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Abstract

The salt conservation law was applied, for the first time, in order to compare the real and calcu-
lated values of water outflow (m3/s) and residence time (days) in the lagoons of Ayla Oasis at the
northernmost tip of the Gulf of Aqaba. The aim is to obtain the scientific bases of monitoring be-
side the real observation in areas that could not be measured directly by the current meters. The
real measurements of water current by Acoustic Doppler Current Profiler (ADCP) workhorse 600
kHz, salinity and density by the Conductivity, Temperature and Depth meter (CTD 19plusV2), were
collected during the period June 2012-May 2013. The statistical analysis was performed using
Statview (5.0) software. The results revealed highly significant correlation between the real and
calculated values for both water flow (r = 0.90; P = 0.0001) and residence time (r = 0.89; P <
0.0001). Hence, the salt conservation law can be used to calculate the outflow and residence time
of seawater inside the lagoons, particularly at areas that could not be accessed for direct current
measurements. The differences between the real and calculated values of the water outflow (1.85
+ 1.71 m3/s) and residence time (0.80 * 0.72 days) should be taken into consideration to correct
the calculated values.
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1. Introduction

Coastal ecosystems, located along the margins of continents and oceanic islands, are areas of high productivity.
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They play vital roles in supporting human wellbeing because of their immense biological resources and the life-
supporting services they provide [1] [2]. Nearly 500 million people (including nearly 30 million poor people)
depend directly and indirectly on coral reefs for their livelihoods, food and other resources [3]. Further, it is es-
timated that up to 80% of the global fish catch is directly or indirectly dependent on mangroves [4] [5].

Lagoon ecosystem is one of the shallow water ecosystems that are separated by barrier or coral from larger
water systems, which is characterized by predominant sand substratum [6]. Lagoons occupy about 15% of the
earth’s coastal zones [7].

Coastal lagoons and estuaries represent water bodies along the coast that formed during rises in sea level,
which was particularly high during the early Holocene (12,000 - 8000 years ago) and slowed down some 6000
years ago [8]. Many authors [8]-[10] call them “ephemeral” as they are continuously changing with the passing
of time [4].

Lagoons and estuaries are extremely important in the sustenance of coastal fisheries. Many edible shell fish
and fish are found in lagoons, estuaries and their associated habitats such as mangroves and seagrasses. The rel-
atively calm habitats of lagoons allow for the practice of traditional and artisanal fisheries [4] [11].

Physical properties of the lagoons are important abiotic factors in ecosystem. Lagoons respond rapidly to any
changes in temperature and/or salinity of the water because their areas are small with shallow depth [12]. Some
physical and chemical aspects of the coastal lagoons of the Red Sea have been studied [13]-[15].

The characteristics that make shallow lagoons and estuaries highly productive are the long water residence
times, the cycling of nutrients before they are flushed to the sea which makes them very vulnerable to over-
enrichment by nutrients and its attendant consequences [10].

Estuaries and coastal lagoons are driven by tides, river input, wind stress, and heat balance at the surface, but
respond unequally to these forcing functions because of differences in geomorphology. Whereas circulation,
mixing and exchange have been studied extensively in coastal plain estuaries, these processes have been less
well synthesized for coastal lagoons. The main threats that face lagoons and estuaries are the point and non-
point source pollution [16]. However, the dependence of water quality and eutrophication on flushing, hydrody-
namic turnover and physical dynamics is of prime importance for planning and implementation of coastal man-
agement strategies in coastal lagoons [17].

Artificial lagoons can be of different nature, such as, Closed Lagoons or Inland Lagoons, which are a kind of
artificial lake without direct connection to the sea, however with seawater being pumped and circulated in the
lagoon system; and Open Lagoons or Tidal Lagoons, which are connected to the sea by one or more tidal inlets
[18].

The energetic balance of a coastal lagoon depends principally on the access channel configuration controlling
the exchange rates of materials, residence time and water quality [19].

In this study, the water flow and residence time of waters inside lagoons (artificial) of the Ayla Oasis (Figure 1)
were calculated for the first time using the salt conservation law. This law depends mostly on the basic physical
properties (salinity and density) and the pumping rates. The objective of this study is to compare the calculated
values with the real observation of water flow and residence time, and to use the salt conservation law as a base
of monitoring beside the real observation in areas that could not be measured directly by the current meters.

2. Methodology
2.1. Study Site

The Gulf of Agaba (Figure 1) is a semi-enclosed basin that extends over a length of 180 km with a width be-
tween 5 and 25 km (average of 16 km). The deepest point in the Gulf reaches 1825 m with an average depth of
800 m. The Gulf is connected to the Red Sea by the Strait of Tiran, which has a sill depth of about 265 m. While
much of the Gulf is deep (>1800 m), the northern sector has a relatively shallow shelf adjacent to the major
population centers [20]-[25].

The Jordanian coast (27 km) on the Gulf of Agaba is fringed by discontinuous belt of reefs separated by sandy
bottoms that are usually covered by seagrass meadows [26]. The northern part of the Jordanian coast, which is in
front of the study area (Ayla lagoons), is characterized by sandy bottoms that are covered by seagrass beds and
absence of hard substrate and reef-building corals [27]. The study area is actually close to the center of two main
towns (Agaba and Eilat), and it was selected due to its importance and environmental significant for the sur-
rounding countries, because it is substantially under various active developments. The current active and rapid
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Figure 1. Map of study area and measurements sites in the lagoons of Ayla Oasis in the northern Gulf of Agaba (After Ma-
nasrah 2015 [30]).

development including the establishment of artificial lagoons at the northern end of the Gulf of Agaba is ex-
pected to cause ocean pollutions at this area [28]-[30].

2.2. Ayla Oasis

Ayla Oasis is an artificial lagoons located at the northernmost tip of the Gulf of Agaba with 235 m sea frontage
onto the open sea (Figure 1). This enterprise was established based on the Master plan of the Agaba Special
Economic Zone (ASEZ). Ayla Oasis consisted of three lagoons; upper (UL), middle (ML) and tidal lagoons
(TL). The UL and ML are at +6.0 m and +3.0 m above sea level, respectively, while the TL is directly connected
to the open sea with same level. These lagoons created remarkable 17 km of new seafront to the Agaba city.
Pumping stations are used to maintain reasonable water quality in the lagoons. Water is being pumped up into
the UL and ML, and then flow under gravity over the various cascading weirs discharging at various points into
the TL, and from there to the open sea (Table 1).

2.3. Data Collection

The water flow was measured monthly at seven sites (Currl-Curr7) inside the TL using Acoustic Doppler Cur-
rent Profiler (ADCP) workhorse 600 kHz during the period June 2012-May 2013. Salinity and density were
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Table 1. The detailed operational scenarios of pumping system into the lagoons of Ayla Oasis in the northern Gulf of Agaba.

Period Flow into UL by Pump 3 (m*s™) Flow into ML by Pumps 1 + 2 (m*s™) Total flow (m*s™)
1-May-12 to 15-Jul-12 6 4.2 10.2
16-Jul-12 to 10-Jan-13 3.6 2.52 6.12
10-Jan-13 to 1-Jun-13 3 35 6.5

measured monthly at 25 sites in all lagoons using Conductivity, Temperature and Depth meter (CTD 19plusV2)
during the same period as above (Figure 1). The sites for current measurements (Currl-Curr7) were selected at
the connection channel between the TL with the open sea and the connection between the TL with the UL and
ML. The purpose was to calculate the residence time of waters inside all lagoons as well as inside the UL and
ML. The residence time of water in all lagoons was calculated by utilizing the results of current measurements at
Currl site.

2.4. Salt Conservation Law

Conservation of mass and salt can be used to obtain very useful information about flows and residence time in
the ocean. Salinity in a given region of the ocean can change due to river discharge, precipitation, freezing/
thawing, and evaporation. However, the overall amount of salt in the oceans remains relatively constant, i.e., sa-
linity is a conservative property of seawater [31].

Because salt is not deposited or removed from the sea, conservation of salt requires that:

PV;iS; = PV, S @

o~o

where p; (kg'm™3), S; (PSU) are the density and salinity of the water inflow, and p, (kg-m™3), S, (PSU) are density
and salinity of the outflow, respectively (Figure 2). The V; and V, are the water inflow and outflow in m*/s, re-
spectively.

In this study, the salt conservation law was used in order to calculate the flow and residence time of seawater
inside the three lagoons.

The residence time or flushing time (RT) of the lagoons basin can be identified as the minimum time needed
to completely flush the entire volume of water inside the lagoons. The residence time is determined from the rate
of water outflow (V) (m%s) from the basin and the volume of the basin (Vol) (m®).

RT =VoIN @)

2.4.1. Implemented Calculations in the Upper Lagoon (UL)

The salt conservation law in Equation (1) was used to calculate the outflow rate in the upper lagoon. Taking into
account the several measurements of salinity and density near the connection channel between the UL and ML
(Figure 3), the Equation (1) can be modified as:

Vi(p+p,)(S:+S,)

V, =
(,018 +p9)(818 + Sg)

®)

where:
V,: water outflow from the UL to the ML (m?/s).
Vi: water inflow by pump3 to the UL (m%/s).
i density of water inflow at sites ws01, ws02 (kg/m®).
S;: salinity of water inflow at sites ws01, ws02 (PSU).
po: density of water outflow waters at sites ws18, ws09 (kg/m®).
S,: salinity of water outflow at sites ws18, ws09 (PSU).
The residence time (RT) of waters inside the UL was calculated using Equation (2) as:

RT (UL)=VolIN,

where, Vol is the water volume of the UL (~374,000 m®) and V, is the water outflow from the UL into the ML.
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Figure 3. Map of the upper lagoon (UL) in the la-
goons of Ayla Oasis in the northern Gulf of Agaba.

2.4.2. Implemented Calculations in the Middle Lagoon (ML)

Similar to the upper lagoon, the salt conservation law in Equation (1) was used to calculate the outflow rate in
the Middle lagoon (ML). Besides, the equation considered the average values of density and salinity for the wa-
ter inflow and outflow in order to obtain more realistic results (Figure 4). Therefore, the Equation (1) was mod-
ified to the following:

_ 4[Vi (P1g+ Py )(Sis +Sg ) +PUMPL( o5 + pys ) (Sis + Sy ) + PUMP2( P15 + p1g ) (Sis + Sy )]

Vv
(Plo + P T Pt P2 )(Slo + Sy + S, + Szz)

0

(4)

where:
V,: water outflow of ML into TL (m®s).
V;: water inflow of UL into ML (m%s).
i density of water inflow at sites ws09, ws13, ws14, ws15, ws16, ws18 (kg/m?).
S;: salinity of water inflow at sites ws09, ws13, ws14, ws15, ws16, ws18 (PSU).
po: density of water outflow at sites ws10, ws19, ws20, ws22 (kg/m®).
S,: salinity of water outflow at sites ws10, ws19, ws20, ws22 (PSU).
Pump 1 and pump 2: water inflow by pump1 and pump 2 into ML (m?/s).
The residence time (RT) of waters inside the ML was calculated using Equation (2) as:

RT (ML) =Vol/V,
where, Vol is the water volume of the ML (~246,500 m?) and V, is the water outflow from the ML into the TL.
2.4.3. Implemented Calculations in the Tidal Lagoon (TL)
Similar to the previous calculations in UL and ML, salt conservation law in Equation (1) was used to calculate

the flow and residence time in the TL. The average values of density and salinity for the water inflow and out-
flow were utilized in order to get more realistic results (Figure 5). Therefore, the Equation (1) can be modified

as the following:
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Figure 4. Map of the middle lagoon (ML) in the la-
goons of Ayla Oasis in the northern Gulf of Agaba.
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Vi (plo + Pig+ Pyt P2 )(SZLO +S)5+ S5, + S22)
(16,024324)

V. =

0

®)

V,: water outflow of TL into the open sea (m%s).

Vi: water inflow of ML into TL (m%/s).

o density of water inflow at sites ws10, ws19, ws20, ws22 (kg/m®).

S;: salinity of water inflow at sites ws10, ws19, ws20, ws22 (PSU).

po: density of water outflow at sites ws24 (kg/m?®).

S,: salinity of water outflow at sites ws24 (PSU).

The residence time (RT) of waters inside all lagoons was calculated using Equation (2) as:

RT (ALL)=Vol/V,

where, Vol is the water volume of all lagoons (~1,525,000 m®) and V, is the water outflow from the TL into the

open sea.
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2.5. Statistical Analysis

The correlation test between the real and calculated values of water outflow from all lagoons into the open sea
and the residence time of waters inside all lagoons during the period June 2012-May 2013 was performed using
Statview (5.0) software in order to check the validity of using the salt conservation law in Ayla lagoons.

3. Results and Discussions

By the use of salt conservation law and its application in water bodies of the different lagoons of Ayla Oasis, the
values of flow water (m?/s) and residence time (days) were generated to each lagoon and then data were com-
pared between the calculated with the real that was measured.

3.1. Upper Lagoon (UL)

The results of the outflow and residence time of waters in the UL (Table 2, Figure 6) revealed that the maxi-
mum and minimum outflow values were 5.96 and 2.98 (m*/s) in June 2012 and May 2013, respectively. The av-
erage value of outflow was 3.53 + 0.82 (m?/s).

The maximum and minimum residence time of waters inside the UL was 1.45 and 0.72 (days) as measured in
May 2013 and June 2012, respectively. The average value of residence time was 1.27 + 0.21 (days).

The maximum outflow (5.96 m®/s) and minimum residence time (0.72 days) in the UL was more obvious
during the period of highest pumping rate by pump no. 3 in June 2012, which was 6 m*/s. In general, the flow
rate and residence time has an inverse relationship.

The water outflow decreased after June 2012 to the range (2.97 - 3.59 m%s) due to the significant reduce in
pumping rate after June 2012 to about (3 - 3.6 m*/s).In general, the residence times results indicate that the con-
ditions at the UL in term of water quality were good with an expected secure environment.

3.2. Middle Lagoon (ML)

The results of the outflow from ML into the TL and residence time of waters in both ML and UL (Table 3,
Figure 7) revealed that the maximum and minimum outflow values was 10.14 and 6.04 (m%/s) in June 2012 and
December 2012, respectively. The average value of outflow was 6.57 + 1.14 (m?/s).

The maximum and minimum residence time of waters inside the ML and UL was 1.19 and 0.71 (days) in De-
cember 2012 and June 2012, respectively. The average value of residence time was 1.11 + 0.13 (days).

Similar to the UL, the maximum outflow from the ML into TL (10.14 m%s) and minimum residence time
(0.71 days) in both ML and UL was in the period of highest pumping rate by pumps (1 - 3) in June 2012, which
was 10.2 m*/s.

The water outflow decreased after June 2012 to the range (6.10 - 6.51 m%s), which was due to the significant
reduction of pumping rates after June 2012 to about (6.12 - 6.5 m>/s). However, the residence time results in
both ML and UL indicate that the environment conditions were good.

3.3. Tidal Lagoon (TL)

The results of the outflow from TL into the open sea and residence time of waters in all lagoons (Table 4,
Figure 8) revealed that the maximum and minimum outflow values were 10.24 and 6.10 (m*/s) in June 2012
and December 2012, respectively. The average value of outflow was 6.62 + 1.15 (m%/s).

The maximum and minimum residence time of waters inside all lagoons was 4.07 and 2.42 (days) in Decem-
ber 2012 and June 2012, respectively. The average value of residence time was 3.82 + 0.45 (days).

Similar to the UL and ML, the maximum outflow from the TL into open sea (10.24 m%s) and minimum resi-
dence time (2.42 days) in all lagoons was in the period of highest pumping rate by pumps no. (1 - 3) in June
2012, which was 10.2 m*/s.

The water outflow decreased after June 2012 to the range (6.10 - 6.51 m?/s), due to the significant reduction
of pumping rates after June 2012 to about (6.12 - 6.5 m*/s).

The residence time of all water body of the three lagoons was longer about 3.4 folds compared to the UL and
ML. This because the water volume of all lagoons is about 2.5 folds compared to the UL and ML and there is no
other inflow waters source into the TL except the origin source from pumps no. (1 - 3).
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Table 2. Water outflow (m%/s) of UL into the ML and residence time (days) of the UL during June 2012-May 2013 in the
lagoons of Ayla Oasis in the northern Gulf of Aqgaba.

Date Vout (UL) (m¥s) Residence Time (UL) (Days)

28-Jun-12 5.96 0.72
19-Jul-12 3.59 1.20
22-Aug-12 3.57 121
13-Sep-12 3.58 1.20
13-Oct-12 3.58 121
20-Nov-12 3.57 121
16-Dec-12 3.55 122
16-Jan-13 3.00 1.44
16-Feb-13 2.99 1.45
16-Mar-13 2.98 1.45
10-Apr-13 2.99 144
08-May-13 297 1.45

Table 3. Water outflow (m®/s) of the ML into the TL and residence time (days) of UL and ML during June 2012-May 2013
in the lagoons of Ayla Oasis in the northern Gulf of Agaba.

Date Vout (ML) (m%s) Residence Time (ML & TL) (Days)
28-Jun-12 10.14 0.70
19-Jul-12 6.07 1.18
22-Aug-12 6.09 1.18
13-Sep-12 6.08 1.18
13-Oct-12 6.07 1.18
20-Nov-12 6.06 1.18
16-Dec-12 6.04 1.19
16-Jan-13 6.48 1.10
16-Feb-13 6.41 1.12
16-Mar-13 6.47 111
10-Apr-13 6.46 111

08-May-13 6.46 111

Table 4. Water outflow (m®/s) of the TL into the open sea and residence time (days) of all lagoons during June 2012-May
2013 in the lagoons of Ayla Oasis in the northern Gulf of Aqgaba.

Date Vout (ML) (m¥%s) Residence Time (ML & TL) (Days)
28-Jun-12 10.24 2.42
19-Jul-12 6.14 4.04
22-Aug-12 6.14 4.04
13-Sep-12 6.13 4.05
13-Oct-12 6.13 4.05
20-Nov-12 6.10 4.07
16-Dec-12 6.09 4.07
16-Jan-13 6.52 381
16-Feb-13 6.46 3.84
16-Mar-13 6.47 3.83
10-Apr-13 6.50 381

08-May-13 6.51 381
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Figure 6. Time series of calculated values of water outflow (m®/s) and residence time (days) in the UL during
the period June 2012-May 2013 in the lagoons of Ayla Qasis in the northern Gulf of Agaba.
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Aqgaba.

Although there are some semi-enclosed areas that did not exchange waters efficiently inside the lagoons,
which was not representing an actual obstacle for the overall water exchange between the lagoons and the open
sea. The results revealed an excellent and secured environmental condition that expected to prevail in the future.

The results of the present study revealed an excellent condition prevail inside all these artificial lagoons with
an expected sustainability of such environmental conditions in the future. The results of average residence time
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of seawater in the lagoons suggested good conditions in water quality and even more than a proper time needed
to ensure a complete flushing in the lagoons in order to secure high quality of the environmental conditions.

3.4. Statistical Correlations

The maximum and minimum values of the water outflow and residence time were ignored in correlation test to
ensure not including any possible error and to enhance the results of the correlation, which statistically accepted.
The maximum value was recorded in the first month of measurements (June 2012), where we assumed that
some error occurred as it was the first trial implements this kind of measurements. The lowest value was in No-
vember 2012, due to the shut down of water pumps as the meteorological conditions were bad and unusual dur-
ing that time.

The correlation between the real and calculated values of water outflow (Table 5; Figure 9) statistically re-
vealed a highly significant relationship (correlation coefficient “r = 0.90”; correlation probability test “P =
0.0001™). In addition, the same test for the residence time (Table 5; Figure 10) showed a highly significant rela-
tionship (r = 0.89; P < 0.0001) between the real and calculated values. In general, these results indicate that the
principle of salt conservation law can be applied to calculate the water outflow and residence time in the lagoons
of Ayla Qasis.

Table 5. Real observation and calculated values of water outflow (m%s) from the lagoons into the open sea and the resi-
dence time (days) of all lagoons during the period June 2012-May 2013 in the lagoons of Ayla Oasis in the northern Gulf of

Aqgaba.
b Outflow (m?/s) - All Lagoons Residence Time (Days) - All Lagoons
ate
Real Calculated Real Calculated
28-Jun-12 16.62 10.24 1.49 242
18-Jul-12 10.5 6.14 2.36 4.04
22-Aug-12 9.88 6.14 251 4.04
17-Sep-12 9.17 6.13 271 4.05
17-Oct-12 9.59 6.12 2.59 4.05
19-Nov-12 5.94 6.10 4.18 4.07
17-Dec-12 8.38 6.09 2.96 4.07
16-Jan-13 7.25 6.52 3.43 3.81
17-Feb-13 6.68 6.45 3.72 3.84
18-Mar-13 7.33 6.47 3.39 3.83
21-Apr-13 6.17 6.50 4.02 3.82
20-May-13 6.71 6.51 3.70 3.81
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Figure 9. Relationship between real and calculated values of water outflow (m%/s)
from TL into open sea during the period June 2012-May 2013 in the lagoons of Ayla
Oasis in the northern Gulf of Agaba.
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lagoons during the period June 2012-May 2013 in the lagoons of Ayla Qasis in the northern Gulf of
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Although there were significant relationship between the real measurements and calculated values of water
outflow and residence time, there were also differences between the real and calculated values. In relation to
water outflow, the average difference between the real and calculated values was 1.85 + 1.71 m®/s, where the
calculated values were always lower. On the other hand, the average difference between the real and calculated
values of residence time was 0.80 £ 0.72 days, where the calculated values were always longer.

Several studies expressed the effect of the wind driven force and tidal force on current pattern near the study
site. Brenner et al. [32] reported that wind events in the northern Gulf of Agaba drive upwelling in the eastern
side and downwelling in the western side. Manasrah et al. [28] found anticlockwise current rotation with depth,
during summer and autumn seasons, near the study area, which may be related to the Ekman wind drift in the
coastal region with vertical wall [33] [34]. They predict that steady wind stress acting together with the Coriolis
force will produce a transport of water to the right of the wind. Moreover, the current pattern might be related to
the effect of bottom topography, which might have been directed the currents to flow parallel to its shape, i.e.
parallel to the shoreline [28]. Basically, the differences between the real and calculated values of water outflow
and residence time could be attributed to the fact that the results by the utilization of the salt conservation low
was not taking into account the effect of wind driven force and tidal force. Therefore, further investigation is
needed to calculate the strength of these forces in the generalized calculations of outflow and residence time.

However, it can be concluded that the salt conservation law can be used for calculation of the outflow and
residence time of seawater inside the lagoons, particularly in areas that could not be reached for direct current
measurements. The differences between the real and calculated values for the water outflow (1.85 + 1.71 m%s)
and residence time (0.80 £ 0.72 days) should be taken into consideration to correct more precisely the calculated
values.
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