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Abstract Lake Manzala, the greatest Egyptian coastal lakes, is considered as one

of the most valuable fish sources in Egypt. Recently, the water quality status of the

lake has been sharply deteriorated due to the excessive discharge of industrial,

agricultural, and municipal wastewater. Moreover, the lake is considered vulnera-

ble to the impacts of future climatic changes, which will affect its hydrodynamic

and water quality characteristics. This study has two main objectives: assessing the

lake water quality status and quantifying the future climatic change impacts on the

hydrodynamic and water quality characteristics of the lake. A comprehensive water

quality assessment of the lake, based on water quality index (WQI) and trophic

status index (TSI) approaches, has been presented to spatially assign the lake water

quality conditions. A calibrated hydrodynamic water quality model (MIKE21

modeling system) and future projected estimates of the climatic changes have

been used to investigate the impacts of climate change on the lake characteristics.

The results revealed the critical and very bad water quality status and the high and

very high trophic conditions, particularly in the southern and eastern zones due to

the drainage of the polluted drains. The developed model results closely mimic the

measured profiles of the simulated parameters. Severe spatial changes of the lake

water temperature, water depth, and salinity due to future climatic changes are

noticed. Based on the study results, an urgent water quality management strategy

should be implemented for the lake, and an adaptation plan for the Egyptian coastal

lakes should be investigated.
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1 Introduction

Five coastal lakes are exhibited by the Mediterranean along the Egyptian northern

coast; they constitute about 25% of the total Mediterranean wetlands; four of them

lie on the Nile Delta coast; see Fig. 1. These Northern Delta lakes are, namely, from

west to east, Lake Mariut, Lake Edku, Lake Burullus, and Lake Manzala. Econom-

ically, they are important sources of fish production; in the past, these lakes

contributed by more than 50% of Egypt total fish production [1], but now their

contribution is decreased to be about 11% (2004–2013) [2]. Northern Delta lakes

are severely environmentally degraded due to several reasons; human activities are

considered as the greatest reasons.

The largest Egyptian coastal lake is Lake Manzala which is considered as one of

the most valuable fish sources in Egypt; it contributed by about 35% of the total

country yield during the 1980s [3]. In the present, it is considered as the most

productive lake in Egypt and contributed by about 44% of the total annual produc-

tion of the Northern Delta lakes (2004–2013) and increased to be about 56% in

2013 [2]. The lake hydrological and water quality status have been degraded due to

the progressive increasing of industrial and agricultural wastewater discharge. It

faces many challenges that lead to serious changes in its water quality and fish

production as well as the catch composition [1]. Due to its critical environmental

situation and its economic importance, Lake Manzala is selected to be the case

study of this work.
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The present work is a part of a project titled “Assessment of vulnerability and

adaptation to sea level rise for the Egyptian coastal lakes” and funded by the

Alexandria Research Centre for Adaptation (ARCA), Alexandria University,

Egypt. The main project objective is assessing the impacts of future climatic

changes on the hydrodynamic and water quality characteristics of a case study of

Egyptian coastal lakes (Lake Manzala).

Some parts of the first draft of this chapter were published in IWTC18 [4] and

IWTJ [5] for climate change impacts (four different scenarios), in Environmental
Earth Sciences [6] for model developing (including statistical tests for the model

calibration results), and in IJSRES [7] for water quality assessment using WQI

approach (two different WQIs were used), while the trophic status assessment using

TRIX TI part wasn’t published earlier.

EGYPT

Northern Delta Lakes

Lake Bardawil 

Fig. 1 Layout of Egyptian coastal lakes
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2 Lake Manzala Characteristics

Lake Manzala was chosen as the case study for this work as an example of the

Egyptian coastal lakes. The lake is considered as the largest, according to its surface

area; it stretches for about 47 km long and 30 km wide. It is a shallow lake; its

average water depth is about 1.0 m. It lies on the eastern coast of Egypt, between the

western branch of the River Nile (Damietta Branch) and the Suez Canal. The lake is

surrounded by five governorates: Damietta, El-Dakahlia, El-Sharkiya, El-Ismailia,

and Port Said.

The layout of Lake Manzala is shown in Fig. 2. The lake receives freshwater

through the Enanya Canal, to the west, and through some agricultural drains, to the

south and west. The Enanya Canal discharges small amounts of the Damietta

Branch freshwater to the lake, while the agricultural drains discharge their agricul-

tural, industrial, and domestic wastes to the lake. The most important drains are

Fareskour, Elserw, Hadous, and Bahr Elbaqar; typical flow discharges of these

drains can be seen in Fig. 3. The drain polluted inflows, in addition to other human

activities such as land cultivation and human settlements, transformed the lake

water quality status from a marine estuary environment to a eutrophic freshwater

system composed of about 30 basins which are varying in their hydrological and

water quality characteristics [8]. An improvement in the lake water quality status

can be noticed due to the lake connections to the Mediterranean Sea to the north, the

EGYPT

Fig. 2 Study area layout and field record stations
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lake outlets such as El-Gamil and the New El-Gamil outlets, in addition to the

connection of the lake to the Suez Canal to the east through a small and narrow

canal (El-Qabuty Canal).

The lake vegetated islands cover about 23% of the lake total area [9]. The

hydrological status of the lake was investigated by Thompson et al. [10]; the authors

reported that the tidal oscillations in water levels are not extending throughout the

lake due to the vegetated islands within the lake. This is the reason for the dominant

influence of drainage inflows. While close to the outlets, they added that the water

levels are more strongly influenced by the tides. They concluded that due to the very

low precipitation and high evaporation rates over the Nile Delta, any reduction in

drainage inflow will strongly affect the lake hydrology and its salinity status.

The lake study area has variable climatic conditions, and the air temperature

ranges from 16 �C in January to 29 �C in August. The rainfall is limited, from

December to February, usually below 50 mm. The wind speed ranges from 10 to

40 km/h ([11, 12] database), and its main direction is the north and the western

north as can be seen in the typical wind rose of the lake in Fig. 4.

3 Lake Manzala State of the Art

Previous studies which investigated the environmental status of Lake Manzala,

water quality modeling and management of the lake, and its vulnerability to the

impacts of future climatic changes are discussed in the following sections.
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Fig. 3 Typical drains inflow in Lake Manzala
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3.1 Environmental Assessments

The environmental problems of Lake Manzala were discussed in some publications.

In 2001, the lake was selected to be as one of nine primary sites of North Africa

wetland lakes to be biodiversity studied within the CASSARINA Project

[13]. While in 2003, a pilot-scale engineered wetland model of Lake Manzala

Engineered Wetland (LMEW) was constructed at the outlet of Bahr Elbaqar

Drain to demonstrate a low-cost treatment alternative for polluted drainage water

[14]. It is a diversity of treatment options which allow primary, secondary, and

tertiary treatments. Water samples were collected, for 2 years (on a biweekly

monitoring basis), from the inlet and outlet of the treatment system to assess the

performance of Lake Manzala pilot-scale engineered wetland. Within the same

project, later, the impact of flow rate change and water temperature on the removal

efficiency of different parameters was investigated [15]. The lake trophic status was

investigated in 2004 [16] and in 2006 [17]. A spatial distribution map of the lake

trophic status was presented. That map clearly shows that the southern sector of the

lake has environmental problems. The Overseas Environmental Cooperation Center

Calm
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Palette
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33 - 44
22 - 33
11 - 22
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Fig. 4 Typical wind rose at Lake Manzala
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(OECC), Japan, presented a study on the comprehensive support strategies for

environment and development in the early twenty-first century for Egypt

[18]. The author reported that the lake’s fish have had a reputation for being

chemically and microbially contaminated. In 2013, Hamed et al. confirmed that

the lake fish is highly polluted and dangerous for human health based on their

investigations. The authors concluded that great efforts and cooperation between

different authorities are needed to protect the lake from pollution. They suggested

that it can be achieved by treatment of the agricultural, industrial, and sewage

discharge [19]. In 2015, the heavy metal risks of the eastern zone of Lake Manzala

were assessed [20]. Remote sensing data and GIS were used to detect the relation-

ship between the water and sediment load of contamination and the land use

change. The results showed that the heavy metal concentration is found in riskier

levels than the world permissible limits. It returns to the abandoned heavy metal

concentration effluents from the industrial, agricultural, and domestic wastes in

addition to the commercial activities in and around this zone. This study revealed

that the sediments are more critically contaminated, with respect to heavy metals,

than the water concentration. The author recommended that removing of contam-

inated sediments in this zone to increase the water depth to 3 m and upgrading of the

treatment systems of drainage discharge and sewage effluent into the studied zone

should be done to conserve the lake water quality. Zahran et al. [21] assessed the

heavy metal spatial distribution in Lake Manzala using some heavy metal indices

and GIS. The results indicated that the northeastern and the southern parts of the

lake are the most polluted zones by the heavy metals in the lake. The authors

recommended developing of a regular monitoring program for the lake and treating

of the agricultural, industrial, and sewage sources. The trophic status of Lake

Manzala was assessed using Carlson TSI [22]. Field data, satellite data, and GIS

were used to classify and map the trophic state. The authors reported that the TSI

varied from mildly eutrophic in the northern parts of the lake to eutrophic and

hyper-eutrophic in the southern parts. The results also revealed that the southern

parts of the lake were enriched with nutrients, and the N/P ratio indicated that P was

the limiting factor in the nearby El-Boughaz area. However, N was the limiting

factor in the southern parts close to drains. In 2017, the water quality and trophic

status of Lake Manzala were assessed using WQI (quality rating) and Carlson TSI

[23]. The results showed that the lake is categorized into bad and poor water quality,

while the trophic state is ranked to eutrophic and hyper-eutrophic conditions. The

authors highly recommended that drainage water should be treated, unwanted

plants be removed, and decision makers be provided with data. The spatial distri-

bution of heavy metals in water and sediments of Lake Manzala was evaluated

using different heavy metal indices [24]. The results showed that the lake is highly

polluted with the studied heavy metals. The pollution indices confirmed that the

lake sediment was contaminated with these elements. The authors recommended

that the treatment of agricultural, industrial, and sewage discharge, in addition to

regular evaluation of pollutants in the lake, is essential.

The ecological changes of the lake due to the human activities, including the

discharge of sewage and industrial waste and the establishment of El-Salam Canal

Environmental and Climatic Implications of Lake Manzala, Egypt: Modeling and. . . 9



and road networks, were studied using satellite images [25]. The authors reported a

decrease by about 50% from 1973 to 2003 in the overall size of the lake. Relation-

ships between some water quality parameters and radiance data from Landsat-5

Thematic Mapper (TM), using regression models, were developed in 2001 [26],

while in 2011, an integration between real-time water quality (RTWQ) monitoring,

for some water quality parameters, and satellite systems, by developing statistical

relationships, was achieved [27]. Satellite imageries (1984–2014) and remote

sensing techniques were employed by Abayazid [28] to monitor the temporal and

spatial changes in four Egyptian coastal lakes: Edku, Burullus, Manzala, and

Bardawil. The author reported that Lake Manzala is suffering progressive shrink

of its water body with advancing development projects into the lake waters (land

reclamation and fish farming activities), as well as increased vegetation intensity,

particularly in the southern and western zones. The results revealed a considerable

acceleration in the change rate in the late 1990s and in the first years of this

millennium, with an increase in the developments within the lake to cover about

65% of the area in 2014. The change detection of Lake Manzala was monitored by

Hossen and Negm [29, 30], using three satellite images (1984, 1998, and 2015) and

GIS. The results showed that the surface water area has been decreased by about

57% during the study period. The authors reported that an increase in the vegetation

area in the lake has been increased by the same ratio due to the discharge of

agriculture wastes and municipal wastes in the lake without adequate treatment.

A decrease by about 85% of its water surface area is expected in the next 15 years

(based on the annual rate of change) if the same conditions continue.

In 2017, El-Gammal [31] reviewed the critical situation of the Egyptian coastal

lagoons. The author declared that the Egyptian Ministry of State for Environmental

Affairs has set a priority to protect the northern lakes from pollution and to maintain

their sustainable development; many efforts have been done for environmental

conservation and socioeconomic development to the coastal lagoon. El-Manzala

Lake, as an example, is environmentally unprotected, but a part of it (at the Ashtum

El-Gamil site) is considered as a “protected area” (declared by Prime Ministerial

Decree 459/1988). Moreover, EEAA initiated a monitoring program to check the

coastal lake water quality. The results of this program are presented in different

EEAA publications. The author recommended that the setting of the priorities for

rehabilitation and development to ensure the sustainability of these lakes is highly

required.

3.2 Hydrodynamic and Water Quality Modeling

A hydrodynamic and/or water quality models for Lake Manzala were developed in

very limited publications due to the difficulty in collecting the model-required data.

Lake Manzala was selected as one of three studied cases, in the southern Mediter-

ranean region, for the MELMARINA Project [32]. That project aimed to establish

an integrated hydrological and ecological monitoring at the selected lagoons to
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improve the understanding of its ecological functions and to investigate the impacts

of environmental and management changes through hydro-ecological models.

Within the frame of this project, MIKE21 FM was used to develop a hydro-

ecological model for Lake Manzala [33]. The model was developed to identify

the required magnitude of nutrients for the lake to reach acceptable water quality

conditions. Some reduction scenarios of drain nutrients (relative to the nutrients

amount in 2003–2004) were investigated. In 2010, FVCOM ocean model was used

to develop a hydrodynamic model for the lake to assess a range of sustainable water

management strategies [34]. For a 40% reduction in the polluted drain water

inflows to the lake, one of the studied scenarios, the authors concluded that an

improvement in the water circulation of the northwestern sector of the lake and

salinity increasing in the southern part of the lake will happen.

3.3 Climate Change Impacts

Generally, the investigation of climate change impacts on the hydrodynamic and/or

water quality characteristics of Egyptian water resources is seldom. The climate

change impacts, particularly sea level rise and temperature, on international coastal

lakes are addressed in limited publications [35–39]. Regarding Egyptian coastal

zone, there are some studies that are addressed to assess the impact of sea level rise

on the Egyptian coastal zone and its protection works [40–44]. The Organisation for

Economic Co-operation and Development (OECD) presented a study which ana-

lyzed the climate change significant risks on Egypt [45]. The authors stated that the

northern Egyptian lakes are highly vulnerable to the impacts of climate change.

Since the lakes are relatively shallow, climate change can lead to an increase in

water temperature, which could result in changes in the lake ecosystems as well as

changes in yield. Changes in salinity of Lake Manzala, as an example, may lead to

impacts on lake ecology and fisheries. Further, given that the lake is unlikely to

migrate inland, sea level rise will lead to a decline in shallow wetland areas and less

abundant reed beds. They reported that so far, in-depth studies on potential impacts

of climate change on lake ecosystems are not available. The study suggested some

adaptation options for coastal resources such as breakwaters and integrated coastal

zone management (ICZM). In their significant paper, which is published by the

World Bank in 2007 [46], Dasgupta et al. ranked Egypt as one of the most

vulnerable countries (in addition to Vietnam and the Bahamas) to the severe

impacts of sea level rise (SLR). The results revealed that with a 1 m SLR,

approximately 10% of Egypt’s population would be impacted (most of this impact

takes place in the Nile Delta) and approximately 12.5% of Egypt’s agricultural

extent would be impacted, which experiences the largest percentage impact all over

the world. The authors showed that there is little evidence that the international

community has seriously considered the implications of SLR for population loca-

tion and infrastructure planning in developing countries. The author recommended

an immediate planning for adaptation. The second Egyptian communications report

Environmental and Climatic Implications of Lake Manzala, Egypt: Modeling and. . . 11



[47] reported that based on IPCC Fourth Assessment Report [48–50], which

indicates that a global sea level rise of 18–59 cm is expected by the end of this

century, and land subsidence rates, two models have been initiated by the Coastal

Research Institute (CoRI) in 2009: the first is the business as usual one, while the

second is the actual situation in progress. The results represent the actual situation

that the Nile Delta could face, considering that the boundaries of the lakes are above

zero level. Hydrodynamic simulation and observations of recent surge levels in the

Mediterranean Sea offshore the delta were presented in 2015 [51]. The results

indicated a higher surge (about 1 m) during a severe storm on December

11, 2010, compared to typical surge values (0.4–0.5 m) observed previously. The

author reported that the Nile Delta coast is expected to be impacted with about 1 m

sea level rise by 2100, which may affect low-lying urban areas and infrastructures

in the Delta coastal zone, in addition to submerging the wetlands and breaching of

the coastal lagoon barriers in Lake Manzala and Lake Burullus. Adaptation strat-

egies that deal with coastal risks are highly recommended by the authors. A

feasibility study of using a diaphragm wall (DW) for protecting the northern coasts

of Egypt from sea level rise was published in 2016 [52]. The authors reported that

the expected rise in sea levels would be between 20 and 88 cm by 2100. The study

included an assessment of the environmental and the socioeconomic impacts of the

expected sea level rise. The effectiveness of using DW in preventing the seepage of

saltwater was examined using a finite element model. The authors concluded that

the cost of constructing DW along the coast is about 1.0% of the expected losses

due to the expected sea level rise by 2100. In 2016, satellite images (from 1990 to

2014) and GIS techniques were used to spatially analyzing the rate of change in the

Nile Delta land use [53]. The results showed that the inland lakes (Manzala and

Burullus) have been significantly decreased by half of their original surface area

during the study period. It returns to the excessive enlargements of the fish farms

and the drying up and reclaimed for agricultural developments (particularly around

Lake Manzala). In this study, also the impacts of expected SLR on the Nile Delta

were assessed, based on the IPCC scenarios (i.e., the 59 cm sea level rise by the end

of this century) and the proposed land subsidence (2.5 mm/year). The authors

reported that one fifth of the Nile Delta will be seriously vulnerable to inundation.

They concluded that it might be crucial to set up new policies for new adaptation

approaches. Koraim and Negm in 2016 [54] reviewed the available SLR adaptation

works all over the world. They concluded that the use of barriers is a successful

strategy for protecting the harbors and lagoon entrances in different countries. The

authors recommended that enhanced research activities for coastal vulnerability

assessments and adaptation works are essential. In 2017, Elshinnawy et al. [55]

assessed the vulnerability of the Nile Delta coast to SLR using GIS and developed

digital elevation model (DEM) for the Nile Delta. Estimated trends for SLR at

Alexandria, Al-Burullus, and Port Said are 1.6, 2.3, and 5.3 mm/year, respectively.

These values associate the effect of both SLR and land subsidence. The results

indicated that less than 1.0% of the Nile Delta area will suffer from coastal flooding

resulted from SLR expected by the end of the current century for two moderate

scenarios and about 3% for the worst scenario. The authors recommended further
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detailed studies to quantify impacts of SLR on coastal physical systems, infrastruc-

ture, saltwater intrusion, water resources, wave climate and water current patterns,

erosion/accretion patterns, and socioeconomic sectors.

4 Research Deficits and Study Objectives

Clearly, based on the previous sections, it can be noticed that there are some

research deficits regarding Lake Manzala environmental assessments and the

impacts of future climatic changes, such as:

1. A specific WQI for lagoons has never been used to investigate the lake water

quality status. All addressed publications investigate the water quality parame-

ters and the lake trophic status.

2. Only one general trophic status index (TSI), Carlson TSI, is used for the trophic

status assessment. A specific TSI for brackish water and lagoons should be used.

3. The climate change impacts on hydrodynamic and/or water quality characteris-

tics of the lake have never been investigated.

So, the main objectives of this study are assessing the lake water quality and

trophic status using WQI and TSI approaches and investigating the climate change

impacts on the hydrodynamic and water quality characteristics of the lake. The

specific objectives are as follows:

1. Using a specific WQI to assess the water quality status of the lake

2. Using a GIS tool to spatially assign the water quality conditions of the lake

3. Using a specific TSI to assess the trophic status of the lake

4. Developing a hydrodynamic and water quality model for the lake

5. Investigating the climate change impacts on the hydrodynamic and water quality

characteristics of the lake

5 Methodology

As declared before, this work has two main objectives: assessing the overall water

quality and trophic state conditions of Lake Manzala and investigating the climate

change impacts on the hydrodynamic and water quality characteristics of the lake.

Figure 5 summarizes the used approaches of the methodology.

The water quality status of the lake is assessed using a specific water quality

index for lagoons (LWQI) (see Sect. 5.1), while the trophic state is evaluated using

a specific trophic state index for brackish water (TRIX) (please refer to Sect. 5.2).

To investigate the impact of future climate change scenarios on the hydrodynamic

characteristics of Manzala Lake, projected changes in climate conditions and a

developed hydrodynamic model for Manzala Lake are required. A hydrodynamic

and ecological model of Lake Manzala should be developed (based on MIKE 21);
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see Sect. 5.3. The downscaled regional projected climate conditions are available

from CORDEX project [56]; see Sect. 5.4.

5.1 Lagoon Water Quality Index (LWQI)

To control and design water quality management strategies for water bodies, a

water quality assessment tool, such as a water quality index (WQI), should be used.

WQI is defined as a mathematical approach which aggregates data on two or more

water quality parameters (pH, BOD, etc.) to produce a single number. Based on this

number, WQI can classify the water quality status of water bodies according to a

ranking scale (0–100). There are different WQIs which can be chosen according to

the uses of the water body (i.e., irrigation, drinking, etc.) or its hydrological

characteristics (rivers, lakes, etc.). Due to the transitional characteristics of lagoons,

it is difficult to choose a suitable WQI.

In 2011, Taner et al. [57] developed a specificWQI for lagoon systems (L-WQI).

Ten water quality variables are required to use this index: DO, TN/TP ratio, nitrate,

orthophosphate, Chl-a, COD, pH, turbidity, and EC. This index is based on

establishing a new normalization function for each variable and using of a modified

version of the weighted aggregation method [57]. L-WQI can classify the lagoon

water quality status – on a scale from 0 to 100 – into four classes: Excellent

(100–75), Good (75–50), Critical (50–25), and Very Poor (25–0). L-WQI can be

calculated using the following equations:

Lake
Manzala 

Environmental
Assessment 

Water Quality
Index (LWQI) 

Trophic Status
Index (TRIX) 

Climate Change
Impacts 

Clima�c Es�mates
(CORDEX) 

Hydrodynamic
and Water Quality
Model (MIKE21 )  

Fig. 5 Methodology approaches for the current research
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L-WQI ¼
Xn

i¼1

CiPi ð1Þ

L-WQI ¼ 0:25CDO þ 0:25CTS þ 0:23CCOD þ 0:10CpH þ 0:09CEC

þ 0:09CTRB ð2Þ

Where:

Ci is the normalized value for each variable. It can be determined using “vari-

ables normalization curves” in Taner et al. [57].

Pi is the weight factor for each parameter (e.g., PDO ¼ 0.25, PCOD ¼ 0.23,

PpH ¼ 0.10, etc.).

TS is the trophic status condition which is determined according to TN/TP

ratio [57].

The water quality status of the Küçükçekmece Lagoon was assessed by the index

developers [57]. The results were compared to the Oregon WQI and the Arithmetic

Coastal WQI to evaluate the developed index (L-WQI). L-WQI was satisfactorily

performed and could highlight the pollution impacts of the connected tributaries on

the lagoon. For this study, turbidity parameter wasn’t recorded, so it is not included
in the index calculations.

5.2 Trophic Index (TRIX)

The trophic state does not directly imply the water quality but assigns the produc-

tivity of the water body due to the occurring biological and chemical activities and

is dependent on nutrient concentrations and other characteristics. Lakes and reser-

voirs, according to their biological productivity and nutrient conditions, are com-

monly grouped into three different trophic states: oligotrophic, mesotrophic, and

eutrophic. The trophic state falls under two terms “oligotrophic” (Greek for “little

food”) and “eutrophic” (Greek for “well fed”) and was originally used to describe

the soil fertility in northern Germany; subsequently these terms were applied to

lakes [58].

Numerous attempts have been made to define the trophic states in terms of both

nutrient and productivity water quality parameters. Carlson [59] developed a numer-

ical trophic state scale from 0 to 100 for lakes. The index number can be calculated

from any of several parameters including Secchi depth (SD) transparency, chloro-

phyll (Chl-a), and total phosphorus (TP). The Carlson TSI has been widely used to

evaluate many lakes and reservoirs [60–67].

For coastal marine waters and brackish waters (lagoons), Vollenweider et al.

[68] and Giovanardi and Vollenweider [69] proposed a new trophic index (TRIX),

which is based on Chl-a, oxygen saturation, mineral nitrogen (dissolved inorganic

nitrogen DIN), and total inorganic phosphorus. The index is scaled from 0 to

10, covering a range of four trophic statuses: low trophic level (0–4), moderate
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trophic level (4–5), high trophic level (5–6), and very high trophic level (6–10).

TRIX can be calculated from the following equation:

TRIX ¼ log10 Chl-a� DO%�minN� TPO4½ � þ að Þ=b ð3Þ

Where:

Chl-a is chlorophyll-a concentration (μg/l).
DO% is oxygen as absolute % deviation from saturation.

min N is total dissolved inorganic nitrogen (DIN ¼ N-NO3 + N-NO2 + N-NH4)

(μg/l).
TPO4 is total inorganic phosphorus (P-PO4) (μg/l).
a and b are scale coefficients to fix the lower limit value of the index and the

scale range from 0 to 10, a ¼ 1.5 and b ¼ 1.2.

This index has been frequently used to evaluate the trophic status of coastal

marine waters, estuaries, and lagoons [70–76]. TRIX was used as an evaluation tool

of the eutrophication status for a landscape lake HMLA located in Tianjin City,

North China, with a mixture of point source pollution and nonpoint source pollution

[71]. In 2013, TRIX was used to assess the eutrophication and water quality of

Arvand River, Iran [76]. The results demonstrate the river is in the first trophic state

(0–4) which represents high quality and low trophic level. Christia et al. [72] used

TRIX, in addition to five ecological indices, to assess the ecological status of six

coastal lagoons located along the western coast of Greece under real conditions.

The trophic status ranged from oligotrophic to hypertrophic according to the index

applied.

5.3 MIKE21 Modeling System

Limited software are available for modeling shallow coastal environment, such as

MIKE21 [77], DELFT3D [78], or MOHID [79] modeling systems. Due to the

extensive and wide application of MIKE 21 all over the world [80–83] and due to

its technical support, MIKE21 modeling system has been chosen for this study.

MIKE 21 Flow Model is a general numerical modeling system for

two-dimensional free-surface flows. It is applicable to the simulation of hydraulic

and environmental phenomena in lakes, estuaries, bays, and coastal areas, wherever

stratification can be neglected. It simulates unsteady two-dimensional flows in

one-layer (vertically homogeneous) fluids and has been applied in a large number

of studies [33, 84–92]. This code contains three modules, hydrodynamic (for

hydraulic simulation such as water levels), advection-dispersion (for thermal and

conservative simulation such as water temperature and salinity), and ECO Lab (for

water quality simulation such as dissolved oxygen). MIKE 21 HD makes use of a

so-called Alternating Direction Implicit (ADI) technique to integrate the equations

for mass and momentum conservation in the space–time domain [77].
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Some examples of using MIKE21 modeling system to simulate lakes and

wetlands can be noticed in the literature. MIKE 21 was employed to evaluate the

water quality of Anzali Wetland, which lies on the southern coast of the Caspian

Sea in Northern Iran [93]. In the Flinders catchment in North Queensland,

Australia, MIKE 21 tool was used to assess the impacts of climate change on the

hydrological connectivity between floodplain wetlands and main rivers [94]. MIKE

21 and STELLA software were used to establish a zoning-based environmental–

ecological-coupled model for Baiyangdian Lake, the largest freshwater lake in

northern China, to study the spatial variations of ecological conditions in response

to changes in lake water quantity and quality [95]. In 2015, MIKE21 was used to

examine some water quality management scenarios for Lake Burullus, which lies in

the Nile Delta, Egypt [96].

5.4 Climate Change Estimates

Projected changes in the climate conditions and sea level rise (SLR) estimates are

essential to investigate the impact of future climatic change scenarios on the

hydrodynamic and water quality characteristics of Lake Manzala. Based on the

Fifth Assessment Report of IPCC [50], climatic change estimates of one Represen-

tative Concentration Pathway (RCP2.6) for two future periods I [2046–2065] and II

[2081–2100], as examples, were used to modify the developed hydrodynamic and

water quality model of Lake Manzala. Global mean SLR of RCP2.6 was estimated

as 0.24 and 0.4 m for periods I and II, respectively, relative to the average sea level

for 1986–2005. The other climatic conditions, namely, near surface air temperature,

evaporation, precipitation, relative humidity, and surface wind speed, were

obtained from CORDEX project (CORDEX project) for the same RCP (2.6) and

future periods (I and II). The results of two global circulation models (GCM),

ICHEC and EC-EARTH, were spatially and temporally downscaled by the Swedish

Meteorological and Hydrological Institute (SMHI) using RCA4 regional climate

model. These projections were downscaled in space to 0.44� latitude–longitude

resolution (about 50 km) for the Middle East–North Africa (MENA) domain and in

time to daily average. Figures 6, 7, and 8 present the projected changes for some

climatic conditions, as examples, for RCP2.6 relative to the base records of

2010–2011.

6 Data Collection and Analysis

To assess the water quality status of the lake and develop a hydrodynamic and water

quality model to investigate the climatic change impacts on its characteristics,

hydrological, physical, chemical, biological, and meteorological data series for

the study area covering, at least, 1 year should be available. Data limitation for
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this study area, in particular the hydrological data, is considered as the main

constraint of this work.

Some hydrological records and drain discharges were collected by the National

Water Research Center (NWRC), Egypt. Other required characteristics, such as

water levels, were collected from the international publications of the previous

projects on the lake [10, 97]. Meteorological conditions of Lake Manzala during
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simulation periods were obtained from the Internet (weather underground [12] and

Infospace [11] websites) at the nearest meteorological station to the lake, Port Said

Airport station.

Physical, chemical, and biological records were collected by the Egyptian

Environmental Affairs Agency (EEAA). The records were collected from eleven

stations in the lake and four stations at the outlets of the four main drains; see Fig. 2.

These records were seasonally, in August, November, February, and May, mea-

sured for 2 years (starting from August 2010 to August 2012). These parameters

include water temperature (Temp.), electric conductivity (EC), total suspended

solids (TSS), pH, dissolved oxygen (DO), biological oxygen demand (BOD),

chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP),

nitrate, orthophosphate, and chlorophyll-a (Chl-a).

Statistical representations for these records are presented in Table 1, for the lake,

and Table 2, for the drains. Box plot charts for some parameters are presented in

Figs. 9 and 10, for the lake and the main drains, respectively. Figure 11 shows a

spatial representation for some water quality records in the lake in August 2011, as

an example.

Figure 9 reveals the critical water quality conditions of the lake, particularly at

the eastern zone (ST. 1) and at the southern zone (ST. 3 and ST. 11). ST. 1, which is

located in the front of Bahr Elbaqar Drain, had the minimum average DO concen-

tration, average pH record, and maximum average concentrations of TN, TP, BOD

and COD, during the study period. The southern sector which stretches from

ST. 3 to ST. 11 has a particular concern. This zone is far away than the Nile

water source (Enanya Canal) and the outlets, which made this zone the most stilled

zone in the lake. In addition, this zone receives drainage water through one main

drain (Hadous Drain) and two other minor drains (Mataria and Ramsis Drains); see

Fig. 2. For that, ST. 11 had a very low DO average concentration and high average

concentrations of TN, TP, Chl-a, and BOD, during the study period. On the other

hand, better water quality conditions can be found at the northern and western zones

of the lake. ST. 2 is located in front of the two main outlets, while ST. 10 is located

Table 1 Summary of

descriptive statistic of water

quality data over 2 years (Aug

2010–Aug 2012) in Lake

Manzala

Parameter Unit Min Max Mean SD

Temp �C 12.70 30.60 23.43 5.01

EC μS/cm 1.50 30.29 7.35 6.05

TSS mg/l 16.10 171.5 56.92 31.34

pH 7.00 9.40 8.30 0.43

DO mg/l 0.00 14.56 5.36 3.41

BOD mg/l 0.58 218.7 23.87 32.62

COD mg/l 6.40 660.3 138.3 107.9

TN mg/l 0.57 19.56 4.43 3.09

TP mg/l 0.02 2.01 0.49 0.39

Nitrate mg/l 0.01 1.29 0.19 0.24

Phosphate mg/l 0.01 0.90 0.22 0.22

Chl-a μg/l 1.55 394.0 41.90 48.68
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in front of the Nile water source (Enanya Canal). ST. 10 had the maximum average

record of pH and the minimum average concentrations of TP, TN, Chl-a, and BOD,

during the study period.

The bad water quality situation of the main drains can be seen in Fig. 10. As can

be clearly noticed, Bahr Elbaqar Drain had the worst water quality records during

the study period. This drain has a severe impact on the lake water quality status due

to its greater discharge than the other considered drains (see Fig. 3). Better water

quality conditions and less drainage discharges are provided by Elserw and

Fareskour drains which discharge their drainage at the western zone of the lake.

7 Water Quality Assessment of Lake Manzala

Figure 12 presents the averages of L-WQI for the considered drains during the

studied period (Aug. 2011–Aug. 2012). The water quality status of Bahr Elbaqar

Drain is classified as a “Very Bad”; its average L-WQI is about 22. While the water

quality conditions of the other drains are classified as a “Critical,” their L-WQI

ranges from 34 to 44. These results should be expected due to the very bad

concentrations of the drain water quality parameters, particularly Bahr Elbaqar

Drain, as can be seen in Fig. 10. Bahr Elbaqar Drain receives excessive and heavy

domestic and industrial effluents; the average BOD concentration (during the study

period) was about 87.5 mg/l which was considered as the maximum concentration

for the studied drains, while the average COD concentration was about 102 mg/l,

which was considered as a very high concentration. The average DO concentration

for Bahr Elbaqar Drain was about 0.94 mg/l which is a very low concentration and

represents a killing environment for fish; in the summer, DO concentration

decreased to zero (oxygen depletion). The average TN and TP were 6 and

0.9 mg/l, respectively, which were considered as the highest nutrient concentrations

during the study period.

Table 2 Summary of

descriptive statistic of water

quality data over 2 years (Aug

2010–Aug 2012) in the drains

of Lake Manzala

Parameter Unit Min Max Mean SD

Temp �C 12.70 29.87 23.05 5.26

EC μS/cm 0.85 5.69 2.18 1.40

TSS mg/l 23.25 137.0 62.31 27.94

pH 7.05 8.39 7.99 0.35

DO mg/l 0.00 7.28 2.00 1.79

BOD mg/l 4.09 213.8 49.64 52.49

COD mg/l 4.35 448.0 96.36 117.7

TN mg/l 2.05 17.41 6.30 3.31

TP mg/l 0.37 2.10 0.92 0.45

Nitrate mg/l 0.07 2.08 0.53 0.45

Phosphate mg/l 0.16 1.08 0.44 0.23

Chl-a μg/l 1.74 99.90 24.10 26.47
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In Fig. 13, the spatial averages (for all seasons) of L-WQI for Lake Manzala are

presented. The water quality status of three stations is classified as a “Very Bad,”

according to L-WQI; L-WQI of station No. 1 (in the lake eastern sector) and

stations No. 3 and 11 (in the lake southern sector) ranges from 19.5 to 21. The

water quality status of two stations is classified as a “Good”; L-WQI of stations

No. 9 and 10 (in the lake western sector) ranges from 52.1 to 53.5. However, the

water quality status of other stations is classified as a “Critical.”

Fig. 9 Measured water quality records at different stations in Lake Manzala during the study

period (Aug. 2010–Aug. 2012)
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These results return to the locations of these stations. Station No. 1 lies in the

front of Bahr Elbaqar Drain outlet, and for that, the worst average water quality

records in the lake were recorded at this station: the minimum averages of pH (7.9)

and DO concentration (0.82 mg/l) and the maximum average concentrations of

BOD (72.5 mg/l), COD (230 mg/l), TN (9.4 mg/l), and TP (1.07 mg/l). Stations

No. 3 and 11 lie in the shallowest part of the lake, in the front of some drains

including Hadous Drain, far away from the lake outlet and the source of the

freshwater canal (Enanya Canal). Both stations, No. 3 and 11, have the maximum

average concentration of Chl-a (57 μg/l), low average concentrations of DO (1.9

and 1.7 mg/l), and high average concentrations of COD (162 and 172 mg/l), BOD

(24 and 33 mg/l), TN (5.9 and 7 mg/l), and TP (0.81 and 0.93 mg/l), which refer to a

very polluted zone.

Stations No. 9 and 10 have the best water quality conditions of the lake due to

their locations in front of the freshwater source (Enanya Canal) and some less

polluted agricultural drains (Fareskour and Elserw). Both stations (No.9 and

No. 10) have high average concentrations of DO (6.8 and 6.4 mg/l) and low average

Fig. 10 Measured water quality records of the main drains at Lake Manzala during the study

period (Aug. 2010–Aug. 2012)
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concentrations of BOD (12.8 [the minimum] and 14.3 mg/l), COD (125 and

132 mg/l), TN (2.8 mg/l [the minimum]), and TP (0.12 and 0.07 mg/l [the mini-

mum]) which reveal a good water quality condition.

Fig. 11 Measured water quality records of Lake Manzala in Aug. 2011
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The seasonal averages (for all stations) of L-WQI for Lake Manzala during the

studied period are presented in Fig. 14. The water quality status of the lake is

classified as a “Critical” for all seasons; L-WQI ranges from 28.9 (May and August

Fig. 12 Averages of L-WQI for the main drains of Lake Manzala during the study period (Aug.

2010–Aug. 2012)

Fig. 13 Spatial averages of L-WQI at different stations in Lake Manzala during the study period

(Aug. 2010–Aug. 2012)
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2011) to 48.4 (August 2012). These results can be clearly confirmed in Fig. 15,

which shows the temporal L-WQI of some selected stations covering the different

sectors of the lake, station No. 1 (the eastern sector), station No. 3 (the southern

sector), and station No. 9 (the western sector), where the minimum L-WQI occurred

in August 2011 for the three selected stations, while the maximum L-WQI occurred

in August 2012 for stations No. 3 and 9 and in February 2012 for station No. 1. This

returns to the concentrations of the considered water quality parameters in these

seasons.

Comparing Figs. 13 and 14 reveals that the spatial distribution of the averages

L-WQI of Lake Manzala (Fig. 13) is more accurate and representative than the

seasonal averages (Fig. 14) due to the different characteristics of the lake sectors.

For that, the spatial distribution of the average L-WQI in the lake for the studied

period is presented in Fig. 16, and the L-WQI for August 2011 is presented in

Fig. 17, which represents the worst water quality status of the lake during the study

period. The lake is divided into two zones, the western and middle zone, which has

a “Critical” water quality status, and the eastern and southern zone, which has a

“Very Bad” water quality status due to the locations of the polluted drains. The

results of this study confirm the results of the water quality status evaluation studies

[20–24], which concluded that the southern sector of the lake has environmental

problems.

Fig. 14 Temporal averages of L-WQI for Lake Manzala during the study period (Aug. 2010–Aug.

2012)
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Fig. 15 Temporal distribution of L-WQI at stations No. 1, 3, and 9 in Lake Manzala during the

study period (Aug. 2010–Aug. 2012)

Fig. 16 Spatial distribution of average L-WQI for Lake Manzala during the study period (Aug.

2010–Aug. 2012)
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8 Trophic Status Assessment of Lake Manzala

Similar to the used WQI approach, TSI approach was used to spatially and

temporally assess the trophic status of Lake Manzala. TRIX was used to assess

the lake trophic status during the studied period (Aug. 2011–Aug. 2012). Figure 18

presents the spatial averages of TRIX for the lake, while Fig. 19 shows the seasonal

averages of TRIX. Figure 20 shows the temporal TRIX at some stations in the lake

as examples. The spatial distribution of the average TRIX in the lake for the studied

period can be seen in Fig. 21, while TRIX for May 2011, as an example, is

presented in Fig. 22, which represents one of the highest trophic status of the lake

during the study period.

As clearly can be noticed, stations No. 11, 3, 5, and 1, which represent the

southeastern part of the lake, have the highest trophic conditions. It returns to the

hydrological and water quality conditions of this zone which is considered as the

shallowest part in the lake and is located away from the outlets and the sources of

freshwater canal facing some drain outlets. As mentioned before, station No. 11 has

the maximum average concentration of Chl-a (57 μg/l), a low average concentration

of DO (1.7 mg/l), and high average concentrations of COD (172 mg/l), BOD

(33 mg/l), TN (7 mg/l), and TP (0.93 mg/l), which refer to a very polluted zone.

These results are confirming the previous studies which stated that the southern

sector of the lake has environmental problems [16, 17, 22, 23].

Fig. 17 Spatial distribution of L-WQI for Lake Manzala in August 2011
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Fig. 18 Spatial averages of TRIX at different stations in Lake Manzala during the study period

(Aug. 2010–Aug. 2012)

Fig. 19 Temporal averages of TRIX for Lake Manzala during the study period (Aug. 2010–Aug.

2012)
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Unlike the situation of the eastern zone of the lake, the western sector of the lake

has a better trophic status, which is also considered high, according to TRIX. Stations

No. 10, 9, 8, and 7 represent this zone. This returns to their location which receives

freshwater through the Enanya Canal and the agriculture drains of Fareskour and

Elserw. Station No. 10, as an example, has a high average concentration of DO

Fig. 20 Temporal distribution of TRIX at stations No. 1, 3, and 9 in Lake Manzala during the

study period (Aug. 2010–Aug. 2012)

Fig. 21 Spatial distribution of average TRIX for Lake Manzala during the study period (Aug.

2010–Aug. 2012)
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(6.4 mg/l) and low average concentrations of BOD (14.3 mg/l), COD (132mg/l), TN

(2.8 mg/l [the minimum]), and TP (0.07 mg/l [the minimum]) which reveal a good

water quality condition, compared to other studied stations.

9 Impacts of Future Climatic Changes on the Lake

Characteristics

9.1 Developing of Manzala Model

Lake Manzala hydrodynamic and water quality model was developed, based on

MIKE21 modeling system. The model input files included a lake bathymetry

(topography), boundary conditions (flow discharges, water levels, and water quality

records for the considered drains and outlets), initial conditions (the water levels

and water quality records of the lake at the beginning of the simulation), and

meteorological information.

For lake bathymetry, Fig. 23 shows the developed model bathymetry which

consists of 37,500 cells; each is 200 � 200 m resolution, and some islands in the

lake can be seen in the figure (colored in red). Model bathymetry was developed

using MIKE Zero (the graphical user interface for all MIKE models), and UTM-36

map projection was used for the study area. As can be seen in Fig. 23, three outlets

were considered, El-Gamil 1 and El-Gamil 2 to north and El-Qabuti Canal to east,

and the predicted (by MIKE21) outlet tide levels can be seen in Fig. 24. While for

freshwater resources, five drains were considered, according to their discharges

(Bahr Elbaqar, Hadous, Mataria, Elserw, and Fareskour). For the lake water levels,

five stations were considered (Fig. 25), while eleven stations were considered for the

Fig. 22 Spatial distribution of TRIX for Lake Manzala in May 2011
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lake water quality records (Fig. 2). Two hydrodynamic parameters (water depth and

water temperature) and a water quality parameter (salinity) were chosen to present

the model results. Due to the severe lack of required data for the model, some

hydrological records and drain discharges were collected by the National Water

Research Center (NWRC), Egypt. Other essential required characteristics, such as

Fig. 24 Generated tide levels for Lake Manzala outlets for a typical year

Fig. 25 Water levels recording stations for Lake Manzala
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water levels, were collected from the international publications of the previous

projects on the lake. A GIS database system was developed to arrange, manage,

and present the spatial distribution of collected data. According to the available data,

the lake was modeled for a typical simulation year (August 2010–July 2011).

The proposed model was calibrated using coefficients determined for the simu-

lation period, for about 1 year (August 2010–July 2011). Table 3 presents the

non-default calibrated coefficients which were chosen during calibration process.

For the other model coefficients not measured in this study, default values provided

by the code software were used as recommended by MIKE 21 modeling manual

[77]. The main three outlets were considered as “Boundary Conditions” due to the

sea–lake exchange, while the drains were considered as “Sources,” as there is

always an inflow to the lake. Initial surface water levels were inserted using a

GIS spatial distributed interpolated file that includes different water levels at

different stations on the beginning of simulation period. Moreover, drying and

flooding depths were carefully tested to avoid the “Blow-Up Error.” Such error

can easily occur due to the change in water depths, in particular for shallow

environments.

Two statistical parameters were used to compare simulated and in-lake obser-

vations, the absolute mean error (AME) and the root mean square error (RMSE).

AME indicates how far, on the average, simulated values are from measured values,

while RMSE indicates the spread of how far the simulated values deviate from the

measured data.

Figure 26 shows the water velocity distribution around the outlet zone (northern

east corner of the lake) on May 30, 2011, as an example during the calibration

period. The velocity distribution around the islands and the sea–lake flow exchange

can be noticed.

For water depth, Fig. 27 presents the calibrated water depth profiles at two

stations (Tanees and El-Nasayem) in the lake, as examples, compared to the

Table 3 List of non-default

calibration coefficients of

MIKE 21 used in this study

Coefficient Value

Time step interval 300 s

Warm-up period 800 s

Drying depth 0.05 m

Flooding depth 0.3 m

Eddy viscosity (flux based) 0.2 m2/s

Chezy bottom friction factor 50 m½ s�1

Wind friction coefficient 0.0018

Constant in Dalton’s law 0.5

Wind coefficient in Dalton’s law 0.9

Sun constant, a in Angstrφm’s law 0.295

Sun constant, b in Angstrφm’s law 0.371

Displacement (summer time) 1

Standard meridian for time zone 30

Integration method for heat exchange 1st-order Euler
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measured records. The AME values were 0.033 and 0.045 m, while the RMSE

values were 0.043 and 0.048 m, respectively. Based on the AME and RMSE values,

the developed model performs satisfactorily, and the overall simulated results are

good.

Figure 28 shows the calibrated water temperature profiles at two stations (sta-

tions No. 3 and 10) in the lake, as examples, compared to the measured records. The

average AME and RMSE values for all the considered eleven stations were 0.56

Fig. 26 Velocity distribution at Manzala outlets on May 30, 2011

Fig. 27 Measured and simulated water depths at Tanees and El-Nasayem stations, Lake Manzala
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and 0.72 �C, respectively. Despite the severe lack of observed hydrodynamic and

water quality parameters (only five or four records per year), it can be noticed that

the measured records closely match the simulated records.

For salinity, Fig. 29 presents the measured and simulated profiles at two different

stations in the lake, as examples, during the simulation period. AME and RMSE for

station No. 1 (eastern sector) were 0.07 and 0.09 ppt, respectively, while for station

No. 3 (middle sector) AME and RMSE were 0.23 and 0.28 ppt, respectively. The

average AME and RMSE for all recording stations were 1 and 1.4 ppt, respectively.

The missing of observed salinity records, particularly for outlets, may lead to

that variety in AME and RMSE values. In general, the presented examples may be

considered as accepted (AME and RMSE values are very small) as the model is

limited by several assumptions and approximations used to simulate hydrodynam-

ics, transport, and water quality processes, besides the uncertainty of the recorded

field data and the missing parameters which have been completed from different

sources.

9.2 Climate Change Impacts

The results of the Lake Manzala calibrated model for the period of 2010–2011 were

used as a base case for quantifying the impacts of future climatic changes on the

hydrodynamic and water quality characteristics of the lake. The investigated

climatic scenarios (RCP2.6_I and RCP2.6_II) cover the same calibrated period

Fig. 28 Measured and simulated water temperature at stations No. 3 and 10, Lake Manzala
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(on a daily scale). Two hydrodynamic parameters (water depth and water temper-

ature) and a water quality parameter (salinity) were selected, due to their important

impacts on the hydrodynamic and water quality characteristics of the lake, to

present the impacts of future climatic changes. To quantify the changes of the

studied parameters, an average relative percentage difference (Δ%) between the

scenario results and the base case results of the calibrated period 2010–2011 will be

used: ΔWD for the water depth, ΔT for the water temperature, and ΔS for the

salinity.

The future water depth profiles of three stations in Lake Manzala (as examples),

compared to the calibrated base case, are shown in Figs. 30, 31, and 32. The

selected three stations cover the different zones of the lake (see Fig. 25); station

of Tanees lies in the northern east sector (Fig. 30), and station of El-Roda lies in the

western sector (Fig. 31), while station of El-Nasayem lies in the southern middle

sector (Fig. 32). The relative water depth change is directly proportional to the

change in the SLR, in addition to the location of the considered station which

controls its impacts due to the change in climatic conditions. For that, station of

Tanees which is located close to the lake outlets will have the maximum effect due

to the change in SLR (Fig. 30); the average ΔWD will be about 69 and 117%, for

RCP2.6_I and RCP2.6_II, respectively. The big values of the changes return also to

the small average basic water depth in 2010–2011 which was only about 0.32 m. On

the other hand, El-Roda station which is away from the outlets will have the

minimum effect due to the climatic changes (Fig. 31); the average ΔWD will be

about 48 and 90%, for RCP2.6_I and RCP2.6_II, respectively. In between of them,

Fig. 29 Measured and simulated water salinity at stations No. 1 and 3, Lake Manzala
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station of El-Nasayem shows moderate average changes (Fig. 32); the average

ΔWD will be about 52 and 95%, for RCP2.6_I and RCP2.6_II, respectively.

Regarding the water temperature, Figs. 33 and 34 present the future water

temperature profiles (for RCP2.6_I scenario) of two stations in the lake
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(ST. 2 and ST. 6), as examples, compared to the basic calibrated profile of

2010–2011. Referring to Fig. 2, ST. 2 lies in the northern east corner of the lake

in front of the two considered outlets, while ST. 6 lies in the southern middle sector

of the lake away from the outlets and the agriculture drains. The future change in

the water temperature of the lake is directly proportional to the change in the air

temperature and inversely proportional to the change in the SLR. For that, the

minimum future average changes in the lake will occur at ST. 2 which will be

affected by the change in SLR reducing its effect by the change in air temperature

(Fig. 33); the average ΔT will be about 7 and 8%, for RCP2.6_I and RCP2.6_II,

respectively. While at ST. 6 where there is no effect to the change in SLR, the

maximum change in water temperature can be noticed (Fig. 34); the average ΔT
will be about 10 and 12%, for RCP2.6_I and RCP2.6_II, respectively. The future

change in the water temperature of the lake is considered as a dangerous impact of

climatic changes; this change will affect all the chemical and biological process in

the lake which in turn will affect its water quality status and its eutrophic

conditions.
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Figures 35 and 36 show the future salinity profiles (for RCP2.6_I and RCP2.6_II

scenarios) of two stations in the lake (ST. 2 and ST. 8), as examples, compared to

the basic calibrated profile of 2010–2011. As mentioned before, two factors control

the future change of salinity at any station in the lake: firstly, the change in the

future SLR, as the change in salinity is directly proportional to the change in the

SLR, and, secondly, the location of the considered station. Referring to Fig. 2,

ST. 2 lies in the northern east corner of the lake in front of the two considered

outlets, while ST. 8 lies in the southern west sector of the lake away from the

outlets. For that, the maximum average ΔS in the lake will occur at ST. 2 (Fig. 35);
the average ΔS will be about 81 and 112%, for RCP2.6_I and RCP2.6_II, respec-

tively, due to the significant effect of SLR change at this station. While the

minimum change in salinity in the lake will occur at ST. 8 (Fig. 36), the average

ΔS will be about�4% and �1%, for RCP2.6_I and RCP2.6_II, respectively, due to

the increase in the future water depth and the limited effect of SLR at this station.
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10 Conclusions

Lake Manzala, as an example of the Egyptian Northern Delta lakes, was chosen as

the case study of this research work. The main objectives of this work were

assessing the water quality and trophic status conditions of the lake and investigat-

ing the lake vulnerability to future climatic changes. L-WQI and TRIX were used to

assess the water quality and trophic status conditions of the lake. The results

revealed the critical and very bad water quality status and the high and very high

trophic conditions, particularly in the southern and eastern zones due to the drain-

age of polluted drains. Based on the results of this study, an urgent water quality

management for the main drains, particularly Bahr Elbaqar Drain, should be

implemented. And the lake should be divided into two sectors, the western and

middle sector which can be allocated for fishing, while the eastern and southern

sector should be controlled.

Despite the difficulty of modeling this lake, due to the scarce of its hydrological

data and the missing water quality data, the two-dimensional hydrodynamic and

ecological MIKE 21 modeling system was developed and calibrated with data for

1 year, from August 2010 to July 2011. The proposed model shows good agreement

with the observed water depth, water temperature, and salinity records, and the

model results closely mimic the measured profiles of the simulated parameters.

The developed model was used to investigate the impacts of expected future

climatic changes on the hydrodynamic and water quality characteristics of the lake.

Due to the limitations of this modeling approach including the uncertainty in GCMs

output, the downscaling approaches, and the hydrodynamic and ecological model,

the presented results for this study can be considered as an indication for future

climate change impacts and shouldn’t be considered as accurate predictions. Two

periods (Period I: [2046–2065] and Period II: [2081–2100]) for one Representative

Concentration Pathway (RCP2.6), including the average of two downscaled (spa-

tially and temporally) GCMs outputs, were used to derive the model. The global

climate change effects are presented relative to the calibrated model results of the

year 2010–2011 base case. The presented results show significant spatially changes

of water temperature of the lake. Such change will affect physical, chemical, and

biological processes in water bodies and, therefore, the concentration of many

characteristics. Moreover, severe spatially changes in water depths and salinity

concentrations will occur, due to the sea level rise. The increase in water levels and

water salinity of the lake will severely affect the surrounding agricultural land by

inundation and the quality of these agricultural lands. Suitable crop distribution for

the expected land quality should be investigated.
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11 Recommendations for Future Work

– A periodic hydrological monitoring program, which records water levels, drains

and outlets discharges, and lake bathymetry, should be managed by MWRI

(Ministry of Water Resources and Irrigation), to be simultaneously done with

the physical, chemical, and biological monitoring program of the EEAA (Egyp-

tian Environmental Affairs Agency).

– An Egyptian regional climatic model should be developed to provide more

accurate future climatic estimates for Egypt.

– An adaptation plan including protection works for the Egyptian coastal lakes and

surrounding lands should be issued by MWRI and investigated using different

climatic and hydrodynamic models.
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