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Abstract – Water temperature plays a primary role in controlling a wide range of physical, geochemical
and ecological processes in lakes, with considerable influences on lake water quality and ecosystem
functioning. In this paper, we report on the ability of the one-dimensional lake model to simulate the water
temperature of Moroccan lakes, i.e., Sidi Boughaba and Sidi Ali lakes, over a 35 yrs period from 1979 to
2014, affected by climate change and based on a freshwater lake model (FLake). During the study periods,
two variables are studied, the epilimnion and metalimnion temperatures. The result analysis shows that
epilimnion temperatures increased, while metalimnion temperatures decreased. Additionally, we calculate
significant air temperature, wind speed and water temperature variation and illustrate, using a sequential t
test analysis of regime shifts (STARS) based on the Rodionov method, a substantial increase in annually
averaged of all variables, in response to an abrupt shift in the climate. Schmidt stability showed a significant
increase for Sidi Ali Lake and near 0 for Sidi Boughaba Lake. On the other hand, the sensitivity analysis (i.e.,
one-at-a-time (OAT) method) of the atmospheric variable is discussed. The results show good agreement
with water temperature observations that suggests that the predictive model can be used to obtain a first-
order estimation of water temperature in Moroccan lakes. Hence, it is possible to apply this model in other
Moroccan lakes to simulate the behavior of temperature and to investigate the potential future warming of
the water column in lakes, affected by climate change.

Keywords: Moroccan lakes / FLake model / water temperature / regime shifts / sensitivity analysis / metalimnion /
epilimnion / climate change

1 Introduction

Currently, climate change is considered to be one of the
most severe threats to ecosystems around the globe (ACIA,
2004; Rosenzweig et al., 2007). In Africa, temperature
increases in the 21st century are expected to be similar to those
of other continents (Fig. 1; Mitchell and Hulme, 2000).
Additionally, globally averaged land and ocean surface
temperature anomalies have increased over the period from
1850 to 2012 (IPCC, 2014). Monitoring and understanding the
effects of climate change pose challenges because of the
multitude of responses within an ecosystem and the spatial
variation within the landscape. A substantial body of research
demonstrates the sensitivity of lakes to climate and shows that
physical, chemical, and biological lake properties respond
rapidly to climate-related changes (ACIA, 2004; Rosenzweig

et al., 2007). Fast turnover times from organismal to ecosystem
scales in lakes are prerequisite for detecting such rapid
changes. Previous studies have suggested that lakes are good
sentinels of global climate change because they are sensitive to
environmental changes and can integrate changes in the
surrounding landscape and atmosphere (Carpenter et al., 2007;
Pham et al., 2008; Williamson et al., 2008). However, a more
thorough analysis of the potential for lakes to act as sentinels
for the rapid rates of current climate change is lacking. Studies
of lakes provided some of the early indications of the effects of
current climate change on ecosystem structure and function
(Schindler et al., 1996; Magnuson et al., 2000; Verburg et al.,
2003) and the consequences for ecosystem services (O’Reilly
et al., 2003). Some climate-related signals are highly visible
and easily measurable in lakes. For instance, climate-driven
fluctuations in water level have been observed on a broad scale
in North America (Williamson et al., 2009a, 2009b), and shifts
in the timing of ice formation and thawing reflect climate
warming at a global scale (Magnuson et al., 2000). Other*Corresponding author: haddout.ens@gmail.com
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signals may be more complex and difficult to detect in lakes,
but they may be equally sensitive indicators of climate forcing
or equally informative regarding effects on ecosystem
services. Available long-term historical records and recon-
structions from sediment cores have yielded insight into less
visible climate related changes and provided us with an
understanding of the mechanisms that give rise to these
changes (Adrian et al., 2009).

Lakes are important sentinels of climate change (Adrian
et al., 2009; Williamson et al., 2009a) and the routes to change
in lakes include three primary climate forcing pathways:
temperature, precipitation, and incident solar radiation
(Williamson et al., 2009b). Rising water temperatures in
lakes is a particularly important change because lakes have
warmed faster than atmospheric temperatures in some cases
(Schneider et al., 2009; Schneider and Hook, 2010; Austin and
Colman, 2007). Worldwide, the summer surface temperatures
of lakes are increasing at an average rate of 0.34 °C decade� 1
(O’Reilly et al., 2015). These high rates of temperature rise are
likely to have significant effects on lakes because thermal
regime has a strong influence on the structure and function of
lentic ecosystems (Magnuson et al., 1979; Paerl and Millie,
1996; Lapierre et al., 2015). Specific lake processes that are
susceptible to thermal changes include plankton bloom
phenology (Williamson et al., 2010), harmful algal blooms
(Michalak et al., 2013), depletion of hypolimnion dissolved
oxygen concentrations (Jankowski et al., 2006), and thermal
suitability for vertebrates (Sharma et al., 2011; Kao et al.,
2015). These and other effects of climate change on lakes have
been discussed in several recent papers (e.g., Schmid et al.,
2014; Woolway et al., 2017a, 2017b, etc.).

On the other hand, the lake physics including temperature
and water level, as well as lake chemistry and biological
communities, have been or are being affected by these
environmental changes (Keller, 2007; Joehnk et al., 2008;
Rouse et al., 2008; MacKay et al., 2009; Vincent, 2009; Brown
and Duguay, 2010; Brown et al., 2011). To effectively manage
lakes and reservoirs in a changing world, quantitative

understanding and prediction of the effects of these changes
on lake physics are essential (Samal and Mazumdar, 2005).
Additionally, the water temperature: surface and epilimnion
water temperatures, which can be highly correlated with
regional-scale air temperatures, exhibit a rapid and direct
response to climatic forcing, making epilimnion temperature a
useful indicator of climate change. In many (but no means all)
lakes, the epilimnion has undergone recent warming.
Epilimnion temperatures are easy to monitor and reflect
warming trends in air temperature in North America
(Arhonditsis et al., 2004; Coats et al., 2006), Eurasia
(Livingstone, 2003; Hampton et al., 2008), and Africa
(O’Reilly et al., 2003). In contrast, hypolimnion temperatures
exhibit a much more complex behavior, and they may undergo
warming or cooling trends depending on lake morphometry
(Gerten and Adrian, 2001) and season (Robertson and
Ragotzkie, 1990; Livingstone and Lotter, 1998; Straile
et al., 2008). Some studies show that the increase in wind
speed caused an overall warming of water temperature, with
warming in the hypolimnion and metalimnion, but cooling of
the epilimnion, especially in summer and autumn, as well as a
deeper thermocline and shorter period of stratification
(Robertson and Ragotzkie, 1990; Hondzo and Stefan, 1993;
Elo et al., 1998; Perroud and Goyette, 2010; Bayer et al., 2013;
Palmer et al., 2014; Kraemer et al., 2015;Winslow et al., 2015;
Richardson et al., 2017). Additionally, by influencing the
density gradient in the water column, vertically heterogeneous
changes in water temperature result in long-term changes in the
intensity and duration of vertical mixing and stratification,
thermal stability, and thermocline depth (Adrian et al., 2009).

Long-term changes in thermal structure might in the
future be responsible for mixing regimes shifting from
polymictic to dimictic, dimictic to monomictic, or mono-
mictic to oligomictic (Boehrer and Schultze, 2008; Living-
stone, 2008). Although long-term changes in thermal
structure and mixing regime may require detailed tempera-
ture measurements in the water column for their detection,
they represent good indicators of climate change because of
the directness and sensitivity of their response to climatic
forcing. In addition, such long-term physical changes would
have severe consequences for nutrient and oxygen concen-
trations, as well as for the vertical distribution and
composition of the biota (Adrian et al., 2009). On the other
hand, basin morphometric characteristics such as mean depth,
surface area, and volume can strongly affect lake stratifica-
tion (Butcher et al., 2015; Kraemer et al., 2015; Richardson
et al., 2017). Large surface areas increase the effects of
vertical wind mixing, an important mechanism for transfer-
ring heat to the lake bottom (Rueda and Schladow, 2009) and
thermocline shifts may be dampened in large lakes where the
depth of the thermocline is constrained by the lake’s fetch
(Boehrer and Schultze, 2008; MacIntyre and Melack, 2010).
Winslow et al. (2015) showed that differences in wind-driven
mixing may explain the inconsistent response of hypolimnion
temperatures between small and large lakes. While previous
research efforts have investigated the response of individual
lakes (Austin and Colman, 2007; Voutilainen et al., 2014) and
the bulk response of lakes in a geographic region to changing
climate (Magnuson et al., 1990; Kirillin, 2010), some studies
have focused on elucidating the effects of morphometry,
specifically latitude, lake depth and surface area, on changes

Fig. 1. Mean expected air temperature increases over the 21st century
in 145 countries on four continents. Data from Mitchell and Hulme
(2000).
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in lake water temperature in response to long-term changes in
air temperature and wind speed.

The purpose of this paper is to investigate the response of
water temperatures in Moroccan lakes with different mor-
phometry and geography to changing air temperature and wind
speed, for the first time. The freshwater lake model (FLake) is a
bulk fresh-water lake model and computationally efficient and
performs reasonably across lake categories in predicting water
temperatures; is used in this paper. Additionally, we calculate
significant air temperature, wind speed and water temperature
variation and illustrate, using a sequential t test analysis of
regime shifts (STARS) based on the Rodionov (2005b)
method, a substantial increase in annually averaged of all
variables, in response to an abrupt shift in the climate. Schmidt
stability showed a significant increase for Sidi Ali lake and
<0.3 J·m� 2 for Sidi Boughaba lake. On the other hand, the
sensitivity analysis (SA) of the atmospheric variable is
presented. Result analyses show a good-fit between data
observations of water temperature and computed water
temperature. It is possible to apply this model in other
Moroccan lakes to simulate the behavior of temperature and to
investigate the potential future warming of the water column in
lakes, affected by climate change.

2 Lake model FLake

FLake is a bulk fresh-water lake model capable of
predicting the water temperature structure and mixing
conditions in lakes of various depth on the time scales from
a few hours to man years (Mironov, 2008; Mironov et al.,
2010). It is based on a two-layer parametric representation of
the temperature profile, and on the integral heat and kinetic
energy budgets for the layers in question. The structure of the
stratified layer between the upper mixed layer and the basin
bottom, the lake thermocline, is described using the concept of
self-similarity (assumed shape) of the temperature-depth
curve. The same concept is used to describe the temperature
structure of the ice and snow cover and of the thermally active
upper layer of bottom sediments. FLake incorporates an
advanced formulation to compute the mixed-layer depth
including the equation of convective entrainment and a
relaxation-type equation for the depth of a wind-mixed layer, a
module to describe the interaction of the water column with
bottom sediments, and a snow-ice module. Empirical constants
and parameters of FLake are estimated, using independent
observational and numerical data. They should not be re-
evaluated when the model is applied to a particular lake. There
are, of course, lake-specific external parameters, such as depth
to the bottom and optical properties of water, but these are not
part of the model physics. With the integral approach used in
FLake, the problem of solving partial differential equations for
the temperature and turbulence quantities is reduced to solving
ordinary differential equations for the time-dependent quanti-
ties that specify the evolving temperature profile. These are
mixed-layer temperature and mixed-layer depth, temperature
at the water-bottom sediment interface, mean temperature of
the water column, shape factor with respect to the temperature
profile in the thermocline, temperature at the ice upper surface,
and ice thickness. If the bottom sediment module is switched
on, two additional prognostic variables are computed, viz., the

depth of the upper layer of bottom sediments penetrated by the
thermal wave and the temperature at that depth (see Mironov
(2008), for details). In order to compute fluxes of momentum
and of sensible and latent heat at the lake surface, a
parameterization scheme is used that accounts for specific
features of the surface air layer over lakes. The scheme
incorporates a fetch-dependent formulation for the aerody-
namic roughness of the water surface, advanced formulations
for the roughness lengths for potential temperature and specific
humidity in terms of the roughness Reynolds number, and free-
convection heat and mass transfer laws to compute fluxes of
scalars in conditions of vanishing mean wind. Further
information about FLake can be found at http://lakemodel.net.

3 Overview of the Moroccans lakes: Sidi
Boughaba and Sidi Ali lakes

Two morphometrically different lakes, lake Sidi Bough-
aba, and Sidi Ali lake, were selected for this work (see Tab. 1).
These lakes are chosen for (1) their morphometry differences,
and (2) the availability of long-term of data records for model
computed.

1-Sidi Boughaba Lake lies at 3m.a.s.l (meters above sea
level) in the Atlantic coast of Morocco, located 10 km South of
Kenitra and 1 km inland from the coast, is the only permanent
shallow lake by the Sebou river estuary. Sidi Boughaba surface
area ∼650 ha, maximal depth ∼2.98m (Fig. 2: left). Due to its
shallow depth, Lake Sidi boughaba does not experience
thermal stratification in the summer. In addition, this lake is
one of the last natural permanent standing bodies on the North-
West coast of Morocco, most of the other hydro-systems of
Gharb plain having been drained and dried. The lake lies in a
∼6 km long depression that separates the coastal mobile dunes
(20–30m high) and a rim of fossilised dunes (∼50m high) on
the east side. A small seasonal daya, adjacent to the Merja Sidi
Boughaba, is located in the upper part of the lake basin at its
northern rim. During heavy floods, the surface water of this
daya flows downward into the merja. The whole 650 ha
depression, including both the daya and the merja, was
established as a National Natural Reserve of Sidi Boughaba in

Table 1. Morphometric and hydrologic characteristics of the two
study Lakes.

Characteristics Lake Sidi
Ali

Lake Sid
Boughaba

Mean depth [m] 28.20 1.60
Max depth [m] 43.40 2.98
Surface area [ha] 400 650
Shoreline length [km] 2.20 5.50
Groundwater Ground water Ground water
Station location (from lake [m]) 200 -
Sampling depth [m] 0.2–12 0.2–0.4
Frequency of water temperature
observations

Monthly Monthly

Longitude 4°5904300W 6°3900000W
Latitude 33°0403100 N 34°1500000 N
Volume [km3] 70 10.4
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1975 and was designated as a site of international importance
by the Ramsar Convention in 1980. A dense forest of Juniperus
phoenicea, Olea europaea, Pistacia lentiscus and Myrthus
communis grows on the slopes, thickets of Populus alba
encircle the southwestern lake shore (Ramdani et al., 2001)
and Ammophila arenaria grows on the mobile dunes
(Cherkaoui and Bouchafra, 2003). The lake basin is presently
disconnected from both the river and the ocean (Ramdani et al.,
2001), so lake water depends on rainfall and groundwater
which flow towards the ocean from the Mamora aquifer in a
northwestern direction (Zouhri et al., 2004). This aquifer is

generally unconfined and rests on a Mio-Pliocene marine blue
marl basement, which increases in thickness towards the
Atlantic Ocean (60–90m deep) and is recharged by rainfall
infiltration through the very permeable sand and gravels
(Zouhri et al., 2004). In addition, the lacustrine sediments
consisted grey and black clays, silts, carbonates containing
from 20 to 60% of organic matter (Ramdani, 1981). Salinity
measurements during the last decade recorded changes from 2
to 12 g·l� l (Ramdani, 1981; Elkhiati, 1987, 1995). In recent
years, the southern part of the lake has dried out every summer;
in the northern part the water depth has fluctuated between 1.60

Fig. 2. Location of Lake Sidi Boughaba (Left) and Sidi Ali Lake (Right). Additionally, bathymetric maps for each Lakes.
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and 2.98m. The hydrological balance is marked in winter a
period of high lake level with low salinity and, during the dry
season, by a period of low water level with a strong increase in
salinity due to evaporation (Ramdani, 1981; Elkhiati, 1987).
On the other hand, Sidi Boughaba area is subject to a
Mediterranean climate with Atlantic influence ensuring a
yearly rainfall of about 500–600mm. The Mediterranean
climate is characterized by hot dry summers, mild winters and
a very variable amount of rainfall from year to year, although
there is one certainty: the potential evapotranspiration will
exceed rainfall during each and every summer. In North-West
Morocco, the Mediterranean climate is influenced by the
production by the Atlantic Ocean of a sub-humid Mediterra-
nean climate with mild, moist winters from October until
March/April, and hot, dry summers fromMay until September.
In recent decades, average monthly temperatures have ranged
from 15 to 28 °C in the Moroccan town of Mehdia.

2-Sidi Ali Lake lies at 2080m.a.s.l in the Middle Atlas
Mountains of Morocco. Depending on water level fluctuations,
the lake may be separated in two sub-basins which are
periodically separated by a basalt ridge, as it has been since
1974 (Barker et al., 1994). Sidi Ali lake surface area ∼400 ha,
maximal depth∼43.4m, is alkaline with a recorded pH 9.1, but
is relatively dilute with a conductivity of 1200 1600mS cm� 1
(see Fig. 2: right). The sediments which were collected in 1991
(Barker et al., 1994; El Hamouti, 2003) reveal a rich and varied
flora of diatoms but dominated by the genus Cyclotella
Sediments core are characterized by horizontally bedded,
faintly laminated, calcareous to lime silicic gyttia, with aquatic
macrofossils including aquatic plant fragments (Potamogeton)
and ostracods rich in diatoms. The lake lies along a fault
between Liassic dolomite to the north-west and limestone to
the south-east. Gayral (1954) monitored Sidi Ali over an
annual cycle and found that during the summer the main lake
was well stratified with mean surface temperatures of 20 °C
and mean bottom waters of less than 8 °C, whilst in winter a
mean temperature of less than 6 °C was found at all depths as a
result of snowmelt. A similarly stratified dissolved oxygen
profile was found by Dumont et al. (1973) who concluded that
Sidi Ali was mesotrophic. Water level has fluctuated markedly
in recent times, and a shoreline defined by carbonate deposits
on basalt was observed 5m above the lake level at the time of
sampling. Cartographic and air-photograph evidence confirms
that tile lakes were joined as recently as 1974. The vegetation
of the area has been described by Lecompte (1986). It includes
spiny xerophytic matorral, typified by Erinacea anthyllis Link,
with scattered Juniperus thurifera L. An open, heavily
degraded forest of Cedrus atlantica (Endl.).

Damp level ground on the southwestern lake margin is
occupied by closely grazed herbaceous vegetation, commonly
referred to as pelouse. A number of palaeolimnological studies
have been recently undertaken in the Middle Atlas region.
Chronologically the longest record comes from Tigalmamine,
45 km southwest of Sidi Ali (Lamb et al., 1989; El Hamouti
et al., 1991). This site has revealed water level and vegetation
changes during the late Quaternary. Twentieth century water
level changes at Lake Azigza, a lake also modulated by
groundwater flows, have been shown to correlate with rainfall
records (Flower and Foster, 1992). The mean annual
precipitation is 430mm at Lake Sidi Ali. The dry season
lasts from June to September and the wet period from October

to May. The position of the lake is within a strong N-S
hydrological gradient and reflects a mountainous desert margin
between the sub-humid Mediterranean climate in the north and
the arid to semiarid High Atlas in the south (Linstadter and
Zielhofer, 2010). The lake stratifies during the summer, and a
typical stratification period lasts from June to September.
During the summer months (June–August), the mean surface
water temperature is normally near 19.8 °C, and hypolimnetic
temperatures range in value from 5 °C to 10 °C; however, some
years do not experience complete mixing in the spring and
reach temperatures of only 4.5–6 °C in the bottom waters by
the end of the summer.

4 Atmospheric data

Meteorological data needed to run FLake are solar
radiation, air temperature, air humidity, wind speed and
cloudiness (0–1), etc. The FLake model is designed such that it
can run only on the input of meteorological data. Meteorolog-
ical data and water temperature observations was gathered
from Hydraulic Basin of Sebou Agency (ABHS), who
compiled a continuous daily meteorological dataset for Sidi
Ali Lake with more than 30 years of daily recording. It should
be noted that all of these parameters are retrieved from the
approved report by Hydraulic Basin of Sebou Agency (ABHS,
2007, 2009). The data reliability of these studies (i.e., ABHS)
for e.g., Sidi Ali Lake was already confirmed by Sayad et al.
(2011) which was prepared for conservation of wetlands
Middle Atlas in Moroccan. Additionally, some periods data
measurements based on literature to complete the unmeasured
period (e.g., Ramdani, 1981; Ramdani and Tourenq, 1982;
Sayad et al., 2011; Lachhab et al., 2013; Harchrass et al., 2012,
2015; Zielhofer et al., 2017) by adjusting for changes in site
location (i.e., comparing data from agency with that collected
from literature based on statistical test). The water temperature
depth observations 0.2–0.4m for Sidi Boughaba; and 0.2–8m
(at epilimnion) and 4–12m (at metalimnion = thermocline)
depending on period observations (see Tab. 1). The some
atmospheric reanalysis data are used and can be obtained from
the National Oceanic and Atmospheric Administration
(NOOA) http://www.ncdc.noaa.gov/, and from the National
Centers for Environmental Prediction (NCEP) http://www.stat.
tamu.edu/.

5 Statistical methods

To evaluate FLakemodel performance,we used a number of
statistical metrics: root mean squared error (RMSE); mean
absolute error (ABSERR); the Nash Sutcliffe modelling
efficiency index (EF); the goodness-of-fit (R2) and the % of
deviation fromobserved (PBIAS) (seeMoriasi et al., 2007;Stehr
et al., 2008; Conversa et al., 2015; Haddout et al., 2016, 2017a,
b). The closer the values of RMSEandABSERR to zero, and the
R2 to unity, the better the model performance is evaluated
(El-Nasr et al., 2005). For Percent bias (PBIAS) measures the
average tendency PBIAS, expressed as a percentage, of the
simulated data to be larger or smaller than their observed
counterparts (Gupta et al., 1999). The optimal value of PBIAS is
0, with low-magnitude values indicating accurate model
simulation (Moriasi et al., 2007). Positive values indicate model
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underestimation bias and negative values indicate model
overestimation bias (Gupta et al., 1999).The Nash-Sutcliffe
EF (Nash and Sutcliffe, 1970) is a normalized statistic that
determines the relative magnitude of the residual variance
(noise) compared to the measured data variance (information).
EF ranges between � ∞ and 1 (1 inclusive), with EF= 1, the
closer the model EF efficiency is to 1, the more accurate is the
model. Values between 0 and 1 are generally viewed as
acceptable levels of performance, whereas values �0 indicate
unacceptable performance (Moriasi et al., 2007).

6 Stability indices

To determining indices of mixing of lakes, the stability
indices choose is Schmidt stability.

6.1 Schmidt stability

The resistance to mechanical mixing due to the potential
energy inherent in the stratification of the water column was
first defined by Schmidt (1928) and later modified by
Hutchinson (1957). This stability index was formalized by
Idso (1973) to reduce the effects of lake volume on the
calculation (resulting in a mixing energy requirement per unit
area). Various authors have adopted Idso’s methodology; Kling
(1988) for example, found a range of stability of 0–5784 Jm� 2
across 39 West African lakes, while Ferris and Burton (1988)
used Schmidt stability to compare seasonal dynamics in Deep
Lake, a hypersaline lake in Antartica. The Schmidt stability is
given by:

ST ¼
g
As

∫
zD

0
ðz � zvÞrzAz∂z ð1Þ

where g is the acceleration due to gravity, As is the surface area
of the lake, Az is the area of the lake at depth z, zD is the
maximum depth of the lake, and zv is the depth to the centre of
volume of the lake, written as

zv ¼ ∫
zD

0
zAz∂z∫

zD

0
Az∂z ð2Þ

ST increases due to gradual warming of the surface waters, and
as the so-called center of gravity of the system moves deeper
into the water column as a result of vertical differences in
density.

7 Sequential regime shift detection method

There are a number of methods designed for a detection of
regime shifts in both the individual time series and entire
systems (Rodionov, 2005a). For the overwhelming majority of
these methods, however, their performance deteriorates toward
the ends of time series. Rodionov (2004) developed a new
method, called STARS for short (later renamed to Sequential
Regime Shift Detector (SRSD)), and based on a sequential t-
test analysis that can signal a possibility of a regime shift in real
time. Later, the method was expanded to include shifts in the
variance using the sequential F-test analysis (Rodionov,

2005b). It also received a new name-the SRSD. In this study,
the variables were tested on data using a threshold significance
level of p= 0.05 (North et al., 2013; Magee and Wu, 2016;
Magee et al., 2016; Woolway et al., 2017a) a Huber weight
parameter of 2 and a cut-off length L= 10 yrs.

8 Results and analysis

8.1 Changes in climatic variables

Temporal location and statistical significance, of abrupt
shifts in annual mean both lakes temperatures and wind speed
as detected by the STARS test (Rodionov, 2005b). Statistical
significance: p< 0.05; p< 0.01.

The yearly average air temperatures and seasonal air
temperatures increased for both lakes over the period 1979–
2014 (Fig. 3). Additionally, yearly air temperature increased at
a rate of 0.19 °C decade� 1 (p< 0.01) for Sidi Ali Lake; and at a
rate of 0.053 °C decade� 1 (p< 0.05) for Lake Sidi Boughaba;
spring air temperature increased at a rate of 0.179 °C decade� 1
(p< 0.01) for Sidi Ali Lake and at a rate of 0.26 °C decade� 1
(p< 0.01)for Lake Sidi Boughaba; summer air temperature
increased at a rate of 0.287 °C decade� 1 (p< 0.01) (Sidi Ali)
and at a rate of 0.32 °C decade� 1 (p< 0.01) (Sidi Boughaba);
winter air temperature increased at a rate of 0.108 °C decade� 1
(p< 0.05) for Sidi Ali and decrease at a rate of 0.19 °C
decade� 1 (p< 0.01) for Lake Sidi Boughaba.

All four sets of data were further analyzed for significant
changes in slope and for abrupt changes in mean. Yearly
average air temperature showed a significant change in slope
from 0.083 °C to 0.284 °C (Sidi Ali Lake) occurring in 2010–
2014; but seasonal changes in air temperature showed
significant changes in slope over the study period: Spring
air temperatures did show significant abrupt changes in the
mean value in 2007 from 8 °C–8.89 °C (p< 0.01); summer air
temperature in 1992 from 20.31 °C–20.87 °C (p< 0.05); and in
2011 from 20.87 °C–23.71 °C (p< 0.01); winter air tempera-
ture in 1989 from 11.91 °C–10.84 °C (p< 0.01); and in 2008
from 10.84 °C to 12.01 °C (p< 0.05). For Sidi Boughaba Lake
yearly average air temperature showed a significant change in
slope from 0.093 °C to 0.204 °C occurring in 1994; and from
18.01 °C to 18.2 °C occurring in 2010 to 2014, but seasonal
changes in air temperature showed significant changes in slope
over the study period: Spring air temperatures did show
significant abrupt changes in the mean value in 1987 from
20.11 °C to 22.69 °C (p< 0.05) and in 2011 from 22.69 °C to
21.36 °C (p< 0.01); summer air temperature in 1989 from
14 °C to 16.3 °C (p< 0.05); winter air temperature in 1987
from 19.94 °C to 16.87 °C (p< 0.05); and in 2011 from
19.94 °C to 19.99 °C (p< 0.01).

Wind speeds for both yearly and seasonal average
exhibited significant decreased in trend over the period
1979–2014, was noted, except since 2008–2011 (Fig. 3).
Yearly wind speed decreased at a rate of 0.33m·s� 1 (p< 0.01)
for Sidi Ali lake and at a rate of 0.27m·s� 1 (p< 0.01) for Sidi
Boughaba lake; for both lakes, spring decreased at a rate of
0.23–0.26m·s� 1 (p< 0.01); summer decreased at a rate of
0.20–0.16m·s� 1 (p< 0.01); and winter decreased at a rate of
0.21–0.18m·s� 1 (p< 0.01). Additionally, four sets of wind
speed data for Sidi Boughaba and Sidi Ali Lakes showed
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significant abrupt changes in the mean value occurring in the
2008–2014. For yearly average wind speed, a shift from
2.58m·s� 1 to 1.84m·s� 1 (p< 0.01) occurred after 2011; for
spring wind speeds, a shift from 2.32m·s� 1 to 1.19m·s� 1
(p< 0.01) occurred after 2012; for summer wind speeds, a shift
from 2.19m·s� 1 to 1.97m·s� 1 (p< 0.01) occurred after 2011
and a shift from 1988 and 1998 2.19m·s� 1 to 2.00m·s� 1; for
winter, a shift from 2.58m·s� 1 to 1.86m·s� 1 (p< 0.01)
occurred after 2011. For Sid Boughaba Lake, yearly average
wind speed, a shift from 3.00m·s� 1 to 2.5m·s� 1 (p< 0.01)

occurred after 2008; for spring wind speeds, a shift from
3.08m·s� 1 to 2.00m·s� 1 (p< 0.01) occurred after 2011; for
summer wind speeds, a shift from 3.00m·s� 1 to 1.98m·s� 1
(p< 0.01) occurred after 2012; for winter, a shift from
3.02m·s� 1 to 2.96m·s� 1 (p< 0.01) occurred after 2011.

Regarding, solar radiation showed significant abrupt
changes in the mean for Sidi Ali Lake at a rate of 0.98MJ·m� 2
(p< 0.01) since 1997 and at a rate of 1MJ·m� 2 (p< 0.01)
since 2010 (p< 0.01); and at a rate of 1.02MJm� 2 (p< 0.01)
since 2012 for Sidi Boughaba Lake (Fig. 3).

Fig. 3. Winter [Green solid circle [a]], Summer [Violet solid circle [b]], Spring [Black solid circle [c]], and Yearly [Cyan solid circle [d]], air
temperature and wind speeds for both lakes Sidi Ali and Sidi Boughaba. Blue lines in yearly, spring, summer, and winter for air temperature and
wind speed figures represents abrupt changes in average yearly and each seasons. Additionally, Figure below show, [a] solar radiation for Sidi Ali
and [b] for Sidi Boughaba.
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8.2 Water temperatures

The yearly average epilimnion temperatures increased for
Sidi Ali 0.198 °C decade� 1 over the period 1979–2014; and a
few variations for Sidi Boughaba Lake 0.013 °C decade� 1.
Generally, all two lakes have statistically significant (p< 0.01)
abrupt changes in mean values over the study period (Fig. 4).
For Lake Sidi Ali, there is an abrupt change after 1997 from
22.01 °C to 22.69 °C and after 2012 from 24.51 °C to 25.02 °C.
For Lake Boughaba, there is an abrupt change after 1988 from
21.19 °C to 22.01 °C; and after 1988 from 24.10 °C to 22.80 °C.
The yearly average metalimnion temperatures for Sidi Ali
Lake show a few statistically significant increases 0.010 °C
over the period 1979–2014. An abrupt change after 1998 from
11.11 °C to 11.29 °C and after 2010 from 11.20 °C to 11.31 °C
(Fig. 4).

On the other hand, the latitude (i.e., 3m.a.s.l for Sidi
Boughaba and 2080m.a.s.l for Sidi Ali), surface and depth
difference, causes a difference in temperature level. Addition-
ally, for both lakes the combination of increasing air
temperatures and decreasing wind speeds yields warmer
epilimnion temperatures, lower metalimnion water temper-
atures (Sidi Ali case).

Regarding, the research on the physical impact of climate
change on aquatic systems has tended to focus on gradual long-
term trends (e.g., Schneider and Hook 2010), but the present
study shows clearly that abrupt changes in large-scale climatic
forcing can result in similarly abrupt regime shifts in the
physical environments lakes. The impact on aquatic ecosys-
tems of such unannounced and, perhaps, ultimately unpredict-
able abrupt shifts in physical boundary conditions will likely
differ from the impact of more gradual change. Thus, if drastic
changes in their functionality are to be avoided, aquatic
ecosystems may have to adapt not only to gradual changes in
water temperature as climate change progresses, but also to
abrupt changes. This emphasizes the importance of maintain-
ing the resilience of aquatic ecosystems in the face of climate
change.

8.3 Lake temperature modeling

The results of FLake model simulation of water temperature
using observational data have been analyzed. Figure 5 shows the
monthly historical data of the water temperature, calculated by
model versus the data observations for two Moroccans lakes.
For well explained, will have two periods in temperature
dynamics have been distinguished: the summer period, (June–
August), and the winter period, (December–February) for model
simulation. The model was validated with all available monthly
data for all two lakes during the period 1979–2014, including
epilimnion (mixed-layer) andmetalimnion (thermocline) layers.
The indicators of the model are summarized in Table 2. Table 2
shows, the EF and R2 coefficients are very near to unity (>0.80).
The FLake model generally captures well the monthly
variability of the water temperature in epilimnion and metal-
imnion layer for Sidi Ali Lake and in epilimnion layer for Sidi
Boughaba Lake. In addition, the first period is characterized by
high surface temperatures, while during the second period the
surface temperature generally decreases causing convective
mixing in the lake.

Epilimnion for Lake Sidi Ali (Fig. 5a and b) were defined
as 0–8m (mean depth 4m) at summer period and as 0–4m
(mean depth 2m) during the winter period, based on the
surface mixed layer depth from observation and FLake model.
For Lake Sidi Boughaba, the whole water column was
epilimnion (Fig. 5a and b) because the lake did not stratify
during the summer and winter periods. Lake Sidi Ali
temperatures ranged from 19.65 °C to 29.1 °C (mean = 24.38
°C) during the summer period and from 1.98 °C to 9.1 °C
(mean = 5.54 °C) during winter period; and Sidi boughaba
Lake temperatures ranged from 17.8 °C to 25.0 °C (mean =
21.4 °C) during summer period and from 12.8 °C to 17.0 °C
(mean = 14.9 °C) during winter period. The two lakes have
significant abrupt changes in mean values over the study
periods. For Lake Sidi Ali, there is an abrupt change after 1998
from 25 °C to 28 °C during summer period and after 2006 from
5.5 °C to 9.45 °C during winter period. For Sidi Boughaba there
are three shifts: first after 1989 from 21.98 °C to 24.50 °C,
during summer period and after 1982 from 12.4 °C to 17.5 °C,
during winter period.

Regarding, the metalimnion water temperatures for Lake
Sidi Ali (Fig. 5c) were defined as 8–15 (mean depth 11.5m) at
summer periods and as 4–12m (mean depth 8m) at winter
period. Metalimnion mean water temperatures for Lake Sidi
Ali ranged from 8.3 °C to 16.7 °C (mean = 12.2 °C).

8.4 Sensitivity analysis to changes in air temperature
and wind speed

SA techniques can be used to measure the effect on the
variation in the model output due to variation in input
parameters. Several SAmethods exist, including one-at-a-time
(OAT) method, fractional experiments, Fourier Amplitude
Sensitivity Test (FAST), differential analysis and Sobol’.
Generally, OAT (One-Factor-At-A-Time (OAT) method) is the
simple technique of screening designs (SD) method to carry
out a SA. It consists to identify most sensitive parameter
among those may be affecting model output (Nearing et al.,
1990). SD is efficient when a model has several input
parameter (Jolicoeur, 2002).

In this section, to assess the impact of errors or
variation ±10% around base input value, a SA of the FLake
model for water temperature was performed by computing
relative variation rate VrðpÞ and sensitivity index NSCðpÞof the
air temperature and wind speed variables (i.e., to determine the
sensitivity of lake water temperature in response to air
temperature and wind speed for both lakes Sidi Ali and Sidi
Boughaba) was adopted. Relative variation rate VrðpÞ and
sensitivity index NSCðpÞ of the FLake model in a parameter p,
can be expressed as:

VrðpÞ ¼ j
O2 � O1

O1
j⋅100 ð3Þ

NSCðpÞ ¼
Imean
Omean

⋅
O2 � O1

I2 � I1
ð4Þ
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Fig. 4. Comparison of observed and simulated water temperatures for Lake Sidi Boughaba and Sidi Ali Lake. Monthly mean summer (June–
August) and winter (December–February) epilimnion temperatures for (a, b) Lake Sidi Boughaba, and (a, b, c) Sidi Ali Lake, and mean summer
metalimnion temperatures for Lake Sidi Ali (c).
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where I1 is the initial input parameter; I2 is the tested input
value (e.g., ±10% modification lag); Imean average between I1
and I2; O1, O2 are respectively the outputs corresponding to I1
and I2; Omean is the average between O1 and O2. This index
provides a quantitative basis for expressing the sensitivity of
model outputs versus the input variables. A sensitivity index
equal to unity indicates that the rate of variation of a given
parameter causes the same rate at the outputs, but a negative
value indicates that the inputs and outputs vary in opposite
directions. The index in absolute value is greater then its
impact of a given parameter which might have on a specific
output.

The model outputs are treated as follows: (1) in fact, the
change of each input variable (e.g., air temperature or wind
speed...etc) by ±10% produces two values for each selected
outputs. From these two introduced input values, the greatest
variation at a given output is used to calculate its sensitivity
index NSCðpÞ and (2) percentage change and a sensitivity index
(Jolicoeur, 2002) are calculated for each output selected above
by previous formulas.

Our model SA illustrates that the increase (decrease) in
wind speed and air temperature is the key influence on

epilimnion temperature for Sidi Ali Lake, i.e., decreasing wind
speed, the water temperature decreases at a rate of 0.97 °C for
eachm·s� 1 decrease in wind speed and for increasing wind
speed, the water temperature increases at a rate of 1.2 °C for
each m·s� 1 increase in wind speed; the relative variation rate
(Vr(p) = 7.3–7.9%). Regarding, Sidi Boughaba lake the varia-
tion of wind speed variable on epilimnion temperature:
decreasing wind speed, the water temperature decreases at a
rate of 0.63 °C for each m·s� 1 decrease in wind speed and for
increasing wind speed, the water temperature increases at a
rate of 1.8 °C for each ms� 1; the relative variation rate
(Vr(p) = 11.88–8.23%) increase in wind speed (see Tab. 3). As
wind speed decreases (increases), the likelihood of the wind-
induced kinetic energy being sufficient to mix the lake also
decreases (increases). On the other hand, the combining the
effects of air temperature and wind speed, it suggests that wind
speed decreases are a larger driver to metalimnion water
temperature changes than increasing air temperatures for lake
Sidi Ali relative to Sidi Boughaba lake is a shallow lake that the
experience decreasing wind speeds may be more resilient to
changing epilimnion temperatures as a result of warmer air
temperatures.

Fig. 5. Mean summertime (June–August) of epilimnion temperatures for (a) Lake Sidi Boughaba, (b) Sidi Ali Lake and mean summertime
(June–August) metalimnion temperatures for (c) Lake Sidi Ali. In (a) and (b), dash dot blue lines represent statistically significant (p< 0.5)
locations of abrupt changes in epilimnion temperatures and dash dot red lines represent mean temperatures for each period. In (c) dash dot blue
lines represent metalimnion temperatures for Sidi Ali show few important significant abrupt changes.

Table 2. Statistical indicators of FLake model performance for water temperature variables on Lake Sidi Ali, and Sidi Boughaba Lake. N/A
represents errors that cannot be determined because Lake Sidi Boughaba is an epilimnion Lake and does not have a metalimnion. Is a too shallow
to develop thermal stratification; thus, their waters can mix from top to bottom (i.e., generally is epilimnion in all vertical water column).

Variable (°C) Lake Sidi Ali Lake Sidi Boughaba
RMSE
[°C]

ABSERR
[°C]

R2

[� ]
EF
[� ]

PBIAS
[%]

RMSE
[°C]

ABSERR
[°C]

R2

[� ]
EF
[� ]

PBIAS
[%]

Epilimnion-temperature 0.31 0.38 0.90 0.92 0.68 0.33 0.28 0.89 0.88 0.94
Metalimnion-temperature 0.48 0.41 0.85 0.87 1.08 N/A N/A N/A N/A N/A
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8.5 Lake stability

For Lake stability, Lake Sidi Boughaba had an average
Schmidt stability values about 0.1–0.30 J·m� 2 (Fig. 6),
indicating that the lake was easily mixed and polymictic
during the summer–winter periods. In contrast, Lake Sidi Ali
had significantly higher stability values between 300 and
550 J·m� 2. This lake is stratified and more resistant to mixing.

8.6 Morphometric effects for two Moroccans Lakes
8.6.1 Lakes depth and Lakes surface

Lakes will respond differently to climate change depending
on depths and surface, e.g., Lake Sidi Ali and Sidi Boughaba
Lake. Lake Sidi Boughaba, the shallowest of the two, did not
stratify, while the deeper lakes, Lake Sidi Ali, did. In addition,
Schmidt stability results show a remarkable increase over the
long term for Sidi Ali Lake; and no important variation in Lake
Sidi Boughaba. Recently, Magee andWu (2016) shows that the
mean lake depths can explain the most variation in
stratification trends and lakes with greater mean depths have
larger changes in their stability, consistent with our results for
Lake Sidi Ali. In deep lakes that stratify, the transition in
mixing depth is a key factor in determining the effective heat
capacity of the lake (a greater wind speeds are required to
completely mix the lake during the summer months, resulting

in more temperature stability and higher Schmidt stability);
and lower heat capacity, shallow lakes respond directly to
short-term variations in the weather (Arvola et al., 2009;
Nõges et al., 2011; Woolway and Merchant, 2017).

On the other hand, for surface; warmer air temperatures
result in warmer epilimnion water temperatures, e.g., Sidi Ali
Lake. Air temperature is a key factor that controls most of the
physical and ecological processes occurring in lakes, and
responsible for heat transfer between the atmosphere and lake, is
the main driver to epilimnion water temperatures (Boehrer and
Schultze, 2008; Palmer et al., 2014). Observed increasing
epilimnion water temperature is strongly correlated to the signal
of increasing air temperatures (Livingstone, 2003; Robertson and
Ragotzkie, 1990). Wind mixing, a more dominant mechanism of
heat transfer (Nõges et al., 2011), can act to dampen the effects of
air temperature increase and cool the epilimnion through
increased surface mixed-layer deepening. As a result, decreasing
wind speeds increase epilimnion water temperatures.

9 Case study: sensitivity of bottom
sediments on the water temperature

Studies were carried out to check whether bottom heat flux
indeed played a role in surface water temperature variability
during the period of study. In FLake, the sediment layer
parameterization can be explicitly switched off, implying a
zero heat flux at a lake bottom. Table 4 shows the surface
temperature error characteristics, both for reference validated
runs and for those neglecting bottom sediments’ effects. The
weakest sensitivity of the mean mixed-layer temperature to
neglecting bottom sediments during the first period was shown
by FLake, which produced a few temperature fluctuations than

Table 3. Sensitivity index and Relative variation rate for each
variable (Here the asterisk denotes: *Sidi Ali Lake and **Sidi
Boughaba Lake).

Variable Wind
speed

Air
temperature

Wind
speed

Air
temperature

Epilimnion Metalimnion

Sensitivity index
NSCðpÞ(� 10%) 2.3*; 3.19** 2.52*; 2.71** 1.63* 2.11*
NSCðpÞ (þ10%) 2.5*; 2.90** 2.76*; 3.02** 1.72* 2.07*

Relative variation rate

VrðpÞ
7.3*; 11.88%** 7.9*; 8.23%** 5.76%* 6.60%*

Fig. 6. Yearly average summer-time (June–August) Schmidt stability values for Lake Sidi Ali and Sidi Boughaba Lake.

Table 4. The water surface temperature in reference validated run
and in a run with zero heat flux at the lake bottom.

FLake model
Summer Winter

Including sediments/soil parameterization
(reference validated run)

1.22 � 0.34

Excluding sediments parameterization
(zero heat flux at the bottom)

1.10 � 0.41
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in the corresponding reference run. The results of Table 4 can
be summarized as follows: In summer bottom sediments
impose minor influence on modeled surface temperature due to
stable stratification; while the effect of sediments in winter is
larger because of complete convective mixing; the error of
both periods surface temperature difference can be explained
by the lack of a sediment parameterization; these results are
explained also by (Stepanenko et al., 2013).

10 Conclusions

Thermal water temperatures in two Moroccans morphomet-
rically and geographically different lakes are studied and
simulated using a one-dimensional FLake model over the
century (1979–2014) to elucidate the effects of increasing air
temperature and decreasing wind speed on lake thermal
variables. This model requires a minimum amount of
information of meteorological data. During the study periods,
two variables are chosen are the epilimnion (mixed-layer) and
metalimnion (thermocline) temperatures. The results show that
epilimnion temperatures increased, while metalimnion temper-
atures decreased. Additionally, we calculate significant air
temperature, wind speed and water temperature variation and
illustrate, using a STARS, a substantial increase in annually
averaged of all variables, in response to an abrupt shift in the
climate. Schmidt stability showed a significant increasing for
Sidi Ali and near 0 for Sidi Boughaba Lake. Finally, a good-fit
between computed water temperature and observations data is
obtained, as verified by statistical performance tests. This model
can give a rapid assessment of water temperature evolution and
can provide exhaustive information about the thermal structure
of lakes, and the impact of future of climate change.

Code availability

FLake is freely available under the terms of the GNU
Lesser General Public License (http://www.gnu.org/licenses/
lgpl.html). The model source code, external parameter data
sets and a comprehensive model description can be obtained
from the official FLake website (http://www.lakemodel.net),
along with pre-processed meteorological forcing for several
test cases. In addition, Regime Shift Detection can be obtained
from the official NOAA website (http://www.beringclimate.
noaa.gov/regimes/index.html).
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