koh and Brooks 1975). Estimates
of flushing currents, obtained in far-field analysis during offshore
outfall design process, are vital to assessing the efficiency of efflu-
ent transport from the receiving water body to the open ocean
(Blumberg et al. 1996; Guo and Lordi 2000). Moreover, in oceanic
basins such as the Gulf where a basin-scale residual circulation
controls subbasin flushing, it is necessary to evaluate the quiescent
characteristics of this circulation as well as its modification after
effluent discharge (Baum et al. 2018; Bleninger and Jirka 2008;
Tsiourtis 2008; Palomar and Losada 2010; Malfeito et al. 2005).

Several authors have highlighted the complex and costly nature
of far-field sampling of ocean currents and effluent concentrations,
which is necessary to give a synoptic view of flushing in the receiv-
ing water body before and after effluent discharge (Bleninger and
Jirka 2008; Roberts 1999). Roberts et al. (2011), in an observatio-
nal study of Boston outfall, suggested that this difficulty of sam-
pling may explain the scarcity of well-documented far-field studies
of plume dispersion dynamics in the literature. Numerical models
are a common and cheaper method of far-field analysis. Pérez-Diaz
et al. (2019) recently showed that, even for oceanic basins with
complex coastal topography, such as the Gulf, high-resolution
three-dimensional (3D) hydrodynamic models with an unstructured
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Fig. 1. Gulf depth profile; mean depth is approximately 35 m, and depth decreases from east to west. (Data from Amante and Eakins 2009.)

grid can simulate both near- and far-field brine dispersion dynamics
in a consistent manner. Baum et al. (2018) concluded that computa-
tional fluid dynamics methods may be necessary to capture the
dynamic interplay between brine discharge and ambient currents
in the receiving environment.

Because salt can be considered a tracer, Gulf regions where
brine discharge causes salt buildup indicate slow flushing zones.
Xue and Eltahir (2015) used the high-resolution coupled Gulf-
Atmosphere Regional Model (GARM), with a 3D unstructured grid
hydrodynamic component, to estimate a Gulf basin flushing time of
about 14 months. The novelty of this study is the simulation of
the dynamic interplay between brine discharge and Gulf residual
circulation, in order to quantify brine impact on Gulf basin and
regional salinities. Three scenarios simulated in GARM are com-
pared and analyzed: reference scenario (no brine discharge into
Gulf residual circulation), 24-plant (largest plants in the Gulf)
brine discharge scenario, and 14-plant (largest plants outside
southwestern Gulf region) brine discharge scenario.

Materials and Methods

Model Description

Only a brief description of GARM, as related to simulation of Gulf
residual circulation, is given here. However, a detailed description
of GARM that includes sensitivity analysis can be found in Xue
and Eltahir (2015), where GARM is used to estimate Gulf heat
and water budgets. The atmospheric component of GARM is
the Massachusetts Institute of Technology (MIT) Regional Climate
Model (MRCM), an advanced version of Regional Climate Model
version 3 that is maintained and distributed by the Abdus Salam
International Center for Theoretical Physics, Trieste, Italy. MRCM
has been used successfully to simulate regions with diverse climatic
conditions (Im et al. 2014; Im and Eltahir 2018). The ocean com-
ponent of GARM that simulates Gulf hydrodynamics is the Finite
Volume Community Ocean Model (FVCOM) version 2.7. FVCOM
is an unstructured grid, finite-volume, three-dimensional, primitive
equation ocean model (Chen et al. 2003). Because its unstructured
grid is ideal for complex topography, FVCOM is widely used for
coastal and estuarine studies, as well as studies to assess flushing
patterns in shallow oceanic regions (Kim et al. 2012; Rego et al.
2010). GARM includes the two-way interactions between MRCM
and FVCOM with a coupling frequency of 3 h.
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Model Setup

Because of the different spatial scales of atmospheric and Gulf
residual circulation, MRCM is configured to cover a larger
domain between 29-61°E longitude and 12-40.5°N latitude with
30-km resolution in 120 x 120 grids. To simulate residual circula-
tion characteristics in the Gulf, especially in the shallow regions
near the Gulf Arabian coast where many seawater desalination
plants withdraw seawater and discharge brine, GARM-FVCOM is
configured with high horizontal resolution, which varies from 2 to
3 km near the coast, 5 km in offshore regions, and 10-15 km at the
open ocean boundary. The Gulf is a shallow water system with a
mean depth of approximately 35 m. Accordingly, in Gulf regions
with water depths of less than 60 m, GARM-FVCOM is configured
with 30 generalized sigma layers, whereas in Gulf regions with
water depths greater than 60 m, the thickness of the top and bottom
five layers is set to 2 m, and the other 20 intermediate layers are
then uniformly divided for the remaining water column. This pro-
vides a vertical resolution of less than 1 m for nearshore Gulf
regions and 1-2 m in most offshore Gulf regions. Gulf flushing
time (to exchange all Gulf waters with Indian Ocean waters) is only
about 14 months, and diurnal and seasonal cycles dominate Gulf
variability (Xue and Eltahir 2015). Accordingly, the simulation
period for all scenarios in this study is one decade (1981-1990),
which is adequate to quantify the long-term dynamical interaction
between brine discharge and Gulf residual circulation.

Forcing and Initial Conditions

At the open ocean boundary, GARM-FVCOM uses climatological
monthly mean fields of temperature (Locarnini et al. 2010) and
salinity (Antonov et al. 2010), which consists of 1 degree objec-
tively analyzed in situ temperature and salinity at standard depth
levels. To resolve the wind-driven and buoyancy-driven mean flow
components, GARM-FVCOM dynamically calculates mean flow
velocity boundary conditions with wind, water temperature, and
salinity information. River runoff into the Gulf from the Shatt
Al Arab, the main source of freshwater to the Gulf, was specified
based on streamflow statistics for the Tigris and Euphrates River
basins (Saleh 2010). The reference and brine discharge scenarios
were all initialized in GARM-FVCOM with the same (spatially
variable) salinity and temperature values, which are based on avail-
able measurements taken in different Gulf areas.
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Fig. 2. Gulf residual circulation dynamic properties: (a) simulated versus analysis SST; (b) simulated versus satellite-derived Gulf sea surface height
(SSH); (c) simulated basin-average salinity; and (d) simulated basin-average salinity spatial distribution.

Reference Scenario Simulation and Model Validation

Gulf seasonal water balance in Eq. (1), which includes the residual
circulation exchange fluxes at the Strait of Hormuz between the
Gulf and the Indian Ocean, is simulated in the reference scenario,
hereafter Experiment 1 (Expl). Introducing Ag (m?) for Gulf
surface area (about 250,000 km?), Gulf sea surface height monthly
departure is given by

1
SSHg, :T{]{Ptdf+]§Etdf+R[+LlNr —LOUT,} (1)
G

where SSHg, (m) = Gulf basin-average sea surface height departure
for month t = 1...12; P (m); E (m) = monthly precipitation and
evaporation respectively over and from an element df of the Gulf
surface, where the integration is taken over the entire Gulf surface
area; R (m?) = monthly volume of river runoff into Gulf; Ly (m?) =
monthly lateral volume flux into Gulf from Indian Ocean;
Loyr (m?) = monthly lateral volume flux out of Gulf to Indian
Ocean; and Ly and Lgyp = residual circulation exchange fluxes,
and the monthly and annual characteristics of this exchange are
detailed in Xue and Eltahir (2015). The focus in this study is on
the residual circulation spatial variability within the Gulf.

At the climatological monthly time scale (long-term monthly
average), comparison of simulated Gulf sea surface height and tem-
perature with satellite-derived Gulf sea surface height (Aviso
2017) and analysis temperature (Reynolds et al. 2007) shows that
GARM simulates Gulf residual circulation with high accuracy
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[Figs. 2(a and b)]. Simulated annual mean basin salinity is about
40.5 g/kg, which varies from a minimum in August to a maximum
in January [Fig. 2(c)]. Because Tigris and Euphrates river runoff
dilutes seawater in the northern regions, salinity there is the lowest
in the Gulf [Fig. 2(d)]. Moreover, the salinity spatial distribution
and Gulf water depth gradient are related [Figs. 1 and 2(d)].
Gulf regions near the northern Persian coast, where the Gulf is
deep, have the smallest regional salinity, while the southwestern
Gulf region near the Arabian coast, where the Gulf is shallow,
has the largest regional salinity. Basin-scale observational studies
of Gulf salinity are scarce, but comparison of recent near-surface
salinity measurements around Kuwait Bay and offshore from
UAE (Table 1) with simulated salinity shows that GARM correctly
describes the spatial distribution of salinity in Gulf residual
circulation.

Salinity spatial distribution is related to residual circulation hori-
zontal velocity variation and lateral extent. In most Gulf regions,
except the shallow southwestern Gulf region with the largest
salinity [Fig. 2(d)], residual circulation horizontal velocity varies
from a maximum in June to a minimum in November (Fig. 3).
There are, however, other shallow coastal regions such as the
northwestern and southeastern regions near the Arabian coast
where regional salinity is less than southwestern regional salinity
[Figs. 1 and 2(d)]. This suggests that nearshore flushing patterns
within the Gulf depend on both coastal topography and the residual
circulation currents. Accordingly, guided by this simulated salinity
spatial distribution, two brine discharge scenarios were simulated in
GARM and compared to Expl in order to quantify brine discharge
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Table 1. Observed salinity near Arabian Gulf coast

Date Longitude Latitude Salinity (g/kg) min—max Source
November 13, 2014 532 24.25-24.75 40.02-42.99 Mezhoud et al. (2016)
July 7, 2013 53.6 24.2-24.775 41.30-4270
June 6, 2013 54 24.2-24.25 42.00-44.7
October 8, 2013 54.4 24.25-25.4 39.38-43.00
March 6, 2014 54.8 24.75-25.25 39.69-41.95
2006-2013 47.7 29.24 48.0-48.7 Devlin et al. (2015)
48.07 29.19 34.2-45.6
48.2 29.06 34.3-45.3
48.25 28.43 36.1-43.9
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Fig. 3. Gulf residual circulation (RS) horizontal velocity spatial variation: (a) depth-averaged maximum RS horizontal velocity when lateral extent of
RS is at maximum (June); and (b) depth-averaged minimum RS horizontal velocity when lateral extent of RS is at minimum (November).

impact on salinity at basin and regional scales and assess flushing
patterns in Gulf nearshore regions.

Method of Simulating Brine Discharge

In seawater desalination the primary objective is to produce
potable water by removing salt from seawater. For a given potable
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water production capacity V, (m?), the interaction of a seawater
desalination plant with an oceanic basin involves intake of a given
volume of seawater V; (m?) (often two to three times V) of salin-
ity Sy (g/kg) and discharge of brine (approximately equal to V,,
and having a salinity of up to twice S;) into the basin (Morton
et al. 1997; Einav and Lokiec 2003). Introducing Vp (m?®) for
brine volume discharge into the sea and p (kg/m?) for density,
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Table 2. Largest (capacity >100,000 m?/day) 24 seawater desalination
plants in Gulf

Plant ID Country Capacity (m*/day) Status
1 Bahrain 272,760 (0]
2 Bahrain 218,000 (0]
3 Bahrain 136,380 (0]
4 Kuwait 622,400 O+C
5 Kuwait 454,600 (0]
6 Kuwait 227,300 C
7 Kuwait 204,390 (0]
8 Kuwait 136,260 (0]
9 Kuwait 261,840 (0]
10 Qatar 741,160 (0]
11 Qatar 545,250 C
12 Qatar 654,606 (0]
13 Saudi Arabia 1,011,814 O+C
14 Saudi Arabia 1,025,000 O+C
15 Saudi Arabia 432,580 (0]
16 UAE 636,440 (0]
17 UAE 913,346 (0]
18 UAE 874,460 (0]
19 UAE 1,226,950 (0]
20 UAE 503,061 (0]
21 UAE 306,500 (0]
22 UAE 140,000 C
23 UAE 102,144 (0]
24 UAE 100,000 C
Note: O = plant is online; C = plant is under construction; and O + C =

plant is being expanded; and UAE = United Arab Emirates.

mass conservation of salt and water in the desalination processes
is given by

aViSt = ppVpSp (2)
poVp =piVi—ppVp (3)

Assuming negligible salt content in the potable water produced,
from Eq. (2) the mass of salt in brine discharge is equal to the mass
of salt in intake seawater. However, from Eq. (3) the mass of water
in brine discharge is the difference of the mass of water in intake
seawater and the mass of produced potable water. Therefore,
seawater desalination can be described as a freshwater sink in
an oceanic basin. Various methods are used to desalinate seawater,
including electrodialysis, electrodialysis reversal, reverse osmosis,
multistage flash distillation, multieffect distillation, and vapor com-
pression distillation. These methods often have different ratios of
seawater intake to brine discharge capacity. However, in this study,
seawater desalination plants’ brine discharges are simulated in
GARM as freshwater sinks.

There are more than 850 seawater desalination plants in the
Gulf. Most of these plants, including the 24 largest (based on pro-
duction capacity >100, 000 (m?/day), are located on the Arabian
coast near the shallow (<15 m) southwestern region of the Gulf
(Global Water Intelligence 2016). For practical reasons, and since
small plants are assumed to have negligible impacts, only brine
discharge from the 24 largest plants are considered in this study
(Table 2). Based on available design parameters for existing seawater
desalination plants in the Gulf, brine discharge points for all plants in
the brine discharge scenarios are placed at about 2 km offshore.

Design of Brine Discharge Scenarios

Two brine discharge scenarios were simulated in GARM (Table 3).
Brine from the 24 largest plants in the Gulf [Fig. 4(a)] is introduced
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Table 3. Brine discharge configurations for all scenarios

Scenario ID Brine discharge Plant ID

Expl No —

Exp2 Yes 1-24

Exp3 Yes 4-9, 13-14, 16, 18-21, 24

Note: Brine discharge from Plants 1-3, 10-12, 15, 17, 22, and 23 are
excluded from Exp3.

into Gulf residual circulation dynamics in the first brine discharge
scenario, hereafter Experiment 2 (Exp2), and Exp2 is compared to
Expl (reference scenario) to quantify the brine discharge impact on
Gulf salinity at basin and regional scales. In the second brine
discharge scenario, hereafter Experiment 3 (Exp3), brine discharge
from the 10 plants within the southwestern Gulf region are ex-
cluded from Gulf residual circulation dynamics, and only brine
from the 14 plants outside this region are introduced into the
residual circulation [Fig. 4(b)]. Accordingly, the relative impact of
brine discharge within and outside the shallow southwestern Gulf
region (Fig. 5), where regional salinity is greatest [Fig. 2(d)], is
obtained by comparing Exp3 with Exp2. Because Gulf residual
circulation does not vary annually within the southwestern region
(Fig. 3), comparison of Exp3 with Exp2 also shows the effect of
coastal topography on flushing patterns in this region.

Methods of Brine Discharge Impact Analysis

Salinity can be considered as a conservative tracer that describes the
dynamical interaction between brine discharge and Gulf residual
circulation. Accordingly, to characterize this dynamical interaction,
model-predicted results for Exp1, Exp2, and Exp3 are compared by
analyzing monthly time series of area-averaged salinity for three
Gulf areas. The first area is the whole Gulf basin up to the Strait
of Hormuz, hereafter referred to as the basin. The second area has
the largest salinity in the Gulf’s southwestern region, the region
between the coasts of Saudi Arabia, Bahrain and Qatar (henceforth
Regl). The third area is the Gulf region 20 km off the Arabian coast
where the 24 largest seawater desalination plants in the Gulf dis-
charge brine (henceforth Reg2). Because the only factor that
differentiates Expl, Exp2, and Exp3 is brine discharge into the
Gulf’s residual circulation dynamics, a one-way analysis of vari-
ance (ANOVA) is performed to compare brine discharge impact
on area-average salinity in Expl, Exp2, and Exp3 for each of
the three areas chosen for impact analysis. Thus, the ANOVA stat-
istical analysis tests the null hypotheses given in Egs. (4)—(6):

Ho pasin' i1 = Hp = 3 (4)
HoRegi:ft1 = po = 13 (5)
HyRrego:t1 = Ho = 13 (6)

where ;1 = area-average salinity in Expl, Exp2, and Exp3 for the
three areas, respectively.

Results

Basin-Scale Brine Discharge Impact

Comparison of Expl and Exp2 basin-average salinity shows that
brine discharge into the Gulf caused salt buildup that increased ba-
sin salinity by 0.43 g/kg [Figs. 6(a and b)]. This basin salt buildup
is not spatially uniform. In the Gulf’s northern and northwestern
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Fig. 4. Design of brine discharge scenarios: (a) location of 24 largest seawater desalination plants simulated in Exp2; and (b) location of
14 largest plants outside southwestern Gulf region simulated in Exp3. Discharge position for all plants in Exp2 and Exp3 are approximately

2 km offshore.

regions, salt buildup is small and change in salinity (Exp2 minus
Expl) is in the range of 0-1 g/kg. However, there is considerable
salt buildup in the Gulf’s southern and southwestern regions near
the Arabian coast [Fig. 6(a)], especially between Saudi Arabia,
Bahrain, and Qatar, where the change in salinity reaches up to
7 g/kg. Furthermore, because of brine discharge, the difference be-
tween annual maximum and minimum Gulf basin-average salinity
(salinity seasonal cycle amplitude) also increased from about
0.6 g/kg in Expl to 1 g/kg in Exp2 [Fig. 6(b)].

Regional-Scale Brine Discharge Impact

In Regl, where Plants 1-3 and 15 discharge brine [Fig. 6(c)], salin-
ity (the largest in the Gulf) increased by about 4.3 g/kg because of
salt buildup [Fig. 6(d)]. In Reg2, the area up to 20 km offshore from
the Gulf’s Arabian coast where the largest seawater desalination
plants in the Gulf discharge brine [Fig. 6(e)], salt buildup because
of brine discharge raised salinity by 1.6 g/kg [Fig. 6(f)]. However,
most of the salt buildup that raised Reg2 salinity occurred in the
Gulf’s southwestern region near the Arabian Coast, especially
the salt buildup in Regl [Fig. 6(a)].

Brine discharge into the Gulf’s residual circulation dynamics
changed the temporal characteristics of salt buildup within the Gulf.
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In the first year of Expl, Regl salinity increased to a maximum of
about 42 g/kg and remained at this value without seasonal varia-
tion for the rest of the Expl simulation [Fig. 6(d)]. There is, how-
ever, seasonal variation in Regl salinity after the first year of Exp2
[Fig. 6(d)]. In the first year of Exp2, Reg1 salinity increased rapidly
to reach about 45 g/kg; for the next 5 years the salinity increased
slowly to a maximum of approximately 46.5 g/kg and remained at
this value for the rest of the Exp2 simulation [Fig. 6(d)]. Like Reg1,
Reg?2 salinity also increased rapidly in Exp2 [Fig. 6(f)], but in both
Expl and Exp2 there is seasonal variation in Reg2 salinity.

Relative Impact of Brine Discharge within and outside
Southwestern Gulf Region

When brine is not discharged into the Gulf’s southwestern region,
the Exp3 simulation, salt buildup in the Gulf decreased [Fig. 7(a)].
Compared to the increase in basin salinity in Exp2 (0.45 g/kg),
basin salinity increased by only 0.2 g/kg in Exp3 [Fig. 7(b)]. Salt
buildup in Regl and Reg2 decreased from 4.3 and 1.6 g/kg in
Exp2 to 0.8 and 0.6 g/kg, respectively, in Exp3 [Figs. 7(c-f)].
The temporal characteristics of salt buildup also changed in
Exp3. During the first year of Exp3, Regl salinity increased to
a first maximum of approximately 42 g/kg and remained at this
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Fig. 5. Southwestern Gulf region with largest regional salinity.

value for another 4 years; then the salinity increased again to a
second maximum of approximately 42.5 g/kg and remained at this
value for the rest of Exp3 [Fig. 7(d)]. As in Expl, Regl salinity
does not have significant seasonal variation in Exp3. The Reg2
salinity seasonal cycle amplitude, however, is larger in Exp3 com-
pared to Expl and smaller in Exp3 compared to Exp2 [Fig. 7(f)].

Discussion

Resilience of Gulf Basin Salinity to Brine Discharge

As expected, with a basin salinity increase of only about 0.43 g/kg
in Exp2 compared to Expl, brine discharge (seawater desalination
freshwater sink) only had a slight impact on Gulf basin salinity.
This is because the Gulf freshwater sink due to seawater
desalination—about 5 km?3/year—is by far smaller than the Gulf
freshwater sink due to evaporation—about 390 km?/year; conse-
quently, brine discharge does not significantly affect Gulf flushing
time by the evaporation-driven residual circulation between the
Gulf and the Indian Ocean (Ibrahim 2017). This circulation, which
inhibits basin salt buildup, has the character of an antiestuarine cir-
culation (Thoppil and Hogan 2010; Sadrinasab and Kampf 2004;
Reynolds 1993; Sugden 1963), and Gulf sea surface height (SSH)
controls surface lateral inflow (L) from the Indian Ocean to the
Gulf. Ly is large when SSH is low, relative to the Indian Ocean,
whereas Ly is small when SSHq is high, relative to the Indian
Ocean. Bottom lateral outflow from the Gulf to the Indian Ocean
(Loyr) is controlled by the pressure difference between Gulf waters
and Indian Ocean waters: thus, Lqyr is large when the pressure
acting on Gulf bottom waters is high, relative to Indian Ocean
waters at the same depth, and vice versa. Thus, when SSHg de-
creases because of freshwater removal, as in evaporation or sea-
water desalination, Ly increases. Because the additional water and
salt in Ly increases the weight acting on Gulf bottom waters,
relative to the Indian Ocean, Loyt also increases accordingly,
and basin salt buildup is inhibited (Ibrahim 2017). Compared to
evaporation that changes SSHg by about 1.56 m/year, seawater
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desalination changes SSH¢ by about 0.02 m/year. Accordingly,
brine discharge is unlikely to significantly change the period for
Gulf flushing by the residual circulation, as demonstrated by the
small difference between Expl and Exp2 basin salinity seasonal
cycle amplitude [Fig. 6(b)].

There are, however, large differences in regional salt buildup
within the Gulf after brine discharge [Figs. 6(a) and 7(a)]. This in-
dicates that the regional-scale dynamics of the residual circulation
is more sensitive to brine discharge than the basin-scale dynamics
of the residual circulation. Thus, regional flushing patterns reflect
the residual circulation spatial variability within the Gulf.

Gulf Residual Circulation Spatial Variability

Comparison of the spatial distribution of salinity in Exp1 with Exp2
and Exp3 yields considerable insight into the Gulf residual
circulation—brine discharge interaction, as well as the spatial vari-
ability of this interaction. One-way ANOVA rejects the null hy-
pothesis in Eq. (4) for the Gulf basin: the brine discharge impact
on basin-average salinity was significant, F(2,357) = 88.35,p =
0.000. Basin salinity in Exp2 and Exp3 after brine discharge is only
slightly different from basin salinity in Exp1 [Fig. 7(b)], whereas the
large regional salt buildup in Exp2 and Exp3 [Figs. 6(a) and 7(a)],
especially in the Gulf’s southwestern region, demonstrates that brine
discharge significantly modified brine transport characteristics
within the Gulf. Consequently, even though ANOVA shows basin
salinity sensitivity to brine discharge (Table 4), the magnitude of this
sensitivity in different Gulf regions depends on the local strength of
Gulf residual circulation flushing.

The Gulf can be divided into two flushing zones that mostly
correspond to the two regions where the residual circulation hori-
zontal velocity is strong and weak [Fig. 3(a)]: (1) the fast flushing
zone, which includes the northern and northwestern Gulf regions,
and (2) the slow flushing zone, which includes the southern and
southwestern Gulf region [Figs. 6(a) and 7(a)]. Consistent with
the findings of Jiang et al. (2017) for a semienclosed bay in
Southern China, comparison of Exp2 and Exp3 shows that basin
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Fig. 6. Gulf salt buildup because of brine discharge: (a) average (depth and time) change in basin salinity (Exp2 minus Expl); (b) monthly basin
salinity; (c) Regl: Southwestern Gulf region with largest regional salinity (hatched); (d) monthly Regl salinity; (¢) Reg2: Gulf region 20 km offshore

from Arabian coast (hatched); and (f) monthly Reg2 salinity.

salt buildup is minimized when brine is discharged into the Gulf’s
fast flushing zone instead of the slow flushing zone.

Regulatory conditions for outfall design often assume worst-
case effluent concentration levels based on quiescent hydrody-
namic conditions, which Roberts (1999) suggests might lead to
overly conservative outfall designs. But Baum et al. (2018) found
in an observational study that ambient salinity levels after brine
discharge differed significantly from those assumed for outfall de-
sign. Because of the perception that background current conditions
in the receiving environment aid effluent dispersion, the authors
conclude, the effects of the dynamic interplay between ambient hy-
drodynamic conditions and brine discharge are often neglected in
simple empirical models used for outfall design purposes. To im-
prove brine dispersion, Bleninger and Jirka (2008) emphasized an
iterative approach to outfall design, whereby sampling of salinity
levels, after brine discharge, is used to modify outfall position. As
demonstrated in Exp3, where salt buildup occurred in Gulf regions
without brine discharge [Fig. 7(a)], the Gulf residual circulation—
brine interaction is strong. Hence, the results here highlight the im-
portance of the iterative approach to outfall design in the Gulf’s
slow flushing zones.
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Because of the dynamic interplay between brine discharge and
Gulf residual circulation, brine discharge has a remote impact in
places far from the brine outfall position. Exp3 shows that even
when brine is discharged only into fast flushing zones, because
of this interplay, there is still salt buildup in Gulf slow flushing
zones [Fig. 7(a)]. An important brine outfall design objective is
to avoid recirculation of brine into intake seawater, which com-
promises plant operation efficiency. To satisfy this objective, fea-
sibility studies in the Gulf often seek design criteria for sufficient
physical separation between intake seawater and brine outfall po-
sition (Ng et al. 2001). Such design criteria, however, may be inad-
equate to prevent salt buildup without accounting for the brine
discharge-residual circulation interaction, which promotes salt
buildup in the Gulf’s slow flushing zones even when brine is not
discharged there.

Regional Salt Buildup

The largest seawater desalination plants in the Gulf obtain seawater
and discharge brine in nearshore regions (Reg2) of the shallow
Gulf Arabian coast [Figs. 4(a) and 6(e)], and buildup of salt in
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Fig. 7. Relative impact of brine discharge within and outside southwestern Gulf region: (a) average (depth and time) change in basin salinity
(Exp3 minus Exp1); (b) monthly basin salinity; (c) Regl: southwestern Gulf region with largest regional salinity (hatched); (d) monthly Reg] salinity;
(e) Reg2: Gulf region 20 km offshore from Arabian coast (hatched); and (f) monthly Reg2 salinity.

Table 4. ANOVA pairwise summary: impact of brine discharge on basin-
average salinity

Table 5. ANOVA pairwise summary: impact of brine discharge on Regl
area-average salinity

95% confidence interval

95% confidence interval

Scenarios Mean difference Lower bound Upper bound P-value Scenarios Mean difference Lower bound Upper bound P-value
Expl Exp2 —0.4340 —0.5105 —0.3574 0.0000 Expl Exp2 —4.0273 —4.2658 —3.7888 0.0000
Expl Exp3 —0.2101 —0.2866 —0.1335 0.0000 Expl Exp3 —0.7466 —0.9851 —0.5080 0.0000
Exp2 Exp3 0.2239 0.1474 0.3004 0.0000 Exp2 Exp3 3.2808 3.0422 3.5193 0.0000

brine is largest on this coast, especially the southwestern region
[Figs. 6(a) and 7(a)]. One-way ANOVA rejects the null hypothesis
in Egs. (5) and (6) for Regl and Reg2, respectively: the brine
discharge impact on area-average salinity was significant in Regl,
F(2,357) = 886.36, p = 0.000, and in Reg2, F(2,357) = 577.87,
p = 0.000. Area-average salinity in Regl and Reg2, which reflects
the residual circulation flushing strength in these regions, is sensi-
tive to brine discharge (Tables 5 and 6). Evidently, because flushing
by residual circulation inhibits salt buildup at the basin scale, there
must be upper limits to salt buildup in Reg1 and Reg2. These limits,
moreover, will reflect local conditions in Regl and Reg2 that

modify the temporal and spatial characteristics of the residual
circulation [Figs. 7(d and f)].

Comparison of Exp2 and Exp3 showed that salt buildup because
of brine from the 14 plants with outfalls outside the Gulf’s
southwestern region, which collectively produce about 65% of
the potable water capacity of all 24 plants (4.3 km?/year), caused
35% of the increase in the southwestern region’s salinity. However,
salt buildup because of brine from the 10 plants with outfalls within
the southwestern region, which collectively produce about 35%
of the potable water capacity of all 24 plants, caused 65% of the
increase in the southwestern region’s salinity. This establishes the
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Table 6. ANOVA pairwise summary: impact of brine discharge on Reg2
area-average salinity

95% confidence interval

Scenarios Mean difference Lower bound Upper bound P-value
Expl Exp2 —1.4560 —1.5571 —1.3549 0.0000
Expl Exp3 —0.5745 —0.6756 —0.4734 0.0000
Exp2 Exp3 0.8815 0.7804 0.9826 0.0000

Gulf’s southwestern region as the most sensitive region to brine
discharge where salt, as well as metals and reactive byproducts
in brine, is likely to buildup.

Salt Trapping in Southwestern Gulf Region

One possible explanation for salt trapping in the Gulf’s
southwestern region is the bathymetry of this region. There are
many depressions in this region between Bahrain and the coast
of Saudi Arabia and between the Coasts of Qatar and UAE, where
water that is up to 25 m deep is surrounded by water that is only
about 5-10 m deep (Fig. 5). These depressions will promote brine
trapping. Because salt increases the weight of water, and heavy
water sinks, salt will continue to build up in these depressions
until the water column becomes stable. Furthermore, these deep
depressions are separated from the east-bound flushing currents
of the Gulf’s residual circulation by shallow waters that act like
a sill and inhibit dynamic interplay between brine discharge into
the Gulf’s southwestern region and the residual circulation
[Figs. 3(a) and 5]. Accordingly, the southwestern region’s bathym-
etry constrains the interactions with the Gulf’s residual circulation:
this limits the capacity of the circulation to flush this region and
promotes salt buildup there up to a limit after which local factors
that drive coastal currents, such as wind and tide, enhance the
residual circulation flushing.

In a numerical study of Venice Lagoon, Cucco and Umgiesser
(2015) showed that subbasin trapping, because of local conditions
that affect basin-scale circulation, can yield regional flushing times
that are significantly larger than the basin integral flushing time. A
literature survey yielded no systematic study of brine trapping in
nearshore regions on the Arabian Gulf coast. This is probably be-
cause of the relatively recent rapid expansion of seawater desalina-
tion in the Gulf. Pollutant trapping and flushing dynamics of
trapped salt in other coastal settings have been reported. Debler
and Imberger (1996) investigated the conditions necessary for river
flow to completely flush a depression in an estuary that is filled
with saline water. The authors found that if the speed of flow over
the depression is fast, because this speed controls turbulent erosion
of the density interface, it is possible to completely flush depres-
sions filled with saline water. This finding was also confirmed in a
numerical study by Zhang et al. (2008), where the effects of flow
speed, and the depression slope on trapped saline water was evalu-
ated. There is no river discharge into the nearshore southwestern
Gulf region, and precipitation there is negligible (Ibrahim 2017).
Accordingly, the tide is the only source of water for flushing
trapped brine. However, Azam et al. (2006) showed that in the
rocky southern Gulf, characterized by bathymetric undulations,
tidal contributions to coastal currents are small, but wind-induced
currents are strong. Because the Gulf’s residual circulation inhibits
basin salt buildup, this circulation also imposes upper limits on
subbasin salt buildup. The estimates of these limits as given in
this study [Figs. 6(a) and 7(a)] are a first step toward systematic
characterization of brine trapping in slow flushing zones near
Arabian Gulf coast.
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Practical Applications and Future Research
Perspectives

Designing Brine Outfalls in Southwestern Gulf Region

The freshwater that is removed from the Gulf by seawater desali-
nation is only about 1.2% of Gulf basin evaporation (Ibrahim
2017), which drives the residual circulation that flushes the Gulf.
Considerable benefit can be derived by taking advantage of the
residual circulation flushing characteristics to enhance brine trans-
port from the Gulf to the open ocean, especially in slow flushing
zones such as the southwestern Gulf region. The findings here dem-
onstrate the far-field dynamical interplay between the Gulf’s
residual circulation and brine discharge. A future research direction
will be a systematic study, documented in a design manual, of out-
fall alternatives for slow flushing Gulf zones, whereby brine pro-
duced by plants near these zones is discharged into fast flushing
zones where the residual circulation flushing is effective.

The far-field analysis given here for brine discharge on the
Arabian coast, however, can be used to guide the design of brine
outfalls near this coast, especially in the Gulf’s southwestern region
that is most sensitive to salt buildup. Although construction and
maintenance costs of ocean outfalls increase exponentially with
outfall length, long brine outfalls are sometimes necessary to
avoid costly environmental damage to coastal marine ecosystems
(Shahvari and Yoon 2014). One practical application of this study is
to use the spatial and temporal characteristics of salt buildup be-
cause of brine discharge that is given here to evaluate alternative
brine outfall positions in the southwestern Gulf region, so that brine
is placed where residual Gulf circulation flushing is effective. A
study that implements this approach will be presented in a separate

paper.

Evaluating Harmful Algal Bloom Population Dynamics

The small reduction in Gulf flushing time because of brine dis-
charge may have increased the frequency of harmful algal blooms
(HABs) in the Gulf. This is because the transport of formed
HABs from the Indian Ocean to the Gulf is an important factor in
Gulf HAB events, which has increased in recent decades (Shehhi
et al. 2014). HABs (or red tide) have contributed to the death
of large quantities of marine life in the Gulf (Al-Yamani et al.
2012; Sale et al. 2011; Glibert et al. 2002). HABs also foul intake
seawater for desalination plants, which causes acute reductions in
plant production capacity, plant shutdowns, and damage to mem-
branes and other sensitive desalination equipment (Ghanea et al.
2016; Thu et al. 2014; Shehhi et al. 2014; Zhao and Ghedira 2014).
Moreover, brine has also been identified as a source of inorganic
nutrients for harmful algae (Roberts et al. 2010). This study pro-
vides spatial and temporal characteristics of salinity that can be
used to identify and monitor Gulf regions at high risk of HABs
because of brine discharge.

Conclusion

For the first time, the dynamic interaction between brine discharge
and the Gulf’s residual circulation was simulated, and brine dis-
charge impact was quantified at basin and regional scales. Because
of this circulation, basin-scale salinity is resilient to brine discharge.
However, regional sensitivity to brine discharge is large in the
Gulf’s southwestern region, and preventing salt buildup there may
require multinational efforts. Jong (1989) observed that “the treaty
establishing the GCC contains the enabling clauses to create a
viable mechanism for implementing coordinated utilization of the
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GCC’s shared water resources within the accepted framework of
international law.” This study provides the scientific basis for co-
ordinated utilization of Gulf seawater for desalination.
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