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ABSTRACT

Feed water to seawater reverse osmosis desalination systems should have a constant salinity with
minimal variation. Intake systems that extract water from shallow nearshore areas in arid regions
can exhibit significant fluctuations in salinity caused by high rates of evaporation and lack of
circulation. Such fluctuations in salinity could inhibit the design, construction, and operation of
seabed gallery intake systems located in shallow nearshore areas, such as the Red Sea inner shelf.
Water depths range from 0 to 2 m between the beach and the edge of the fringing reef in the opti-
mal locations for the development of seabed gallery intakes along the coast of the Red Sea of Saudi
Arabia. The evaporation rate in this area is between 2 and 3 m per year. The bottom consists of
mostly a marine hardground containing a thin veneer of unlithified sediment and no significant
cover of corals or seagrass. The rather barren nature of the bottom suggests that periodic hyper-
salinity may contribute to the formation of hardgrounds on the bottom by causing supersaturation
of the seawater with calcium carbonate and may limit the growth of corals and grasses. To assess
the changes in salinity, a conceptual model was developed which assumes that a shallow circula-
tion cell develops between the shoreline and deeper water offshore. Lower salinity seawater
should migrate landward to replace water loss caused by evaporation with seaward moving of
high-salinity water occurring along the bottom to balance the flow with ultimate mixing before
the reef tract. To test this circulation pattern, a series of sensors were deployed to continuously
monitor the water temperature, conductivity, and salinity at the surface and at the bottom during
several periods of high air temperature. Surprisingly, the results show very little variation in
salinity, despite the very high evaporation loss. The water salinity ranged between 39,000 and
40,000 mg/L with no diurnal variations of significance. Based on the monitoring and weather
station data collected nearby, it appears that the predominant strong onshore wind, particularly
during the afternoon and early evening, causes near-continuous mixing of the water between the
reef tract and the shoreline. Therefore, the development of seabed gallery intake systems within
the shallow water between 1 and 2 m of depth is feasible based on the measured salinity which is
similar to that occurring further offshore in water depths between 2 and 20 m.
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1. Introduction

It is an international goal to reduce the energy con-
sumption and cost of seawater desalination to allow it
to be used to provide water supplies to a greater num-
ber of people [1,2]. A significant component of this
goal is to improve the quality of the raw seawater that
is treated by the seawater reverse osmosis process
(SWRO) [3]. One method of improving the quality of
raw seawater that enters a SWRO facility is to utilize
some type of subsurface intake system which provides
a significant degree of pretreatment using natural fil-
tration, similar to the bank filtration process used in
freshwater river intakes in Europe and other regions
for over a century [4]. Recent investigations have
demonstrated that subsurface intakes provide a signif-
icant improvement in water quality by removing
organic substances from the seawater, thereby decreas-
ing the potential for biofouling of the SWRO
membranes [5,6].

A considerable amount of research has been
conducted on the use of subsurface intake systems
along the Red Sea coast of Saudi Arabia [7-11]. The
primary conclusion of this research is that the best
type of subsurface intake that could be used to supply
SWRO facilities of virtually any capacity is the
offshore seabed gallery system. A number of site-
specific investigations showed that the galleries could
be constructed in the nearshore subtidal zone between
the reef and the beach (Fig. 1).

A key assumption with regard to the technical
feasibility of successfully operating a seabed gallery
along coastline of the Red Sea is that the raw water
salinity would remain the same as the background
salinity with time, since this region is arid and has a
high rate of free surface evaporation. A question has
been raised concerning whether the shallow water
near the shoreline becomes more saline during daily
cycles caused by evaporative concentration. It is the
purpose of this research to evaluate the nearshore
changes in salinity on a diurnal basis to determine if
the evaporative loss of seawater would cause a limita-
tion to the use of seabed gallery intake systems in the
nearshore areas of the Red Sea of Saudi Arabia.

2. Methods

The potential evapotranspiration for the nearshore
of the Red Sea was calculated using the Penman

method as applied to the weather station data
collected near the shoreline at the King Abdullah
University of Science and Technology. This station is
representative of the general Red Sea region of Saudi
Arabia, but some variation in data can be anticipated.

Conductivity and temperature data from the
shallow nearshore water were collected at two sites:
one located adjacent to the King Abdullah Economic
City (KAEC) (site A) and another at a site adjacent to
King Abdullah University of Science and Technology
(KAUST) (site B) (Fig. 2).

Transducers were deployed into the field to
measure the top and bottom conductivity and temper-
ature at the two locations (site A, site B). The details
of installation are shown in Fig. 3. Eight transducers
were deployed at depths ranging from 0.6 up to 3.5 m
below surface. Site A data were recorded continuously
for a period of 7 weeks. Site B-1 data were recorded
for a period of 4 weeks, while data were recorded for
a one-week period only for site B-2 due to installation
1Tor.

Since wind is a key component of shallow
nearshore circulation, wind data were collected from
an onshore weather station located at King Abdullah
University of Science and Technology. These data
were compiled into a wind rose and were used to
assess the potential for causing nearshore mixing of
the water column.

3. Investigation results
3.1. Potential evaporation analysis

Hourly meteorological variables were recorded at a
weather station installed on the coast of Red Sea near
KAUST. The Penman method was used extensively to
estimate potential evaporation (PE) and it requires air
temperature, wind speed, relative humidity, and solar
radiation data to perform this estimate. In this study,
we used the energized Penman equation proposed
by Van Bavel [12], which results in the below
relationship:

(L + K)[s(To)] + pyyKedyvalesa(Ta)] (1 — W,)

E =
P Pyivlesat(Ta) + 7]

x 100
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Fig. 1. Research sites on which investigations were conducted on seabed gallery feasibility.

where E, is the evaporation rate (cm), the net
radiation is represented by (L + K) in which L is the
net long wave radiation (M] m?), and K is the net
incoming short wave radiation (M] m2), and the slope
of the saturation vapor pressure (kPa °‘C ') is s(T,) at
the surface temperature. The density of water (kg m™~>)
is p,, and y corresponds to the psychrometric constant
(kPa °‘C 7). The mass transfer is defined by K. (kPa™")
and A, corresponds to the latent heat of vaporization
(MJ kg™"). es is the saturation vapor pressure (kPa)
and v, is the velocity of air (m/s). The relative humid-
ity is denoted by W, in the equation.

Fig. 4(a) and (b) depicts the hourly and monthly PE
estimated over a period of one year. Zero day of the
year corresponds to the first day of the year. The
increasing trend of PE was observed in the first 150 d
of the year and a maximum PE rate of 0.17 cm/h was
estimated. Monthly PE shows a similar trend and a
maximum monthly PE of 29.2 cm/month was observed
in May. The ambient temperature decrease in the win-
ter causes the PE to decrease and this can be observed
especially after the month of September. In a year,
262.28 cm PE was observed near the coast of Red Sea.

3.2. Conductivity and temperature data

For both sites, there was a clear positive relation
between temperature and conductivity measurements
as shown in Fig. 5(a) and (b). At both sites, the con-
ductivity values were in correspondence with temper-
ature measurements. The measurements of top and
bottom points were almost equal at both sites with no
clear difference observed based on the depth change.
The conductivity measurements were in the range of
56 and 62 mS/cm during the deployment period,
while the temperature was in the range of 23 and
28°C. In order to clearly understand the temperature
effect on electrical conductivity (EC), a temperature-s-
tandardized equation was used in which EC values
were standardized at a reference temperature of 25°C:

ECys — EC, x |0.4470 + 1.4034 x (e)(r?ns)] ©)

where ECy5 is the standardized EC, and T is the water
temperature in “C [13].
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Fig. 3. Deployment of transducer units.

In order to identify the role of water depth in con-
ductivity and temperature change, the standardized
measurements of EC from site A are plotted in Fig. 6.

The standardized conductivity measurements for
site B are shown in Fig. 7.

3.3. Wind data diagram

Fig. 8 shows the wind rose diagram based on one
year of hourly wind data recorded by weather station

Site B: (09/07/2014 to 06/08/2014)

installed at the coast near KAUST. This rose shows
that the winds on the coast blow from the northwest
most of the time, which is an onshore direction. The
wind speed was recorded in meters per second and
the legend at the right bottom corner shows the wind
speed categories and their associated colors. The six
spokes around the northwest direction comprise 34%
of all hourly wind directions. The wind rarely blows
from the southwest or the northeast. The wind rose
diagram also provides details on speeds from different



22730

0.1

0.05

0 60 120 180 240

Day of the Year

300 360

A.H.A. Dehwah et al. | Desalination and Water Treatment 57 (2016) 22726-22733

(b) 2 5

25

20

E 5 (cm/month)

10

Month of the Year

Fig. 4. (a) Hourly potential evaporation flux estimated over 365 d of a year and (b) monthly potential evaporation values

estimated by Penman equation.
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Fig. 5. EC and temperature measurements for site A-1 top
(a) and for site A-1 bottom (b). The standardized EC is
shown in black.

directions. Examining winds from the northwest (the
longest spoke), one can determine that approximately
3% of the time, the wind blows from the northwest at
speeds between 4 and 6 m per second. Similarly, on
this spoke, it can be calculated that winds blow from
the northwest at speeds between 6 and 8 m/s about
2.8% of the time (5.8-3%), at speeds between 8 and
10 m/s about 1.2% of the time, and between 10 and
12 m/s about 0.3% of time.
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Fig. 6. Standardized conductivity measurements for site A.
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Fig. 7. Standardized conductivity measurements for site B.

4. Discussion

Thermohaline circulation is a common process of
deep ocean circulation which controls the overall
movement of large water masses [14,15]. Perhaps, sim-
ilar thermohaline cells of a very small size can form in
shallow, nearshore areas where there is a very high
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Fig. 8. Wind data at KAUST weather station, values are
given in (m/s).

rate of free surface evaporation and wind-driven wave
action is minimal. In these shallow areas, the seawater
would be evaporatively concentrated at the surface,
sink to the bottom, and move seaward with the bot-
tom slope. Fresher seawater would move landward to
balance the mass of water lost through evaporation
and the seaward moving density current (Fig. 9). This
nearshore circulation would have the tendency to
cause the occurrence of hardgrounds and the absence
of marine flora and fauna that are sensitive to high-
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salinity water. This is the observed condition of a
large portion of the nearshore area of the Arabian Sea
of Saudi Arabia.

It has been demonstrated that thermally driven
exchanges occur between a coral reef and the adjacent
ocean at the northern end of the Gulf of Aqgaba [16].
The heating of shallow water causes an offshore
movement of water at the surface and a balancing
onshore flow of water at depth. This is an opposing
flow cell compared to potential seaward-directed
bottom flow caused by density. Wind-driven near-
shore circulation in coral reef systems is known to
facilitate circulation within reef and lagoon systems
[17-19].

The occurrence of higher salinity bottom water
during the summer months or during part of the diur-
nal cycle would be of great concern in the event that a
seabed gallery intake was to be used to provide feed-
water for a SWRO facility. The salinity of the near-
shore water in the Red Sea is commonly between 40
and 42 ppt and any increase would provide difficulties
to the operation of the facility.

An analysis of the PE of the nearshore of the Red
Sea shows that the total annual PE ranges from 2 to
3 m. The highest daily rates would occur during the
day in the summer months. The calculated PE data
appear to support the potential for allowing thermo-
haline circulation to occur during part of the year
within the nearshore zone.

Mixing at 2m depth

Fig. 9. Theoretical density circulation in the nearshore shallow area of the Red Sea based on evaporation.
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The monitoring of the shallow water during part
of the year at site A and site B showed that no signifi-
cant salinity and temperature gradients are formed in
the shallow nearshore area. The likely reasons for mix-
ing in this area are: (1) the water depth may be too
shallow to accommodate density current formation,
(2) the bottom slope is insufficient to allow a density
current to form, and (3) the strong onshore wind
causes sufficient nearshore circulation to prevent the
formation of vertical density gradients, nearshore den-
sity circulation, and wave-driven shallow circulation.
Based on the data observed from the site along the
Red Sea shoreline, it is likely that a combination of
wind- and wave-driven circulation causes mixing and
convection with nearshore outer and inner reef areas
as described in locations of the Red Sea and other
regions [20-22].

While this research is specific to the Red Sea coast
of Saudi Arabia, the nearshore circulation could affect
salinity changes at other geographic sites where
seabed gallery intakes may be considered for installa-
tion. For example, the circulation of the Arabian Gulf
is affected by an offshore wind direction along the
Saudi Arabian coast and other locations where high
salinity in shallow water is documented. Therefore,
evaporative concentration of salinity could be a signifi-
cant problem [23]. The coastlines of the Mediterranean
tend to have a larger variation in wind direction and
intensity, so site-specific investigations of nearshore
circulation would be required during the intake
design process in this locality.

5. Conclusions

An investigation of variations in nearshore salinity
and temperature was conducted to ascertain the
potential for the formation of high-salinity bottom
water along the Red Sea nearshore area of Saudi Ara-
bia. The formation of a high-salinity water mass and
seaward circulation could adversely affect the opera-
tion of a seabed gallery intake by causing a fluctuation
of the intake water salinity which would influence
plant operations. The investigation showed that no
such vertical density gradient was formed and no sig-
nificant shallow thermohaline circulation was occur-
ring. It is likely that the absence of a vertical density
gradient and formation of circulation are caused by
wind mixing and the low degree of seaward-dipping
bottom slope.

While the results of this investigation are positive
with regard to the viability of using seabed gallery
systems constructed in shallow, nearshore water of
the Red Sea of Saudi Arabia, care still must be taken
to map the bottom bathymetry to be sure that slope
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allows free movement of water. The presence of a
shallow basin could allow high-density water to accu-
mulate within it and limit the impacts of mixing pro-
cesses on the water column.
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