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Abstract
Egyptian Mediterranean coast hosts five shallow lagoons which play a vital role in the national economy. Lake Burullus is the
second largest one that is located in the Nile Delta and is connected to the Mediterranean by a narrow outlet. This lagoon faces
various anthropogenic-induced implications that threat its ecosystem and biodiversity. The prime objective of this study is
investigating the impacts of future climate change (CC) on its characteristics. A 2-D hydro-ecological modeling for the lagoon
was implemented, using MIKE21FM. The proposed model was calibrated and validated against the collected water quality
records, for two successive years (2011–2013), at twelve monitoring stations throughout the lagoon. The simulations were
executed for various parameters, including water depth, salinity, DO, BOD, and nutrient components. Six simulations from
different regional climate models (RCMs) were obtained and examined to extract the most accurate climatic projections for the
lagoon coordinates. These climatic estimates cover three Representative Concentration Pathways (RCPs) scenarios according to
the IPCC’s Fifth Assessment Report (AR5). Amoderate sea level rise (SLR), locally projected offshore from the Nile Delta coast,
was obtained. The validated model was forced with the climatic and SLR projections of 2 years representing the mid and long-
term future of the twenty-first century. The model results showed that the developed model is an efficient tool to simulate the
lagoon characteristics. The results of the modified model showed that CC has the potential to radically alter the physical and
chemical structure of Lake Burullus. The results emphasized that the lagoon is expected to bewarmer andmore saline. The risk of
oxygen depletion is firmly predictable with significant spatial differences of DO decreasing. A prolonged residence time is
expected, accompanied by an increasing trend of phosphate and chlorophyll-a and a decreasing trend of nitrate. CC impacts on
Lake Burullus should be considered in its urgently required management plan.
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Introduction

Anthropogenic disturbance–induced implications on the wa-
ter resources ecology have increased, apparently on the coast-
al ecosystems such as estuaries, bays, and lagoons (Rabalais
et al. 2009). Globally, coastal zones are intensively populated
and exhibit higher rates of urbanization combined with land-
use changes and expanded human activities (Neumann et al.
2015). Consequently, they have exposed to excessive amounts
of nutrients and heavy metals from industrial, agricultural, and
domestic waste discharges. The anthropogenic acceleration of
greenhouse gas (GHG) emissions is altering the planet’s cli-
mate. Climate change (CC) is being an ominous and serious
threat which strongly affected aquatic environments. Being
located at the land-sea interface, coastal ecosystems will be
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subjected to the combined effects of climatic changes and
resulting modifications in the adjacent sea, and over the sur-
rounding land surface (Pesce et al. 2018). Moreover, the effect
of the sea level rise (SLR) accompanies climatic changes mak-
ing the sequences and consequences more dramatically.

Indeed, coastal lagoons are fragile ecosystems in the face of
CC, affected by their high sensitivity for any climatic changes
(McLusky and Elliott 2007). Many risks can commonly be
attributed to being related to temperature increases and hydro-
logical cycle alterations. Increasing water temperature is an
essential attribute of water quality degradation which conse-
quently impacts the health of aquatic ecosystems (Stefan et al.
2001), as the increased temperature will reduce DO levels and
increase the risk of oxygen depletion (Vigil 2003). Lagoons
are particularly vulnerable to changes in precipitation relative
to evaporation (the P/E ratio) because of their shallow depths
and large surface to volume ratio (Vincent 2009). The nature
and magnitude of the climatic impacts are diversifying felted
by the characteristics of each lagoon. Moreover, the warming
of the sea surface is resulting in increasing intensity and dura-
tion of storms, and hence, certain coastal lagoons may, there-
fore, be exposed to increased circulation and storm-induced
mixing. Accelerated SLR, due to glacial melting and thermal
expansion, has further consequences for species evolutionary,
pattern, and distribution (Carrasco et al. 2016). SLR forces
more water to flow into lagoons tending to alter the water
budget and necessarily causes a general loss of variability of
their physical properties. Additionally, SLR is likely to be
responsible for weaker light attenuation in the water column
due to the expected increase in their water depth (Lloret et al.
2008). SLR may cause changes either in the strength of the
ebb relative to the flood tidal flow or in tidal prism at the
lagoon mouth(s), affecting the mechanism of transport
through the inlet(s), and thus to the lagoon basin (Smith
2001). SLR typically causes movement of the lagoon’s bed
load and, consequently, causes bathymetric changes according
to the inlet geometry. The extent of the SLR impacts will vary
from lagoon to another depending on the rate of the SLR, on
the connectors with the adjacent sea, and on the basin mor-
phology and human adaptation (Lopes et al. 2011). In la-
goons, salinity is a fundamental driver of ecological processes
and functional characteristics of aquatic biota (Telesh and
Khlebovich 2010), mostly depending on the balance between
marine and freshwater inputs, a balance that will be signifi-
cantly altered by climatic changes and SLR. The changes
appear to have already begun, and the evidence of changes
in the ecology of lagoons can be noticed (Fichez et al. 2017).
The threats were observed as an increase in salinity, decline in
lagoon fisheries, and losses in biotic diversity (El-Shabrawy
and Bek 2018). Large climatic shifts are expected by the mid
and end of this century. Undoubtedly, those will limit the
coastal ecosystem’s economic and social functions reflected
with far-reaching impacts on human health and welfare.

Better recognition of the likely hydrodynamic, water qual-
ity, and ecological impacts is essential for projecting the links
between CC-related forcings and the lagoon ecosystems and
biodiversity. In order to quantify such water quality impacts,
the integrated approach is indispensable, where CC scenarios
drive process-based models of aquatic systems. For the future
climatic projection, a new set of scenarios called the
Representative Concentration Pathways (RCPs) were ad-
dressed in the Fifth Assessment Report (AR5) of the
Intergovernmental Panel on Climate Change (IPCC). The ad-
vances that have been made for the computer resources were
employed to get the future changes in a finer resolution than
the general circulation model (GCM) outputs. This involves
using regional climate models (RCMs) within GCMs to get
the projected features of climate onto a regional scale.
Numerical models have been adopted as a powerful tool, able
to reliably predict the ecosystem under changing conditions.
They are commonly applied to assess the impacts of CC on
hydrodynamic and ecological characteristics of different
aquatic systems. Weinberger and Vetter (2012) used the one-
dimensional hydrodynamic model of DYRESM to identify
the potential drawbacks of CC on Lake Ammersee,
Germany. The DYRESM model was also employed to assess
the impacts of global warming on two Italian south alpine
lakes, namely Lake Como and Pusiano (Copetti et al. 2013).
The CC impacts on the southern part of the Aswan High Dam
Reservoir, Egypt, were investigated using two-dimensional
hydrodynamic, and water quality model of CE-QUAL-W2
(Elshemy 2013). This model was also applied on the small
deep reservoir of Hsinshan, Taiwan, to deduce the effect of
climatic changes (Chang et al. 2015). The 3D hydrodynamic
model of Delft3D Flow was applied to investigate the impli-
cations of CC on the hydro-physical behavior of Lake
Constance, Germany (Wahl and Peeters 2013, 2014).
However, several complications challenge the application of
CC modeling in lagoons. The complex bathymetry with
scattered islands and the connections with the sea are com-
bined together to make them complex and unique in their
hydrodynamics. The associated physical transport and dis-
persal processes of either the coastal flow or received pollut-
ants are equally complex. Nevertheless, various aspects of
impacts due to climatic changes and/or SLR on coastal la-
goons have been estimated soundly using numerical models.
The hydrological response of the Curonian lagoon, Lithuania,
to global climatic changes and SLR was investigated in terms
of water balance modeling by Hydrologiska Byrans
Vattenbalansavdelning (HBV) software (Jakimavičius and
Kriaučiūnienė 2013). Lopes et al. (2011) applied the
morphodynamic model of MORSYS2D to represent the mor-
phology impacts due to SLR projections by the period 2091–
2100 under B1 and A2 SRES scenarios on the Ria de Aveiro
lagoon, Portugal. Primo et al. (2018) used Delft3D Flow to
investigate CC impacts on Songkhla lagoon, Thailand, using
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the downscaling results of two GCMs under SRES A2 sce-
nario by 2100. Two different scenarios of the river flow into
the lagoon were considered while the SLR effect was repre-
sented as deepening of the entire region. The results suggested
an increase in the water velocities and a decrease of flushing
time accompanied by complex changes in salinity. The eco-
hydrodynamic impacts often reported in terms of salinity and
thermal stratification. Using a calibrated 3D flow model,
Nobuoka and Mimura (2008) investigated SLR impacts on
Hinuma lake, Japan, expecting critical salinity concentration
higher than the density for the clam to survive. The coastal
lagoon of Mar Menor, Spain, had been chosen to investigate
its transitional environment response to “A2” SRES scenario
using a hydrodynamic model of SHYFEM (De Pascalis et al.
2012). After the model calibration, it was forced with the
predicted air temperature and the precipitation of the year
2100 extracted from a selected RCM. The results showed an
increase of the annual mean water temperature by an average
of 3.28 °C and a decrease in the salinity value by an average of
1.53 PSU with a significant spatial variation. Ferrarin et al.
(2014) investigated the response of tenMediterranean lagoons
to CC using SHYFEM, a 2D hydrodynamic model, in terms
of water temperature, salinity, sea-lagoon water exchange,
and water renewal times. The lagoons’ responses to future
CC were not equal because of significant differences in
their geomorphology. The results indicated that salinity is
likely to increase in most of the considered systems, signif-
icantly in brackish systems with a limited exchange with
the sea, while the rise in water temperature was more pro-
nounced in shallow lagoons with low flushing rates. The
lagoons will have higher flushing efficiency. Numerous
studies modeled the CC impacts on the lagoon ecosystem.
Lloret et al. (2008) used a photosynthesis model to evaluate
the effects of CC on the functioning of the Caulerpa
prolifera bed in the Mar Menor lagoon, Spain. The results
showed the lagoon is likely to collapse, since future condi-
tions could make the Caulerpa prolifera unable to reach
values of net photosynthesis greater than zero, and
eutrophication processes are expected to appear. Brito
et al. (2012) used “dCSTT-MPB” model (a new version of
the dynamic Comprehensive Studies Task Team (dCSTT)
model) to investigate the potential alterations due to SLR
and global warming of about 2 °C on the Ria Formosa
lagoon, Portugal. The impact modeling was conducted in
terms of biochemical processes showing an increase of the
lagoon vulnerability to eutrophication. Pesce et al. (2018)
forced the ecological model of AQUATOX with the
medium- and long-term projections of climate change,
freshwater inputs, and nutrient loadings to deduce their ef-
fects on the phytoplankton community of Venice lagoon,
Italy. The results reported an increase of eutrophication
event frequency, and changes in the phytoplankton compo-
sition and also indicated that species adaption is inevitable.

Egyptian coastal lagoons, together with their ecological
and socioeconomic services, could be among those most af-
fected by the ongoing CC and SLR. They are five shallow
lagoons laying along the Egyptian Mediterranean coast.
Four brackish lagoons (Northern Delta Lakes) and one hyper-
saline lagoon (non-deltaic lagoon named Lake Bardawil)
jointly constitute 25% of the northern wetlands, (Fig. 1).
They have a significant role in the local economy, mainly as
valuable sources of fish yield. In 1998, the annual catch from
them had amounted the equivalent of LE 1.05 billion, or
roughly 35% of the country’s total fish income (Donia
2016). Several man-made wetlands have been found around
their border where considerable areas have been allocated to
aquaculture and commercial salt production owing to the
availability of highly concentrated brine. They also provide
inhabitants with various activities: bird hunting, reed harvest-
ing, and livestock breeding. Moreover, the four delta lagoons
receive an incremental quantity of agricultural runoffs and
discharges of domestic and industrial sewage. During the last
decades, they exposed to excessive nutrient and pollutant
loads due to population growth and overuse of inorganic fer-
tilizers and pesticides, in addition to manure.

Under their features of low flushing rates and restricted
water exchange with the Mediterranean, they become po-
tentially high pollutant concentrations and high primary
productivity. The results include the following: degrada-
tion of water quality and losses of habitats leading to
shifts in community compositions (Younis 2017). Being
habitats on a CC hotspot (Giorgi 2006), they are consid-
ered an ecoregion strongly vulnerable to CC, which is
expected to be an influential additional threat making se-
rious stress on their ecosystem. The predictable effects
generated by the projected climatic changes include in-
creasing of the frequency and abundance of eutrophica-
tion events and related symptoms such as hypoxia, harm-
ful algal blooms, and loss of habitat. Moreover, regional
SLR has addressed as a critical variable which may im-
pact their social and economic benefits (Frihy and El-
Sayed 2013). The future CC impacts on the ecology of
Egyptian coastal lagoons were not previously investigat-
ed. Few studies have attempted to address the impacts on
their hydrodynamic characteristics. Using a calibrated hy-
drodynamic model of MIKE21FM, Elshemy and Khadr
(2015) have expected significant changes in the Lake
Manzalaa characteristics: water depth, temperature, and
salinity with great spatial differences in its portion’s re-
sponse. The climatic changes were extracted from a se-
lected RCM under two RCP scenarios, RCP 26 and RCP
85, while the corresponding global mean SLR was con-
sidered. In 2013, Soliman and Ushijima forced a calibrat-
ed mass transport model of Lake Burullus with the future
precipitation and evaporation generated using four GCMs
by 2100 and the corresponding mean global SLR. The
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results clearly showed that the salinity values would be
almost doubled under the two considered scenarios: SRES
B1 and SRES A2. El-Adawy et al. (2013) presented a
modeling study of Lake Burullus based on Delft 3D mod-
el to investigate the impacts of global warming and local
SLR, projected by the Coastal Research Institute (CoRI),
for the years 2025, 2050, 2075, and 2100 under two emis-
sion scenarios of A1F1 and B1. The results revealed a
significant increase in evaporation rates and salinity.

The three mentioned studies were focused on assessing the
CC impacts on salinity and temperature. Some defects of
using the global projection can be addressed. It is essential
to investigate the consequences on water quality characteris-
tics and nutrient components. Thus, this research was initiated
for assessing of the ecological impacts of CC, considering
regional and local divergences in future conditions’ estima-
tion, on Egyptian northern lagoons; Lake Burullus was select-
ed as a case study. The first stage of this research project
included creating a hydrodynamic model, which was validat-
ed with available data sets. The model was used to examine
the lagoon sensitivity to future projected climate conditions
under RCP 85 and the corresponding SLR, separately in terms
of water depths, water temperature, and salinity (Shalby et al.
2018). This study represents the second stage where a cou-
pling hydro-ecological model of the lagoon is employed to
assess the combined impacts of CC and resulting SLR on its
physical, hydrodynamic, and water quality characteristics.
Three RCP scenarios, RCP 26, RCP 45, and RCP 85, are
considered. In this article, the study area and modeling con-
figuration are described. Then, the regional climatic change
estimates implying the bias correction, and local SLR
obtaining are addressed. The final progress forecasts the la-
goon boundary alterations by CC and examines the behavior
of the lagoon basin.

Study area

Lake Burullus is amidst the five Egyptian lagoons, locating to-
tally inside the Nile Delta (Fig. 1). It is a shallow coastal lagoon
where its water depth ranges from 0.5 to 2.0m. Since 1998, it has
been declared as a national protected area and was added to
RAMSAR sites. Lake Burullus extends in an elongated elliptical
shape with an area of 42,000 ha, ranked as the second largest
lagoon in Egypt. It occurs between the two Nile River branches
(Damietta and Rosetta) and connects to Rosetta Branch by
Brimbal canal at the west. It extends in aligning with the
Mediterranean where sand bars and dunes cover the land on its
seaward side. Lake Burullus is considered a chocked lagoon
since it is connected with the Mediterranean by a single narrow
channel of 250 m long and 44 m wide at its northeastern side.
This outlet represents the exclusive chance for the water renewal
by exchange with the adjacent sea. The lagoon surface is above
the mean sea level by 25 to 60 cm, and therefore, its water is in
continuous movement toward the sea. Lake Burullus is used
mainly as a receiving pool for large quantities of agricultural
drainage waters from 1,300,000 feddans (546,000 ha) represent
about 74.3% of the total area of the Nile Delta region (El-
Shinnawy et al. 2002). The drainage discharge reaches the la-
goon through eight agriculture drains which effluents into the
lagoon through groups of pumping stations at the drains tails.
The annual collected drainage water reaches about 3900 Mm3/
year, corresponding to roughly 97% of its water balance compo-
nents. So, they are the main features influencing the hydrology
and nutrient loads of the lagoon. The lagoon facilitates nutrient
removal from the agricultural runoff before drawing it out to the
Mediterranean through its single outlet. The accumulation of
nitrogen and phosphorus loads led to a notable increase in bio-
mass and productivity of primary producers. The average of
salinity in Lake Burullus is 4.16 PSU as monitored during the

Northern Delta Lakes

Lake Bardawil

Fig. 1 The study area location and layout, Lake Burullus
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period (2011–2013) with high spatial variability; it decreases
going away from the lagoon mouth. The gradient between the
brackish part of the lagoon and marine waters provides a unique
zone where many marine and freshwater organisms flourish
(Khalil 2010). In 2015, the fish productions from the lagoonwere
about 63,000 tons with a noticeable shift from marine species to
freshwater fishes (Younis 2017). The lagoon area features, as a
semi-arid Mediterranean climate, are highly impacted by the
dominating continental climate over Egypt: warm low rainywin-
ters and hot dry summers. Lake Burullus shows a strong corre-
lation relationship between water and air temperatures, its water
temperature follows the seasonal fluctuations of air temperature.
The highest values happen in the summer reaching about 25–29
°C, while wintertime represents the lowest values, typically
around 15–17 °C, as indicated by the recorded data of the period
2011–2013. The dissolved oxygen (DO) concentration varies
spatially, and also, it fluctuates seasonally in a correlation with
the water temperature. Averages for the 2011–2013 period reach
10 mg/l in winter, while it registered about 6 mg/l in summer.
The trophic state of Lake Burullus is mainly due to the nutrient
loads from large catchment which act in synergy with freshwater
discharge from Brimbal canal, exchanged flow with the sea and
climate conditions. The nitrogen to phosphorus ratio (N:P ratio)
in Lake Burulus depicts that nitrogen is the limiting nutrient that
controlled the plant biomass. As can be seen in Fig. 2, the dom-
inating ratio was less than 2.50 except the northwestern parts,
which show relatively higher values but less than 5.0.

Methodology

The proposed modeling approach, to quantify the impact of
CC and resulting SLR on Lake Burullus, consists of three
major phases: (1) numerical modeling of the lagoon’s hydro-
dynamic and water quality characteristics, (2) regional CC

estimating to modify the validated model, and (3) setting a
statistical regression model to predict the future responses of
the lagoon catchment (boundary conditions) to the future air
temperature change. These three major phases can be further
broken down into some more stages as shown in Fig. 3. The
last part of the diagram shows the process of evaluating alter-
ations within the lagoon basin; it involves various activities
and tools to interpret the obtained results in a qualitative way.

Lake Burullus’ hydro-ecological modeling

The hydrodynamic conditions of Lake Burullus suggest that
two-dimensional (depth-averaged) models can fully address
its characteristics and do capture the climatic and SLR effects.
Among available numerical tools, MIkE21 Flow Model
(MIKE21FM, developed by DHI Community n.d.) is a pow-
erful coupled hydrodynamic and water quality model. It is
distinguished with its capacities for simulating different eco-
hydrodynamic and water quality parameters in such shallow
lagoon with complex topographic and various inflow compo-
nents. Additionally, its great advantage of having strong tech-
nical support that is provided by the DHI community. It has
been extensively used inmanaging andmodeling lagoon char-
acteristics: e.g., Vistula Lagoon, Baltic Sea (Chubarenko and
Tchepikova 2001); Ria de Aveiro lagoon, Portugal (Pelicano
et al. 2001; Lopes et al. 2005); the Chilika Lagoon, India
(Panda and Mohanty 2008; Panda et al. 2015); Drana lagoon,
Greece (Zacharias and Gianni 2008); Baiyangdian Lake,
China (Zhao et al. 2014). And it was utilized to simulate
Egyptian lagoons: Lake Manzala (Rasmussen et al. 2009;
Elshemy et al. 2016) and Lake Burullus (Assar et al. 2016;
Elshemy et al. 2018).

The principal applicability of the modeling framework for
Lake Burullus, based on MIKE21FM, was demonstrated
(Shalby et al. 2019). The basic inputs for the developed model

Fig. 2 Spatial distribution of N:P
ratio for Lake Burullus during
(2011–2013)
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included lagoon topography (bathymetry), and stream flow
and the outlet water levels as well as the related water quality
records. The lagoon’s bathymetric map was set up as 14,400
finite difference squared grids, each 300-m width, as shown in
Fig. 4. The outlet was expressed as a boundary to represent the
sea-lagoon exchange while nine-point sources were spatially
assigned to represent the isolated streams effluents.
Observations of monthly means for streams water discharge
(m3 s−1), semi-diurnal water level fluctuation at the outlet, and
seasonal water quality records such as salinity (PSU), DO,
BOD, nutrient loads (mg l-1) as well as temperature (°C) were
obtained for the periodMay 2011–August 2013. The streams’
water quality records were measured at the ending pump sta-
tion of each drain while the sea water quality measurements
were obtained from the nearby coastal water quality monitor-
ing station of El-Burg (Me-33). These observations were com-
piled, using the boundary editor of MIKE Zero, in a time
series and grid series format to provide the lagoon model with
separate boundaries and initial conditions files, respectively.
The simulations were executed for 1 year (1 July to 30 June) in
which the related conditions: time steps, time interval, warm-

up period, and dry-flood depths were determined to satisfy the
system to bring in a steady state.

Three coupling modules were employed to depict different
conditions and major processes for the lagoon under the daily
climatic conditions measured at the nearby local meteorolog-
ical station, obtained through internet (Info-Space n.d.). Each
module was calibrated where the associated coefficients were
iteratively adjusted to optimize simulations based on the mea-
surements. Then, the developed model was evaluated against
observation in two phases: calibration phase (2011–2012) and
validation phase (2012–2013).

The hydrodynamic module (HD) was used to compute wa-
ter surface elevation, flow velocities, and circulation patterns
throughout the lagoon basin as well as the exchange discharge
with the Mediterranean within the outlet. The HDmodule was
calibrated where the simulations of water levels were com-
pared with the daily measurements at five-stage border sta-
tions (Fig. 5) showing good agreements. The absolute mean
error (AME) was averagely estimated as 0.10 m for all sta-
tions. Figure 6 shows the profile of water level calibration at a
specific station called “Shakhlobaa”, while Fig. 7 presents the
model estimation of net flow through the lake outlet in com-
parison with that estimated by El-Shinnawy (2003) based on
the water balance model of the lagoon.

The advection (AD) module was developed to simulate
temperature and salinity of the lagoon. Salinity diffusion was
described as a conservative substance with no decay over the
lagoon. It was successfully validated against the measure-
ments at twelve monitoring stations, labelled St.1 to St. 12
in Fig. 5. The average AME were 0.42 PSU and 0.40 PSU,
for the calibration and validation simulations, respectively.
Figure 8 shows an example for the verification of salinity

®

Fig. 4 Lake Burullus bathymetric map
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simulations with the measurements at two different stations,
namely St. 8 and St. 10. The heat exchange was applied to
model the seasonal fluctuations of the lagoon temperature. It
was efficiently simulated with average AME of about 0.29 °C
and 0.40 °C at the twelve stations for the calibration and the
validation periods, respectively. Figure 9 presents the temper-
ature series, at station St. 5 and St. 11, respectively, for the
calibration and verification periods, as examples. The
modeled tracer method has been utilized to estimate the resi-
dence time within Lake Burullus, as a proxy for its flushing
and cleaning efficiency (Monsen et al. 2002). It was defined as
the time required to reduce the concentration of the seeded
tracer, characterized by exponential decay, in the modeled
basin to 37% (the multiplicative inverse of Euler number,
e−1) of its initial value (Cucco et al. 2006). This technique
has been adopted to study the hydrodynamic and physical
characteristics in numerous lagoons: e.g., Venice Lagoon,
Italy (Cucco and Umgiesser 2006); Palm Jumeirah Lagoon,
United Arab Emirates (Cavalcante et al. 2012); Chilika

lagoon, India (Mahanty et al. 2016). Regarding Lake
Burullus, the model indicated that there were substantial dif-
ferences in simulated water residence time. The mean resi-
dence time for the lagoon was estimated as about 40 days.

The ecology (Ecolab) module has qualified to simulate
water quality state variables, including DO, BOD, NO3,
PO4, and Chl-a, where a predefined water quality template
was mathematically described the related ecosystem process.
The calibrated parameters included sediment oxygen demand,
0.5/day/m2; BOD decay rate, 0.1/day; nitrification rate, 2.0/
day; denitrification rate, 0.1/day; death rate of chlorophyll-a,
0.01/day; and half-saturation concentration of phosphorus-up-
take, 1 mg/l. The model performance was evaluated by com-
paring observed and modeled series distribution in the two
mentioned periods. It is possible to evidence that the majority
of simulated variables were in good agreement with the ob-
served data, as acceptable values of the errors can be noticed
in Figs. 10 and 11. Moreover, the seasonal fluctuations were
preserved. The discrepancies between the modeled and

Fig. 5 Monitoring stations (St. 1 to St. 12) and observation points (P. 1 to P. 5) throughout Lake Burullus, adapted from EEAA and CoRI
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observed values were attributed to the lack of continuous mea-
surements. For all stations, the average AME values were as
follows: 0.85 and 0.70 mg/l for DO, 1.06 and 0.89 mg/l for
BOD, 0.10 and 0.05 mg/l for NO3, 0.04 and 0.05 mg/l for
PO4, and 0.015 and 0.02 mg/l for Chl-a, respectively, for the
calibration and the validation periods.

Regional climate change estimates

Avast number of future climatic projections, obtainable from
GCM-RCM combinations, are available for CC impact as-
sessment studies. Thus, selection methodology has to be ap-
plied to get the accurate simulations and to narrow uncertainty
in future projections. Such criteria often depend on ranking the
climate models’ skills to represent some relevant climate

variables in historical and recent periods (e.g., Jacob et al.
2007; Perkins et al. 2007; Anagnostopoulos et al. 2010;
Deidda et al. 2013).

In this perspective, Shalby et al. (2017) examined six RCM
simulations covering two domains (Africa and MENA) over
the extent of the lagoon with a high spatial resolution of 0.44°
(approx. 50 km.). Table 1 shows their details including RCM
and GCM names, and institutions that provided model output.
These simulations provide daily climatic conditions for two
experiments. (1) The “historical” is for much of the industrial
period (from 1850 to 2005) where the models were forced
with observed conditions. (2) The “future” starting with the
year of 2006 simulates the future time horizons under different
Representative Concentration Pathways (RCPs). For the se-
lection of the most accurate simulation, the model outputs
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were compared with corresponding observation, at the nearby
metrological station, of daily air temperature components:
maximum, mean, and minimum. The comparison was imple-
mented in two periods: under the “historical” experiment
(1994 to 2005) and also for two RCP scenarios (i.e., RCP 26
and RCP 85) from 2005 to 2015. Six statistical metrics were
used for the comparison procedure. Three measures were
employed to compute the inter-errors:root mean square error
(RMSE), percent of bias (PBIAS), and AME, while the coef-
ficient of efficiency (E), index of agreement (D), and the cor-
relation coefficient (Cr) were utilized to represent the confor-
mity between the simulated and observed temperature. The
results showed the outputs of “MPI-ESM-LR/RCA4, GCM/
RCM nested simulations (labelled as S5), available through
CORDEX project (CORDEX n.d.), were the well fit with the
day-climate at the lagoon area in the two studied periods. This
was generated by the coupling of the RCM, named RCA4,
developed by SMHI (Swedish Meteorological and
Hydrological Institute), with the variable resolution version
of the GCM, ESM-LR, developed by the MPI-M (Max
Planck Institute for Meteorology), over Africa domain.
Nevertheless, it underestimates the observed air temperature.
Hence, the linear scaling, a widespread bias correction meth-
od, was used to adjust the simulated values, by estimating the
monthly offset or deviation with the observation within the
control period (1994–2005). Table 2 summarizes the obtained

correction factors which were added to the daily series of
projected air temperature, providing a bias-corrected mean
air temperature under three RCP scenarios: RCP 26, RCP
45, and RCP 85. The selected RCM was utilized to extract
other relevant climatic variables such as precipitation, evapo-
ration, relative humidity, clearness, and wind conditions.
Noticeably, the bias correction was applied for temperature
only due to the lack of continuous observation of precipitation
and the absence of well-assessed bias correction approaches
for some climatic conditions like relative humidity and wind
conditions. In fact, the majority of climate impacts on shallow
lakes is expected to be associated with changes in temperature
and related process. Air temperature is the essential climatic
variable on aquatic ecology (Kanoshina et al. 2003), signifi-
cantly on such warm and semi-dry regions. And in the mean-
time, the model that well represents temperature, as a basic
variable, often also performs well in other variables (Gleckler
et al. 2008).

The climatic conditions were extracted for 2 years; I
(2049–2050) and II (2084–2085)—averages of 10 years’ pro-
jections around each—represent the mid and long-term future
of the twenty-first century. Large climatic shifts including air
temperature increase, and changes in rainfall and evaporation
patterns were concluded. Table 3 summarizes the projected
changes in some climatic conditions. Climate projections
pointed out a significant increase in temperature accompanied
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by an upward trend in accumulative evaporation losses. Great
changes in the precipitation pattern were projected under the
considered scenarios, as can be noticed for RCP 46 in Fig. 12.
The projected wind conditions showed variations in both
speed and frequency. For instance, Fig. 13 presents the
projected wind conditions near the end of this century under
RCP 85. The mean wind speed would be about 4.7 m/s com-
pared with the observation of 3.2 m/s in the base case, whereas
the maximum value would increase by 3.5 m/s.

Regarding anticipated SLR, it is confirmed that it will be
accelerated in the future. Likewise the climatic conditions,
there are significant uncertainties in the future projection. A
global SLR of 53–98 cm has been predicted by 2100 under
RCP 85 (Gregory 2014). While the projection of Vermeer and
Rahmstorf (2009) is substantially higher, they expected a
global SLR of 75–190 cm. Moreover, many causes, including
gravitational effects due to land ice mass changes, thermal
expansion, and ocean dynamics, work on regional SLR vari-
ation. The characteristics of the Mediterranean, as a semi-
enclosed sea, increase the inter-variations between mean glob-
al and its local rising. Indeed, the exchange of water between
the ocean and the reservoir is responsible for about 30% of
their level equilibrium (Lopes et al. 2011). Hence, instead of
using any projected global average sea level, the local sea
level change was obtained. It was dynamically calculated
using two examined Fluid Dynamics Laboratory (GFDL)

models that best describe recent sea-level trends offshore from
the Nile Delta region (Shaltout et al. 2015). Five atmospheric/
oceanic components were considered: (1) barotropic response,
(2) ocean mass exchange through the Gibraltar Strait, (3) sea-
level variations west of the Gibraltar Strait, (4) steric sea-level
variations due to changes in water salinity, and (5) thermal
expansion. The results depicted future mean SLR for different
emission scenarios over the 2020 year. There was a strong
seasonal variation in the projected sea levels. The projections
indicated a moderate SLR along the Egyptian Mediterranean
coast, less than either the average global SLR (Kopp et al.
2014) or that calculated for the whole Mediterranean Sea
(Tsimplis et al. 2008). Table 4 summarizes the expected SLR
for two future years under three RCP scenarios relative to the
2020 year. The observed tide gauge trend near the Lake
Burullus’ mouth indicates 1.2 mm/year SLR and 1.1 mm/
year land subsidence (tidal trends equal to about 2.3 mm/year)
(El-Adawy et al. 2013). These rates were included to cover the
differences of the time datum and to address the process of
vertical tectonic motion of the Egyptian Mediterranean coast.

Rationales and caveats for impact modeling

Simulations of the future conditions were performed using the
model calibration setting. But, a number of procedures and
assumptions have to be applied, that is modifying the climate
forcing and sea level based on the regional projections. In
addition, a plausible alteration of the lagoon boundaries is
essential.

The future sea surface temperature (SST) and salinity
(SSS) were extracted from a selected GCM available at
CMIP5 (CMIP5 2008) “MPI-ESM-LR” to provide the
projected boundary conditions for the lagoon inlet. Monthly
anomalies were estimated as the difference between the two
studied years under different RCP scenarios and the corre-
sponding simulated for the baseline year (Table 5).

Regarding the future streams’ discharge and the associated
nutrient loads, they both depend on climatic conditions and on
other anthropogenic factors (e.g., land-use and agricultural
practices). It is extremely complicated to predict the role of
development plans to shift drainage water discharges and nu-
trient availability from such large catchment. Moreover, the
adaptation options, against the engagement of global

Table 2 Correction
coefficients estimated for
mean air temperature

Month Correction (°C)

January 0.13

February 0.10

March 0.17

April 0.10

May 0.50

June 0.83

July 0.84

August 0.53

September 0.77

October 0.10

November 0.57

December 0.99

Table 1 GCM-RCM combinations of the selected simulations

Label GCM RCM

S1 ICHEC-EC-EARTH SMHI-RCA4

S2 ICHEC-EC-EARTH MPI CSC-REMO2009

S3 MPI-M-MPI-ESM-LR MPI CSC-REMO2009

S4 MOHC-HadGEM2-ES SMHI-RCA4

S5 MPI-M-MPI-ESM-LR SMHI-RCA4

S6 CanESM2 CCCMA-CanRCCM4

Table 3 Average changes (%) due to climate change scenarios (relative
to the base case 2011–2012)

Variable Year RCP 26 RCP 46 RCP 85

Temperature I (2049–2050) 7.8% 8.1% 13.5%

II (2084–2085) 14.5% 19.0% 19.7%

Evaporation I (2049–2050) 66.6% 72.3% 81%

II (2084–2085) 77% 86% 96.2%
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warming, local SLR, fresh water shortage, and populations
growing, to change the land cover and crop patterns are still
under consideration (Agrawala et al. 2004). In this study, the
effect of land-use change on the drainage water to the lagoon
was negligible. The modification of the drain boundaries was
based on the expected temperature rising. A linear regression
model was developed to predict the water temperature of each
stream (Ts) relative to the air temperature (Ta). The results
show that water temperature is well-correlated with monthly
average air temperature. As an example, Fig. 14 depicts the
developed relationship for “Hoksa” drain, where the coeffi-
cient of determination (R2 values) was 0.96. It was found that,
with 95% confidence, the true increase in “Hoksa” drain water
temperature for a 1 °C increase in air temperature ranges be-
tween 0.90 °C and 1.30 °C.

The lagoon response to the projected regional climatic chang-
es and local SLR was manifested and addressed in three main

different aspects (e.g., physical, hydrodynamic, and ecological).
The impacts were compared along the model cascade, where the
alterations are discussed relative to the base case simulation
(2011–2012). The changes were calculated as in Eq. (1).
Additional observation points (Fig. 5) were assigned throughout
the modeled basin to follow the spatial changes over the lagoon
portions. The annual average changes were calculated at each
station for each CC scenario and studied year.

Δ ¼ Pcc−Pref :
Pref :

� �
� 100 ð1Þ

where:

Δ The change in the studied parameter record (%)
PCC The parameter record due to the applied CC scenario
Pref. The parameter referenced record (the calibrated - base

case simulation- record)
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Results and discussions

Hydrological impacts

Water quality of coastal lagoons is affected by many hydro-
logical and physical processes, including, water exchange
with the adjacent sea, lagoon circulation, and turn over or
flushing rates. The deficiency of water exchange between
the Mediterranean Sea and Lake Burullus was addressed in
some recent studies (e.g., El-Kolfat 2012; El-Adawy et al.
2014), resulting in dampened tidal oscillation and a long
flushing time. Thereby, the combined effects of projected re-
gional CC and local SLR on these features are critical and,
therefore, were investigated near the end of the twenty-first
century (2084–2085).

The water balance of Lake Burullus is governed by
inputs—inflow from point sources, gained precipitation (Pg)
on the lagoon surface, as well as subsurface and groundwater
inflow—and by outputs, namely net exchange flow with the
sea (Qnet) and evaporation losses (EL). The direct alterations of
the lagoon’s water budget due to CC can be quantified, based
on these three main water budget components (i.e.,Pg, EL, and
Qnet). The net changes (Δ) by 2085 were estimated as 43, 50,
and 67 Mm3 for RCP 26, RCP 45, and RCP 85, respectively.
These differences show an increase in the lake water volume,
which is expected to increase its depth and areal extent (if
allowed). Moreover, the prediction of increasing in seawater
inflow into Lake Burullus will necessarily increase the lake
salinity.

Lake Burullus is suffering from very poor circulation,
which is responsible for degradation in its water quality and
increasing spatial variation of its salinity. As a chocked la-
goon, the wind-driven circulation dominates the tidal

circulation throughout the basin. Wind-driven circulation al-
most causes direct water transport (Zacharias and Gianni
2008), downwind regardless of the wind direction. Earlier
surveys in Lake Burullus revealed that vertical moving (i.e.,
from south to north, V) was the dominant most of the time
(Abayazid and Al-Shinnawy 2012), affected by the over-
whelming drainage discharges from the served watershed
side. Regarding the projected wind condition, Lake Burullus
will be exposed to an increased circulation and a storm-
induced mixing. Moreover, the SLR will allow more saline
water to enter the lagoon, and therefore, a higher density gra-
dient might be resulted. This process alters the lagoon circu-
lation and modifies its pattern by increasing the horizontal
moving (i.e., from east to west, U) versus the vertical moving.
The alterations of the circulation pattern can be easily noticed
by comparing at the same time step, as shown in (Fig. 15).
Moreover, the simulations depicted great changes of flow ve-
locities throughout the lagoon and significantly near the outlet
regardless of the flow direction. It is likely that the lagoon
morphology will be affected by the expected high water ve-
locity, in particular, the eastern portion.

Water exchange, evaporation, advection, and diffusion are
reasonably considered among the main physical processes that
influence the cleaning capacity of the lagoon ecosystem
(Cucco and Umgiesser 2006). Under the projected increase
of evaporation losses and seawater intrusion, a prolonged res-
idence time would be resulted. The estimated residence time
exceeds 52 days for RCP 26, 60 days for RCP 45, and 73 days
for RCP 85, compared with a residence time of about 40 days
during the base case simulations (Fig. 16). This would affect
the chemical composition of the lagoon waters by controlling
the time available for biochemical and photochemical process-
es to operate and the extent of accumulation and loss of dis-
solved and particulate materials. Moreover, in eutrophic la-
goons such as Lake Burullus, nutrients that accumulated over
several years will be recycled.

Ts = 1.0948 Ta - 1.1061
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Table 5 Annual mean anomalies of SST and SSS

Variable Year RCP 26 RCP 46 RCP 85

SST (°C) I (2049–2050) 0.5 0.8 1.30

II (2084–2085) 0.6 1.4 2.80

SSS (PSU) I (2049–2050) 0.1 0.2 0.2

II (2084–2085) 0.3 0.3 0.4

Table 4 Expected SLR along the Egyptian Mediterranean coast
(extracted from Shaltout et al. 2015)

Scenario RCP 26 RCP 45 RCP 85

2050 2.5 cm 6.7 cm 7.8 cm

2085 8.0 cm 9.3 cm 16.6 cm
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Hydrodynamic impacts

The hydrodynamic implications on Lake Burullus were inves-
tigated with respect to the CC in three characteristics: water
depths, water temperature, and salinity. These parameters
were simulated considering the combined effect of future me-
teorological conditions and SLR, for three RCP scenarios and
two studied years; I (2049–2050) and II (2084–2085) repre-
sent the mid and long-term future, respectively. Table 6 sum-
marizes the annual average changes in the lagoon’s eco-
hydrodynamic conditions.

CC will produce higher water depths than the referenced
base case. The results are proportional to the predictions of
SLR and evaporation. It is totally understood that the SLR is
responsible for the positive change on the lagoon water
depths, while the change in the meteorological conditions
(evaporation) causes a negative effect. The results emphasized
the stronger effect of the SLR than evaporation. Their differ-
ential effect under RCP 85 scenario was quantified (Shalby
et al. 2018). The response to the sea water intrusion spatially
varies, depending on the morphological characteristics and
station positions away from the outlet. The average changes

Fig. 15 Internal circulation
pattern of Lake Burullus, base
case simulation (up) and simula-
tion of RCP 85 (down)
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were estimated as 14 cm, 10 cm, and 8.1 cm, respectively for
the three considered scenarios (i.e., RCP 26, RCP 45, and
RCP 85) for the long-term future. While the changes were
8.6 cm, 5.2 cm, and 2.8 cm for the mid-future projections.

For water temperature, it will increase under the CC, pro-
portionally to the annual average change of air temperature, as
can be seen in Tables 3 and 6. It can be noticed that the
response of the lagoon temperature will be lower than the
projected increase in the air temperature, clearly in the study
year II for the long-term future. That may return to the rising
of sea level that is forcing more sea water to enter the lagoon
with a weak positive upward of SST (Table 5). Under RCP 85
projections, the increase is expected to be about 4.15 °C and
2.83 °C, respectively, for the two study periods; 3.7 °C and 2.5
°C for RCP 45; and to 2.1 °C and 1.2 °C for RCP 26. The
water temperature changes are slightly varied spatially
throughout the lagoon, where the eastern portion represents
the lowest influenced portion. The seasonal fluctuations are
expected to diverge. Considering RCP 85 projections, the av-
erage summer water temperature will increase by about 4.8 °C
and 3.1 °C, respectively, for long and mid future, while the
winter temperature will increase by 3.9 °C and 2.5 °C. As a
result of increasing water temperatures, water quality would
be adversely affected. Most physical properties of water, and
the rates of many chemical and biological processes in water
are a function of temperature. In such an eutrophic lagoon
where nutrient conditions are suitable, increase in water tem-
perature is typically accompanied by major upshifts in the
concentrations of algal.

The scenario simulations illustrated that high salinity in-
creases are expected due to saline water intrusion and evapo-
ration losses. The sensitivity analysis emphasized that SLR
has a dominant effect over evaporation on the lagoon’s salinity
(Shalby et al. 2018). Near the end of this century, the lagoon’s
average salinity is expected to be increased by 0.8, 1.0, and
1.45 PSU respectively for the three considered scenarios (i.e.,
RCP 26, RCP 45, and RCP 85), while the average increase by
2050 will be 0.28, 0.53, and 0.90 PSU, respectively. The
changes in the lagoon’s salinity significantly vary from station
to station depending on the station location. Figure 17 depicts
the changes in the spatial distribution of salinity under the
considered scenarios by 2085 and for the base case. The north-
eastern corner will experience maximum change in salinity
with an average of 3.8 PSU under RCP 85 scenario, and

decreases to 3 PSU for RCP 46 and to 2.4 PSU under RCP
26 assumptions. The eastern corner has a lower response es-
timated as 2 PSU, 1.5 PSU, and 1 PSU, respectively, that
returns to the effect of drainage water from “Burullus,”
“Khashaa,” and “Tira” drains (see Fig. 1). The lagoon’s mid-
dle portion is expected to have a moderate increase by about
0.6 PSU, 0.47 PSU, and 0.32 PSU, but the border stations will
increase by an average of 0.35 PSU, 0.24 PSU, and 0.15 PSU.
The average changes in the western portion were 0.37 PSU,
0.27 PSU, and 0.18 PSU, respectively for the RCP scenarios.

The inter-lagoon variability by 2085, computed as the stan-
dard deviation of the simulated values throughout the lagoon,
is predicted to increase from 2.16 PSU in the base case to 2.72
PSU, 3.16 PSU, and 3.43 PSU respectively for the three sce-
narios. All organisms and specifically fish are firmly affected
by the salinity distribution.

Ecological impacts

The impacts on four water quality parameters of Lake
Burullus were investigated with respect to the CC: e.g., dis-
solved oxygen (DO), nitrate (NO3), phosphate (PO4), and
chlorophyll-a (Chl-a). The projected changes are summarized
in Table 7. The changes were estimated using Eq. (1), showing
a significant decreasing for DO and NO3 and increasing for
PO4 and Chl-a, compared with the base case concentrations.

The DO concentration is expected to decrease, significantly
in the long-term future (2084–2085) due to the strong increase
of surface water temperature. There are significant spatial dif-
ferences of DO decreasing. The eastern portion of the lake
represents the least affected portion that may return to the
effect of seawater intrusion with relatively high DO concen-
trations. For instance, the average changes by 2085 under
RCP 85 scenario for the three portions (i.e., east, mid, and
west) would be − 8.6%, − 9.8%, and − 15.8%, respectively,
while the corresponding changes under RCP 26 would be −
6.0%, − 6.5%, and − 10%. The risk analysis was identified as
the probability of being lower than a specific threshold value,
based on the cumulative distribution function (CDF) as shown
in (Fig. 18). The risk probability for DO to be less than a
threshold of 6.0 mg/l is projected to increase by 10%, 17%,
and 20% under the RCP scenarios (i.e., RCP 26, RCP 45, and
RCP 85). In addition, the anoxia frequency in the western
portion would be climbed affected by temperature increase

Table 6 Average changes (%) of
Lake Burullus’ hydrodynamic
conditions due to climate change
scenarios

Year Mid future (2049–2050) Long future (2084–2085)

Parameters Depth Temperature Salinity Depth Temperature Salinity

RCP 26 4.6% 6.1% 9.2% 12.6% 7.9% 18.6%

RCP 45 8.6% 8.2% 14.7% 16.3% 12.2% 23.4%

RCP 85 13.5% 10.4% 15.4% 22.5% 15.3% 27.3%
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and will aggravate the release of nutrients from the sediment.
The western portion would experience an increase by about
13%, 22%, and 27% of daily hypoxic condition probability
(DO concentration less than 6 mg/l), respectively for the three
scenarios by the current century end. This behavior is owed to
the rise of its water temperature which is considered a funda-
mental factor of oxygen reduction in shallow lakes, since the
solubility of oxygen decreases while temperature increases.

Additionally, the results show that CCwill have an obvious
impact on the nutrient components of Lake Burullus. Relative
to the base case simulation, phosphate concentration is expect-
ed to increase by 13.4%, 21.5%, and 16.9% for the long-term
future under the three RCP scenarios, respectively. This sug-
gests that phosphate release from the sediments is favored by
higher temperatures (Fulweiler and Nixon 2009). The upsurge
in the phosphorus consumption, due to increasing rates of

algal growth in warmer water, will be compensated and
exceeded by the projected increase in phosphorus flux from
sediment. However, the eastern portion of the lagoon shows a
decreasing trend of PO4 under RCP 85 scenario for the long-
term future affected by SLR and the intrusion of
Mediterranean water with low PO4 concentration into the la-
goon. The middle and western portions always show upward
trends, and the latter is the most affected. The CC simulations
show lower nitrate concentrations which is the limiting nutri-
ent of algal growth in Lake Burullus. That is attributed to the
increased rates of algal growth and bacteria denitrification as
well as the extended growing period of aquatic plants under
the warmer climate. Anoxia causes increasing in nitrogen
losses from the ecosystem through bacterial denitrification
process, where nitrate is converted to nitrogen gas.
According to the decreasing trend of nitrate, it is evident that

Base Case

RCP 26

RCP 45

RCP 85

Fig. 17 Salinity spatial
distribution of Lake Burullus for
different climatic scenarios and
the base case

Table 7 Average changes (%) of
Lake Burullus’ water quality
parameters due to climate change
scenarios

Year Mid future (2049–2050) Long-term future (2084–2085)

Parameters DO NO3 PO4 Chl-
a

DO NO3 PO4 Chl-
a

RCP 26 − 3.0% − 4.5% 5.5% 0.9% − 7.6% − 9.6% 13.4% 2.3%

RCP 45 − 3.1% − 3.0% 6.2% 1.5% − 11.0% − 14.7% 21.5% 4.7%

RCP 85 − 6.9% − 9.2% 12.3% 2.1% − 11.5% − 18.3% 16.9% 3.7%
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the supply of nitrate from different sources is less than the
increased consumption due to the warmer climate, in particu-
lar the middle and the western portions. The eastern portion
shows a decreasing trend of about − 6%, − 10.9%, and −
16.8% under long-term climate change projections, while
the middle portion will be the most affected part through the
lagoon. It reveals a decrease in nitrate concentration by about
− 11.2%, − 17.3%, and − 23.8%, respectively, for the three
scenarios by the current century end.

The simulated values of Chl-a during the model calibration
indicate a hypertrophic state of the lagoon; CC will signifi-
cantly increase the concentrations of Chl-a. The warmer water
is supporting the growth of algae, albeit this is limited by the
favorable nutrient concentrations. Increase in Chl-a concen-
tration can be easily noticed at the three portions. The eastern
portion shows a less severe positive trend revealing increases
by 1.7% and 3.3%, respectively for the two studied years
under RCP 85, and 1.2 % and 4.5% under RCP 45, while
the western part would register an increase by 3.2% and
4.9% under RCP 85, and 1.8% and 5% under RCP 45.
Scenario of RCP 45would be the worst storyline of the lagoon
eutrophication category by the end of this century; it reveals
an average increase by 4.7% and 21.5% of the chlorophyll and
phosphate concentrations within the lagoon, respectively.

Conclusions

This study promoted a coupled modeling approach, based on
Mike 21FM, for assessing the potential effects of CC at a sub-
regional scale of Lake Burullus. A suite of widely used GCM-
RCM combinations were evaluated. The selected ensemble
provides future surface meteorological forcings for the study
region including precipitation, evaporation, air temperature,

relative humidity, and wind. The regional projections of the
influencing climatic conditions, as well as the local SLR pro-
jections, were used to feed the validated model to deduce the
changes in the lagoon characteristics. The results indicated
that CC and resulting SLR will likely alter current hydrolog-
ical, hydrodynamic, and water quality characteristics of Lake
Burullus, and accordingly have serious implications on its
ecosystem health.

The impacts on the physical and hydrological characteris-
tics were investigated, near the end of this century, in terms of
water balance, circulation pattern, and residence time. The
SLR will increase the inflow water from the Mediterranean.
This flux increase combined with significant changes in pre-
cipitation to evaporation (P/E) ratio will lead to significant
alterations of the lagoon water budget. The lagoon volume is
expected to increase under the three RCP scenarios. An in-
crease in the outlet water velocity accompanied by changes in
the circulation pattern within the lagoon basin is expected. CC
and SLR will lead to a prolonged residence time and would
result in an elevated eutrophication level, which may trigger
the shift from oxygenated to anoxic conditions.

Regarding the impacts on the hydrodynamic conditions,
the medium (2049–2050) and long-term (2084–2085) projec-
tions were aggregated to assess the impacts on the lagoon
water depths, temperature, and salinity. The changes in the
lagoon water budget were deduced as an accretion in its water
volume and subsequently caused an increase in the lagoon
depths. The shallow waters of Lake Burullus showed a rapid
temperature equilibrium in which its water temperature is fol-
lowing the expected upward trends of air temperature projec-
tions. The combined effect of the SLR and projected increase
in the evaporation rates will lead to an increase in the lagoon’s
salinity. The findings of the effect on the lagoon’s salinity are
in agreement with the two studies that concerned with Lake
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Burullus salinity. The differences are in the alterations magni-
tudes. The obtained changes were less than the results of El-
Adawy et al. (2013) and Soliman and Ushijima (2013) who
used the global SLR projections.

For the ecological impacts, future mid-term and long-term
projections of water quality parameters (DO, NO3, PO4, Chl-
a) are compared toward the control period (2011–2012). Lake
Burullus revealed a distinct response to the regional changes
in climates and local SLR projection. As water temperature
rises, in the presence of an abundance of nutrients, the meta-
bolic rates of the most water organisms as well as algae bio-
mass increase. That was noticed through a significant increase
in the concentrations of Chl-a, and necessarily increase the
consumption of oxygen. Simulated results of DO indicate that
concentrations would feature a decrease in both mid- and
long-term periods for the three RCP scenarios. The risk of
oxygen depletion will increase and consequently causes fish
killing. The results of nutrient simulation show an increasing
trend of PO4 and a decreasing trend of NO3 in the future. The
occurrences of warmer water and high phosphorus concentra-
tions are both predicted to increase, resulting in a higher risk
of eutrophication events and algal bloom in Lake Burullus.
Moreover, it can conclude that the presence of nitrate in
Lake Burullus underperformed the level required by the algae.
Future projections of N/P ratio exhibit the events of nitrogen
going to be the limiting nutrient more frequent than in present
times. This suggests relevant effects on the composition of
phytoplankton in Lake Burullus that can modify the compet-
itive advantage of phytoplankton species.

Model simulations revealed that the magnitude and direc-
tion of change would differ within the lagoon basin.
Regarding the water quality parameters, the eastern portion
of the lagoon is expected to be the least affected portion that
may return to the effect of seawater intrusion. However, the
combined effects of climatic changes and SLR do not change
the substance of each storyline implications; RCP 85 exhibits
a nightmare scenario on the lagoon characteristics.

Consequently, CC is going to alter its biological attributes
affecting its ability to maintain the present-day communities
of aquatic plants, animals, andmicrobes, and will contribute to
reduce its capacity to provide ecosystem services for species
composition, biota, and fishes.

Similar to any impacts assessing study on aquatic ecosys-
tems, the obtained results involve many sources of uncertainty
and it is ideally to be considered an indication of the effects of
CC on hydro-ecological characteristics of Lake Burullus rath-
er than be supposed as exact predictions. Following the
adopted framework, the main limitation of the modeling stage
is the lack of data for the lagoon. The model results closely
mimic the monitoring values and preserve the measured an-
nual profiles and the seasonal fluctuations, and do capture the
spatial distribution pattern of the simulated parameters.
However, for future modeling efforts, there is an urgent need

for high-quality simultaneousmeasurements of different water
quality parameters at several points spread across the lagoon
with monitoring frequency not exceeding 30 days.

Moreover, the implemented modeling approach necessitat-
ed some assumptions and simplifications that added uncer-
tainty to the study. This study focused on the effect of climatic
changes and SLR; it succeeded to rather produce more accu-
rate regional projections and decrease the within uncertainty.
However, the effect of the land-use change and other non-
climatic pressures (e.g., population dynamics, agronomic
and aquaculture practices) may be important drivers and there-
fore, the integration of projections on land-use and other hu-
man influences could add further value to the impactmodeling
approach. Moreover, using of various bias correction methods
for different influencing climatic conditions can be considered
a potential area of improvement.

Urgent water quality management plans have to be com-
menced where the synergistic effects of local anthropogenic
impact and ongoing CC should be involved in the feasibility
studies. Coupling water quality and fish habitat models of the
lagoon to investigate impacts of future CC should be further
explored in following studies. Also, expanding this work, in-
cluding suggested improvements, for other Egyptian lagoon
could be part of future research activities.
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