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Abstract In recent decades, climate change has been of
great concern due to its effect on water level and its impact
on aquatic ecosystems. Urmia Lake, the largest inland
wetland in Iran, has been shrinking. There is a great con-
cern whether it will dry up like the Aral Sea. Therefore, a
hydrodynamic model has been developed to simulate the
condition of Urmia Lake. The model has been validated
using the known annual data on precipitation, evaporation,
run off, river discharges and water level which are avail-
able for the last 35 years. Different hydrological conditions
regarding lake input and output data were tested and water
depth was calculated using bathymetry to predict water-
level fluctuations in the future. The results predict that the
water level will decrease continuously. The lake will be
dried up in about 10 years if very dry conditions continue
in the region. The drought speed cannot be reduced and
there is no potential to develop a water-usage program.
Besides, the lake water depth decrease is more slightly,
applying alternate wet and dry-period conditions. In some
hydrological conditions there is a good potential to con-
sider water development projects. The sensitivity analysis
of different parameters indicates that the lake is highly
sensitive to river discharges, which implies that the water
development project plans will disturb the lake ecosystem
if implemented up to 2021 and integrated watershed
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management plan for the lake can change the condition by
regulating the dam output.
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Introduction

Urmia Lake, located in the Province of Azerbaijan at the
north—west of Iran (Fig. 1a), is one of the largest permanent
hyper-saline lakes in the world and it is an important natural
asset with considerable cultural, economic, aesthetic, recre-
ational, scientific, conservation and ecological value
(Karbassi et al. 2010, Kelts and Shahrabi 1986, Eimanfar and
Mohebbi 2007). It is a closed-basin wetland for which the
only outlet is evaporation and the inlet is precipitation, rivers,
runoff flow and negligible groundwater inflow.

Due to 15 years of progressive dry climate (relatively
lower precipitation and higher temperature in Fig. 2a, b) and
more water usage, the lake water level has been decreased
about 6 m (West Azerbaijan Water Authority Report 2010)
and also there is a great concern about its impending drought
in the future similar to the Aral Sea. Alesheikh et al. (2005)
mapped the coastline changes for Urmia Lake in 1989, 1998
and 2001 concluding that the lake’s great decrease in water
depth from 1998 to 2001 (3 m) is related to the lake’s
hydrologic budgets. The hydrological studies on its water-
shed (WRI 2005; WWA 2005) indicate that in the recent
years the water balance has been negative. The lake level has
dropped lower than its ecological level of 1,274.1 m
(Nazaridoust 2006) with concomitant deterioration of the
environmental balance in the region (the lake is supposed to
be the most convenient place for many rare aquatic species
and is the main habitat for the endemic Iranian brine shrimp,
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Fig. 1 a Urmia Lake Basin on Iran map, input rivers. b Bathymetry of Urmia Lake (UTM coordinates)

Artemia urmiana and is a protected aquatic environment
(Ahmadzadeh Kokya et al. 2011, Karbassi et al. 2010).

Its drought will likely result in Artemia perishing, wild-
life menace, salt storms, ambient temperature increase,
reduction in tourism and economic and social loss.
Therefore, it is important to predict the future water level
of the lake to sustain its environmental condition and to
consider water resources management strategies in the
region (study on the integrated watershed management
plan for the lake and its regulation started in 2010).

‘ @ Springer

In addition, it is important for the water authorities and
the beneficiaries of the lake to be aware of potential
draughts and how much influence the drought may have on
water level to prevent economic loss in the basin. Fuzzy
approach (Altunkaynak and Sen 2007), artificial neural
network (Vaziri 1997) and probable water level curves
(Woodbury and Padmanabhan 1989) are some methods
used to predict the water level variations. Delavar 2005
used an artificial neural network method to predict Urmia
Lake’s water level during 2006-2099 due to climate
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change. Since an approximate water level/volume formula
was applied and the severe drought data were not used, it is
necessary to simulate the future lake water level by
applying a more flexible method using real conditions and
taking into account its bathymetry. To apply bathymetry
and the drought conditions, hydrodynamic models (2D or
3D) can be used. 3D models can present more reliable and
rational hydrodynamic simulations (Zeinoddini et al.
2009). Here, a 3D model (FVCOM) capable of accurately
solving the scalar conservation equations along with
topological flexibility provided by unstructured meshes
was used (Chen et al. 2003). Previously, such models were
normally used for a specific condition (extreme condition:
tsunami simulation or calibration cases: tidal waves
(Zhaoqing and Tarang 2008) and limited duration (for
several hours or days), but not for water level predictions
over a period of several years.

In this study (carried out within 2010-2011), a scientific
model of natural and engineered environments has been
applied, which is a relatively new approach that combines a
hydrodynamic model with different hydrological periods to
predict the coming year’s water level fluctuations in the
Urmia Lake; to find its environmental condition and
probability of its drought in near future; and in selection of
the scenarios to take the most fitted one to evaluate the
future changes in the environment.

Materials and methods
Model description

An unstructured grid finite-volume three-dimensional (3D)
primitive equation ocean model (FVCOM) has been used
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for studying the water-level variations in Urmia Lake. The
irregular bottom slope is represented using a g-coordinate
transformation and the horizontal grids comprised
unstructured triangular cells (Chen et al. 2003). The
equations of conservation of mass, momentum and turbu-
lent closure in ¢ coordinate system are used in the hydro-
dynamic model based on sigma transformation to describe
the flow and water-level variations (according to Blumberg
and Mellor 1978, 1987). FVCOM is solved numerically by
a second-order accurate discrete flux calculation in the
integral form of the governing equations over an unstruc-
tured triangular grid. This approach combines the best
features of finite-element methods (grid flexibility) and
finite-difference methods (numerical efficiency and code
simplicity). A second-order accurate four-stage Runge—
Kutta time-stepping scheme is used for external mode time
integration while the first-order Euler forward scheme is
used for internal mode time integration. A second-order
accurate upwind scheme, which is based on piecewise
linear reconstruction of dynamic variables is used for flux
calculation of momentum and tracer quantities (Kobayashi
et al. 1999; Hubbard 1999).

Comparisons (Chen et al. 2007; Huang et al. 2008)
between FVCOM, POM and ECOMS-si solutions for a
variety of test cases for lake (wind induced long-surface
gravity waves in an idealized circular lake and for fresh-
water discharge experiments on idealized shelves in a cir-
cular lake) demonstrate that the finite-volume method used
in FVCOM provides a more accurate simulation than the
two finite difference models in cases with complex coastal
geometry and steep bottom slopes. In particular, the finite
volume methods ensure volume, mass and tracer conser-
vation in the individual control volumes and the unstruc-
tured triangular grid can be closely fit to an irregular
coastline and model domains, resulting in highly accurate
numerical solutions in even quite complex model geome-
tries. With second-order accuracy, FVCOM combines the
advantage of a finite element method for geometric flexi-
bility and a finite difference method for simple discrete
computation. Grummp open source code software has been
utilized in grid generation which uses Delauny method, and
was developed by British Columbia University.

Model inputs

Urmia Lake is a closed-basin lake (Fig. 1a) with a flow
regime highly dependent on annual climate conditions.
Hence, the applied model inputs are annual meteorological
and hydrological data including precipitation, evaporation,
river and runoff discharge to the lake. The stations, used in
this study, are Urmia Lake Basin weather and hydrometric
stations with more than 30 years of daily recording. It
should be noted that all of these parameters are retrieved
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from the approved report by West Azerbaijan (WRI 2005)
for water balance studies in the water basin of the lake
(during 1967-2001). The hydrological studies on its
watershed (WRI 2005; WWA 2005) and investigation,
comparison and conclusion on data reliability of these
studies were already reported by Hashemi (2008) which
was prepared for conservation of wetlands UNDP/GEF
program in Iran. This report clarifies that the WRI calcu-
lations and WWA (2005) studies show differences in
evaluating the water input to the lake. Lake bathymetry
(ABNIROO 1994) prepared by some navigations on the
lake using eco-sounder is applied in the model for 1967 for
its related water level 1,274.25 m (Fig. 1b).

Calibration and validation

The model predictions are calibrated by comparing the
output data with empirical data. If only one data set is
available (as in this study) a split data set is recommended
(e.g., random selection of a calibration dataset and a vali-
dation dataset from the data available) (Bates et al. 2006).
Here, the yearly water-level fluctuations from 1967 to 1986
(observational data for 20 years) have been used to cali-
brate the model and the data during 1987-2001 (15 years)
have been used to validate the model results. Predicted and
observed data comparisons in this text were made based on
both RMS and RMS (%) errors defined as:

RMS = ﬁz (W) — Wor] (1)
i=1
1 N
RMS (%) = ﬁ;
|: Wm(l) - Wm,min(i) i WO(l) - WO,min(i) : (2)
Wm,max(i) - Wm,min(i) WO,max(i) - WO,min(i)

In the model data comparison case, W,,, and W, are the
model predicted and observed mean water elevation,
respectively. Here, N is the sample number and the
subscripts “max” and “min” indicate maximum and
minimum of the water elevation.

In this study, the lake model grid resolution (unstruc-
tured triangular mesh) varies from 0.5 to 1.5 km from the
boundary limit to the internal part of the lake as time
resolution is 1 year. The number of grids is 3,228 and the
number of elements is 5,673. Model has been set up to run
annually for a total 35 year data.

Scenarios

Widespread and severe drought conditions in Asia, Latin
America and the Caribbean in 2000 raised serious concerns
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Table 1 Scenarios for different hydrological period simulation continued in near future (for 33 years)
Scenarios Data taken from real condition in years
Very wet Wet Dry Mean Very dry Dry
1993 1994 1995 1996 and 1997 1998-2000 2001
1 4
2 v
3 v
4 v
5 v 4
6 4 4 v
7 v v v 4 4 v

about the continuing vulnerability of the world community
to extended periods of droughts and water shortages.
Especially hard hits were Afghanistan, Bulgaria, Iraq,
Islamic Republic of Iran and parts of China (Sivakumar
and Wilhite 2002).

The studies (WRI 2005) on discharge of six selected
rivers flowing to the lake show the different hydrological
conditions in different years using 3- 5- and 7-year moving
average curves. As seen in Table 1, the lake has encoun-
tered alternately very wet, wet, average, dry and very dry
periods. After the wet period of 1994 and by the beginning
of dry period, the river input and the lake water level have
decreased continuously. The reduction in water level due to
climate change is 70% relative to water usage (reported by
the Iranian Power Ministry, head of water planning office)
(Daemi 2009). Since it is not clear how much the drought
can affect the lake level in near future, the present condi-
tion has been used to set up a model for different scenarios
as illustrated in Table 1. The scenarios can be applied for
33 years (2002-2035) and predict conditions beyond the
empirical hydrological data from 1993 to 2001.

The following scenarios (Table 1) are used to find water
level fluctuations (during 2002-2035) due to climate
change trend, then the scenario which best fit the lake
fluctuation during (2002-2010) is selected to set up the
model for other conditions:

1. Model run for continuous wet period.
2. Model run for continuous mean-period.

Model run for continuous dry period.

Model run for continuous very dry period.

Model run for alternate very dry/dry period.

Model run for alternate mean/very dry/dry period.
Model run for alternate very wet/wet/dry/mean/very
dry/dry period.

Nk W

The following scenarios are used to analyze the water-
level sensitivity for both different hydrometric and climatic
parameters (during 1967-2001) to recognize the influence
of precipitation on the lake compared with river discharge
by imposing the climate change trends:

(A) Model run; including evaporation, precipitation, river
and runoff.

(B) Model run; including evaporation and river.

(C) Model run; including evaporation, precipitation and

runoff.

Results and discussion
Model validation

The simulation performed reasonably in capturing water
level variability in the lake. Comparison between observed
and calculated water level (Table 2; Fig. 3a, b) shows eight
and ten percent RMS errors, respectively.

Table 2 Comparison between
observed and calculated water

Model calibration (1967-1986)

Model verification (1987-2001)

levels Calculated

water level

Average (m) 1,275.44
Max (m) 1,276.18
Min (m) 1,274.25
Std 0.45
RMS 0.47
RMS error (%) 10

Observed Calculated Observed
water level water level water level
1,275.86 1,276.92 1,276.26
1,276.66 1,278.73 1,277.87
1,274.25 1,273.99 1,273.76
0.52 1.39 1.20
0.79
8
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The difference between observed and calculated water-
level data is explained as being a result of errors in the
bathymetry (which are the available data, obtained by some
navigations on the lake using eco-sounder) applied to run
the model and the difference between the evaporation from
a pan for fresh water and Urmia Lake’s salty water in
different levels (despite some corrections made by WRI
2005), which would be expected to affect the water level
more than other components.

The water with high salinity and low salinity has dif-
ferent evaporation rates (according to Mohammadi 2004,
who investigated Urmia Lake’s evaporation at one station
during 1989-2001). In WRI investigations, a constant
coefficient has been applied to the evaporation from the
pan fresh water to obtain the evaporation amount of saline
water (here used as input for the model). This constant
coefficient is almost equal to the slope of regression line
obtained by Mohammadi. According to Mohammadi, there
is a nonlinear relation between evaporation from the lake
and from the pan; the more salinity in the lake water, the
lower evaporation of the lake as opposed to fresh water in
the pan. This may cause a deviation from the observed
water level to the predicted one.

To reduce errors, accurate evaporation rates must be
measured using trials of differing conditions (various
salinity concentrations, humidity, atmospheric pressure,
solar radiation, etc.) and subsequently using them as a time
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series for model input. In addition, determining an accurate
hydrometric navigation may reduce the mentioned errors in
the lake bathymetry.

Urmia Lake’s fate due to climate change

Although some water development projects were imple-
mented in the past (in 1971 commissioning of two dam
with 1 billion m? capacity was started), the lake water level
had been increasing continuously due to good precipitation
(the highest water level in the lake occurred in 1996) and
new water development projects were ratified to be
implemented up to 2021 (Daemi 2009). By outbreak of dry
period in recent years along with increased water usage due
to drought and new projects in the region, a severe drop
occurred in water level so that the river inflow became
negligible. In this research, simply the impact of different
hydrological conditions (dry or wet periods), but not the
water development projects, have been considered (plan-
ned up to 2021). The applied data in the model belong to
the period that the climate change portion in lake drought is
about 70% compared with the projects (Daemi 2009) (as
described in “Scenarios”). The results (Table 3; Fig. 4)
reveal that only in scenarios 1, 2 and 7, the lake condition
is environmentally desirable and the water level increases
to more than the ecological water level 1,274.1 m
(Nazaridoust 2006). In other scenarios, there is a continuous
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Table 3 Model run results for different scenarios

Scenarios Hydrological condition Statistics Drought condition
Very wet Wet Mean Dry Very dry Average (m) Max (m) Min (m) Std
1 X 1,284.98 1,296.55 1,273.27 7.01
2 X 1,273.30 1,273.34 1,273.11 0.06
3 X 1,271.99 1,273.27 1,271.65 0.43
4 X 1,266.36 1,273.27 1,264.97 2.54 Will be dried
5 X 1,266.62 1,273.27 1,264.97 2.64 Will be dried
6 X 1,269.79 1,273.27 1,267.74 1.52
7 X X X 1,274.66 1,276.02 1,272.88 1.09
Fig. 4 Comparison of 1300 -
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decline in water level with undesirable environmental
conditions. The conditions become progressively worse in
scenarios 3, 6, 5, and 4.

The lake will be dried only in continuous very dry or
alternate very dry/dry conditions (scenarios 4 and 5). It
will never be dried completely in other conditions, but
will fall below ecological level in some cases. In all

2003

2004

2005 2006

Year

2007

2008 2009 2010

cases, except wet period (scenario 1), there is no
potential for new water use or water development project
plans.

After these simulations, the recorded data were com-
pared (Fig. 5) with the output from different scenarios
(2002-2010) to select the scenarios that best fit the current
condition. These scenarios are used to predict the future of
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the lake due to drought in this section and water usage in
the next section (nearly no river discharge, as happened in
summer 2010).

As it can be seen, the current trend of water level
decrease is to some extent similar to the continuation of dry
period or continuation of alternate mean/very dry/dry per-
iod in future (scenarios 3 and 6). In 2035, the water level
will reach to 1,271.62 m with the depth of 6.67 m (Fig. 4)
if the former condition surrounds the region, and it will
experience sinusoidal variations of which the lowest depth
is 2.77 m and water level is 1,267.72 m, if the latter con-
dition surrounds the region. The water level decrease due
to the climate change in both scenarios is dramatic and a
profound adverse impact on the environmental balance is
predicted in the region.

In this research, the mean annual water level has been
simulated as 1,271.99 m in dry period, and 1,269.79 m in
mean/very dry/dry period which shows a better agreement
with the actual condition than the previous study (Delavar
2005). The research by Delaver shows that using the cli-
mate change software (GCM) output for scenarios A2 and
B2, the water level in June 2010 will be finally decreased to
1,274.6 m in scenario B2 and also to 1,275.08 m in sce-
nario A2; the mean annually water level is 1,274.67 m with
deviation of 0.83 m and 1,274.9 m with deviation of 0.5 m,
for scenario B 2 and A2, respectively. Water authorities
reported the water level to be 1,271.5 m at the end of
summer 2010.

Lake sensitivity to input parameters

Considering the precipitation as the only lake input (sce-
nario C: no river input), the lake water level will decrease
(Table 4; Fig. 6) and dry in 10 years. This means that
precipitation on the lake and related run off are very less
than evaporation, so that the lake will be dried soon. Con-
sidering the river discharge as the only lake input (scenario
B: no precipitation on the lake), the lake water-level trends
will be to some extent similar to the actual condition (sce-
nario A), though its level will decrease about 4 m.

The results show that the lake is more sensitive to river
discharge than precipitation on the lake and its related run
off. This means that the lower precipitation on the water-
shed will result in a lower river and precipitation input to
the lake, thereby a larger decrease in water level. Since
there is no other modeling prediction on the annual lake
water level in the future, only neural network research
results have been used for comparison. The results of
Delavar (2005) show that the lake is more sensitive to
precipitation than river discharge variations.

It can be inferred from Fig. 6 that the lake water level
correlates to river input and if drought and irregular water
usage reduce the river discharge to the lake, the given
balance will be endangered as there is no other water
source to amend the level. In addition, the results of dif-
ferent scenarios show that slight precipitation and river
discharge in dry and very dry periods, accompanied by

Table 4 Model run for sensitivity analysis of climatic and hydrologic condition

Scenarios Input of the model Statistical calculation
Evaporation Precipitation River Run off Average Max Min Std
A X X X 1,276.16 1,278.73 1,274.25 1.17
B 1,273.15 1,274.77 1,271.39 0.84
C X X 1,267.66 1,274.25 1,265.95 2.71
Fig. 6 Calculated water level 1280
(m) with different model input
(during 1967-2001) for
sensitivity analysis 1275 A
"_E' 12704
]
=
2
b
= _ —
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Fig. 7 Calculated water level 1274.00
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higher evaporation in the basin, cause a large decrease in
the lake water level.

There is a great concern regarding the future of the
lake’s existence in the region due to water usage in addition
to climate change trends. In summer 2010, Azerbaijan
Regional reported that due to drought in the region as well
as extensive water usage, the river discharge input
approached zero. This study simulated the condition of dry
period and mean/very dry/dry period (selected scenarios: 3
and 6) after 2002, so that the river input is zero after 2010
(Fig. 7). In this figure, it is obvious that the lake will be
completely dried after 9 years in the former scenario and
after 6 years in the latter. The lake drought is an absolute
tragedy for its watershed and also for the country, even if
the possible control for the whole environmental condition
of the watershed is considered.

Conclusion

The climate change has been a major concern for decision
makers in recent years. The lake’s saline water levels
which decrease below ecological level are a hazard for the
watershed environment. The water level decrease can cause
the water salinity to be accumulated and prevent Artemia
cysts to be hatched; continuation of this trend in near future
will result in Artemia extinction. Therefore, due to demo-
lition of main food resources of birds, especially flamingo,
which spawn in the basin, a severe decrease in number of
the birds and decreased reproduction will occur. Further-
more, drought causes the major part of the lake to be dried
and converted to salt desert. This change can lead to
numerous problems in the ecosystem and the climate of the
area. The possible outcome should be anticipated by
experts in different fields and the predicted losses should be
calculated to clarify the impact of its destruction.

The results from comparison of observed data and
Delavar predictions show that mentioned method can effi-
ciently identify the variations, since both the bathymetry

and the recent hydrological conditions are included to
predict the water level. The advantage of present study is its
functionality in changing the input parameters on the basis
of actual conditions and selecting them in an intellectual
manner not on the basis of only repeating the previous data
processing without the capability of intervening in the
processing procedure. In addition, it is an advantage for
decision makers to change the input parameters to decide
how to regulate the lake in connection with the climate
change (dry or wet period) and reduce the adverse impacts
of climate change and drought to select the best water
development projects to be implemented up to 2021.
Moreover, this method is not a time-consuming approach
and can be used to show the impact of both dam construc-
tion and water usage plans more reliably and faster than
other methods such as neural network in the future. The
uncertainty in bathymetry and the evaporation aroused
acceptable errors during model validation. This can be
reduced by some studies to obtain the proper evapora-
tion rate in various salinity concentrations, humidity,
atmospheric pressure, solar radiation, as well as precise
hydrometric navigation.

The major findings in this paper indicate that the pre-
dicted water level decrease due to different hydrological
periods in selected scenarios is profound and can make a
pronounced adverse impact on the environmental balance
in the region. The predictions for two selected scenarios
show that in 2035, the water level will fall below the
ecological level, which will disturb the lake ecosystem and
will preclude more water development projects. The lake is
highly dependent on river inflow and is more sensitive to
river input than direct precipitation on it. In other words,
little precipitation, more evaporation (climate change direct
impact) and more water usage (climate change indirect
impact) or water development projects implementation in
the watershed can reduce the overall river discharge to the
lake and accordingly the lake water level. These compo-
nents should be considered all together to sustain the lake’s
environmental balance. In the selected scenarios, if
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discharge of all rivers to the lake equals to zero (as hap-
pened in summer 2010), the precipitation on the lake will
not be enough and the lake will be dried thoroughly in
6-9 years. It means, the climate change has reduced the
water input to the lake in a way that the water development
projects which were planned to be implemented up to 2021
has been failed.

Integrated watershed management plan for the lake was
ratified on April 2010 and it determined that the input to
the lake should be regulated to be equal to 3.1 billion m?,
according to the head of Iran Environment Department, to
reach to the ecological water level. To decrease water
projects’ impact (planned for 2021) and make decision
toward water resources management, it is necessary to do
further study to re-plan the water usage (considering the
climate change) and make it unharmful to the lake envi-
ronment. In spite of the Lake regulation program, climate
change has had a great influence on input water to the lake,
necessitating serious efforts to allocate new water resour-
ces (from other watersheds) or new approaches for
water usage (higher efficiency irrigation systems) or new
methods (clouds enrichment) to save the lake from
desertification.
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