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Thermal stratification is strongly associated with hydrodynamics, and plays an important role in the dynamics of

water quality and the ecosystem of stratified water bodies. Changes in the climate or hydrological conditions can

alter thermal regimes. This study aims to investigate the effects of climate change on the thermal structure of a

reservoir. To quantify these effects, a hydrodynamic and water quality model was applied to the Latian dam reservoir

in Iran. The outputs of the Canadian global climate model version 3 for B1, A1B and A2 scenarios were used to obtain

future (year 2100) air temperature trends. Results from these scenarios were compared with those of base conditions

to investigate the effects of climate change. The maximum surface water temperature increase was about 28C for the

S2 scenario, which was the scenario with the highest air temperature increase (5.78C). The increase in water

temperature indicated some important effects on thermal stratification; for example, thermal gradient across the

metalimnion was increased. It was also inferred that the Latian dam was severely sensitive to inflow variations as

well as temperature changes.

1. Introduction
Global climatic changes, as defined by the US Global Change

Research Act of 1990, are changes in the global environment that

may alter the capacity of the earth to sustain life. Increases in the

concentration of greenhouse gases due to natural and anthropo-

genic factors have led to substantial changes in climate in the

twenty-first century (Johns et al., 2003). The rapid global tem-

perature rise by 0.58C above the long-term (1951–1980) average

partly contributes to these factors (IPCC, 2001). Global warming

is a response to the rising atmospheric concentrations of green-

house gases. It has been stated that a doubling of ambient carbon

dioxide has raised the worldwide air temperature by 1.4–5.88C

from the pre-industrial level (IPCC, 2001). Also, it is estimated

that the mean temperature of the earth’s surface will increase by

as much as 68C by the end of the twenty-first century (Bates et

al., 2008). However, the amount of air temperature change is

expected to vary significantly in different regions. The air tem-

perature increase will be greater at higher latitudes and over land.

Global warming will cause ecological and social impacts in the

world that may lead to devastating consequences. As water bodies

play an important role in the world, assessing the effects of global

warming on water bodies has been an important issue for

scientists and engineers. Also, global warming has a significant

impact on the water quality and ecological characteristics of lakes

and reservoirs (Wang et al., 2012). Column mixing in lakes can

be strongly affected by the increased heat influx. Deep stratified

lakes usually mix or turn over in spring and autumn, when the

near-surface water temperature reaches 48C, the temperature of

maximum density for water. Circulation of lakes brings the

oxygen from the surface to the deeper layers and resuspends

nutrients previously trapped at the bottom of lakes. Thermal

stratification of lakes refers to changes in the temperature profile

with depth within a lake system and is due to the change in the

density of water with temperature (Moreno-Ostos et al., 2008).

During periods of strong stratification, the lower portion of a lake

becomes isolated from the atmosphere and the developed vertical

density gradient acts as a barrier to complete mixing of the lake

(Wetzel, 2001). Thermal gradients may be a consequence of

external inflows or underground seepage. Without mixing to

replace dissolved oxygen, the deeper water layers, lacking enough

light for photosynthesis to occur, tend to have a very limited

supply of oxygen. Microbial respiration can deplete the dissolved

oxygen in the lower portion of lakes (Branco et al., 2009; Welch

and Jacoby, 2001). The situation can be critical when it is

considered that oxygen-carrying capacity is vital to support

aquatic ecosystems.

The thermal/mixing regime strongly affects nutrient loadings,

phytoplankton abundance and lake water chemistry in lakes and

reservoirs. Hordoir and Meier (2012) found that thermal stratifi-

cation changes may have an important impact on vertical nutrient

fluxes and the intensity of the spring bloom in the future climate

of the Baltic Sea. The consequences of changes in thermal

structure in lakes will have a significant impact on fisheries,

wildlife, wetlands, shoreline habitat and water quality. The

effects of climate change (most likely increasing air temperature)

by 2100 on the thermal structure of lakes will generally be

equivalent to considerable increases in the external nutrient
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loading and then changing eutrophication states in lakes (Trolle

et al., 2011).

In the present study, a two-dimensional (2D) hydrodynamic and

water quality model was applied to simulate the Latian dam

response to different climate change scenarios. Latian dam

reservoir is one of the most important reservoirs in Iran and

experiences thermal stratification in summer. In this investigation,

the climate change effects on the thermal stratification of this

reservoir, changes of water temperature and variations of the

thermal stratification period were assessed. To quantify the

thermal stratification of Latian dam reservoir, temperature and

inflow rates of the Jajroud and Lavarak rivers were used as model

inputs. In addition, the measured water elevation data and vertical

temperature profile of the reservoir were used to validate the

hydrodynamic model. Then, the calibrated and verified model

was applied to evaluate the changes in the stratification of the

reservoir considering the future possible conditions represented

by 21 climate change scenarios.

2. Materials and methods

2.1 Study site

Latian dam (358 479 240N; 518 409 480E) is located about 25 km

north-east of Tehran city in Iran (Figure 1). Latian dam is one of

the most important water supply sources for residents in down-

stream areas, including Tehran city (population over 12 million).

This impoundment was initially filled in 1968. The reservoir has

a surface area of 3.3 km2 and a drainage area of 670 km2, with a

mean and maximum depth of 22 and 45 m, respectively. The

average residence time of water in this reservoir is approximately

80 days. Generally, the maximum water level is 1610 m above

sea level, corresponding to a capacity of 7.9 3 107 m3 and the

minimum water level is 1554 m, corresponding to a capacity of

0.2 3 106 m3: Latian reservoir is fed by two major rivers, the

Jajroud and Lavarak rivers. The main outlets are two bottom

outlets. The upstream and surrounding landscape of the reservoir

is largely mountainous and consists primarily of hills with little

agricultural activity. The area is chiefly used for recreation,

especially in the spring and summer.

2.2 Model description

In this study, CE-QUAL-W2, a 2D (longitudinal–vertical) hydro-

dynamic and water quality model, developed by the US Army

Corps of Engineers, was used to analyse the thermal stratification

of the Latian dam reservoir. A detailed description of the

CE-QUAL-W2 model is given in Cole and Wells (2003). Hydro-

dynamic calculations include time-varying surface elevations, and

horizontal and vertical distributions of temperature and water

velocities. This model can be used to model basic eutrophication

processes such as dissolved oxygen, temperature, nutrients, algae,

organic matter and sediment relationships. As the model assumes

lateral homogeneity, it is well suited for relatively long and

narrow water bodies exhibiting longitudinal and vertical water

quality gradients. It can be applied to rivers, lakes, reservoirs,

estuaries and river basin systems. CE-QUAL-W2 has been

successfully applied to numerous case studies (Afshar et al.,

2012; Dai et al., 2012; Etemad-Shahidi et al., 2009; Garvey et

al., 1998; Hasanloo and Etemad-Shahidi, 2011; Martin, 1988;

Parsa and Etemad-Shahidi, 2010; Rangel-Peraza et al., 2012;

Tillman and Cole, 1994; Zahed et al., 2008).

2.3 Model application

Bathymetric and geometric data of the reservoir are required to

develop the computational model. Therefore, the study area was

divided into 21 horizontal segments and 34 vertical layers (Figure

Tehran City

35°47 55·79 N� �
51°36 59·99 E� �

Jajroud River

Latian Dam

Lavarak River

2·67 mi

Figure 1. Illustration of Latian reservoir showing the location and

monitoring sites
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2). Boundary conditions categorised into three different groups

were set up for the model. The first group was meteorological

variables, the second category was various incoming and out-

going flows and the last one was the water temperature of the

inflow. In this study, water temperatures at different depths of the

reservoir on 21 April 2008 were selected to set up as the initial

condition (Figure 3).

2.4 Model calibration and verification

Calibration of the water budget (or water surface elevation) is

usually the first step in the sequence of calibration processes in

lake and reservoir modelling. The next steps are the calibration

of the temperature and water quality, respectively. The measured

water level fluctuations and water temperature during the year

2008 were used for model calibration. The water budget was

controlled by comparing the predicted elevations with the ob-

served elevations. A comparison between predicted and measured

water surface elevations is shown in Figure 4. The difference in

water surface elevation was less than �0.7 m during all simula-

tion periods. In addition, the mean of differences in water surface

elevation was 0.16 m. So the model can simulate reservoir

hydrodynamics successfully.

In the next step we calibrated the coefficients affecting tempera-

ture that are given in Table 1. The eddy viscosity and wind-

sheltering coefficient directly affect hydrodynamics, which affect

heat and constituent transport. The wind-sheltering coefficient is

one of the most important parameters in temperature modelling

and should be adjusted first. The W2N algorithm, which includes

the effects of cross-shear from wind and from tributary or branch

inflows, was used for vertical eddy viscosity computation. W2N

is recommended for water bodies with deep sections that could

be stratified. When applying the calibrated coefficients in the

model the results showed that measured water temperature

and predicted water temperature data were in close agreement

(Figure 5).
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Figure 2. Model grid: (a) top view (x–y) and (b) side view (y–z)
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Figure 3. Initial condition for water temperature in reservoir

(21/04/2008)
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Figure 4. Comparison of the water surface elevation between

measured and predicted data
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The calibrated model needs to be validated in order to test

that the model is able to simulate the hydrodynamic and

thermal structure of the reservoir under different conditions.

Field data collected in 2009 were used to validate the model.

It should be mentioned that the inflow conditions in 2009 were

different from those in 2008, the year used for model

calibration purposes. Figure 6 represents the validation results,

which imply that there is reasonable agreement between the

model results and field data. The values of the mean absolute

relative error (RE) for calibration and verification purposes

were 3.5% and 5.2%, respectively. These values are in line

with the results of the review research conducted by Arhondit-

sis and Brett (2004). Hence, the validated model can be used

to predict the Latian reservoir response to climate change

scenarios.

2.5 Generating scenarios

One of the most important environmental concerns that threaten

the water ecosystem is climate change due to global warming.

The 2000–2100 daily temperature data for the special report on

emissions scenarios A2, A1B and B2 of the intergovernmental

panel on climate change (IPCC) were adopted for future climate

conditions. In this study, the year 2100 represents the future

Coefficient Calibrated value

Longitudinal eddy viscosity 1 m2/s

Longitudinal eddy diffusivity 1 m2/s

Vertical eddy viscosity algorithm W2N

Wind-sheltering coefficient 0.8

Solar radiation absorbed in surface layer 0.45

Extinction coefficient for pure water 0.45/m

Table 1. Coefficients affecting thermal calibration

�50

�40

�30

�20

�10

0
0 10 20 30

Temperature: °C

D
ep

th
: m

17 Nov.

�50

�40

�30

�20

�10

0
0 10 20 30

Temperature: °C

17 May
�50

�40

�30

�20

�10

0
0 10 20 30

Temperature: °C

17 Apr.

�50

�40

�30

�20

�10

0
0 10 20 30

D
ep

th
: m

10 Jan.

18 Dec.

�50

�40

�30

�20

�10

0
0 10 20 30

Measured

Simulated

Figure 5. Comparison between the measured and simulated

temperature profiles, calibration period
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Figure 6. Comparison between the measured and simulated

temperature profiles, verification period
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condition. It is assumed that the mean annual air temperature at

the Latian site for A2, A1B and B2 would increase by 5.78C,

3.88C and 2.48C, respectively, in 2100. Considering the geogra-

phical location of Latian dam (358 479 240N; 518 409 480E), air

temperature values of the closest cellule in the IPCC grid were

obtained from IPCC in 2100. Figure 7 indicates the increasing air

temperature trend for the A2 scenario (2000–2100). The air

temperatures of 2100 for these scenarios were used to estimate

the inflow water temperatures using the historical relationship

between air temperature and inflow water temperature (water

temperature ¼ 0.97 3 air temperature + 0.38). Considering differ-

ent inflow conditions and air temperature variations, 21 scenarios

were generated for Latian dam reservoir, which are shown in

Table 2. In the scenarios generated, three different inflow

conditions were considered to analyse the sensitivity of thermal

stratification to inflow variations. Then, these three base condi-

tions were compared to the same conditions after applying

different scenarios. According to the findings of Ficklin et al.

(2013) and Ye et al. (2011), a 10% decrease was assumed for

inflow rates. Ficklin et al. (2013) found that there will be 5% and

11% decreases in annual stream flow for the A2 scenario, in 2050

and 2080, respectively. Ye et al. (2011) reported that in a

catchment with a subtropical wet climate, inflow will decrease by

5.2% in 2050 in the A2 scenario. These three inflow conditions

included low water inflow, high water inflow and the low outflow

condition, which led to a high water elevation in the dam. The

average inflow rate was 6.79 m3/s in 2009, which represents a

low water inflow condition. In 2003, which was a high flow water

condition (wet year), the average inflow rate was 21.63 m3/s. In

2002, the reservoir experienced the average water elevation of

1606.22 m, which was the highest value during the reservoir’s

lifetime, and, in this year, the average inflow rate was 13.45 m3/s.

In addition, three climate change scenarios (A2, A1B and B1)

were used to analyse thermal stratification sensitivity to tempera-

ture variations.
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Figure 7. Temperature increasing trend for A2 scenario

Condition Scenario

name

Inflow variation Air temperature

variation

Low water inflow

(dry) condition (2009)

S1 Decreasing (10%) Constant

S2 Constant Increasing (5.78C)

S3 Constant Increasing (3.88C)

S4 Constant Increasing (2.48C)

S5 Decreasing (10%) Increasing (5.78C)

S6 Decreasing (10%) Increasing (3.88C)

S7 Decreasing (10%) Increasing (2.48C)

High water inflow

(wet) condition

(2003)

S8 Decreasing (10%) Constant

S9 Constant Increasing (5.78C)

S10 Constant Increasing (3.88C)

S11 Constant Increasing (2.48C)

S12 Decreasing (10%) Increasing (5.78C)

S13 Decreasing (10%) Increasing (3.88C)

S14 Decreasing (10%) Increasing (2.48C)

High water elevation

condition (2002)

S15 Decreasing (10%) Constant

S16 Constant Increasing (5.78C)

S17 Constant Increasing (3.88C)

S18 Constant Increasing (2.48C)

S19 Decreasing (10%) Increasing (5.78C)

S20 Decreasing (10%) Increasing (3.88C)

S21 Decreasing (10%) Increasing (2.48C)

Table 2. Different scenarios used
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In some scenarios (S1, S8, S15), air temperature was maintained

constant and inflow rates were decreased by 10%. In some other

scenarios (S2, S3, S4, S9, S10, S11, S16, S17, S18), the inflow

rates were kept constant and climate change scenarios were

applied. Finally, in the remaining scenarios (S5, S6, S7, S12, S13,

S14, S19, S20, S21), both air temperature and inflow rates were

varied simultaneously. Then the effects of these scenarios on the

Latian dam reservoir were investigated.

3. Results and discussion
The results of this research indicated that an increase in air

temperature would lead to an increase in the lake’s temperature

(Figure 8). When inflow water temperature increases due to an

increase in air temperature, water temperature increases at differ-

ent depths of the dam. In addition, simulations using different

initial temperature profiles demonstrated that the final results are

the same after about 2 weeks. Different scenario results are

shown in Table 3.

When applying the climate change scenarios and keeping the

inflow rates constant, it was found that future climate change

would impact thermal stratification. Analysis of different scenario

results showed the strongest effects on thermal stratification in

the S2 scenario (among S2, S3, S4, S9, S10, S11, S16, S17 and

S18). This result was not far from expectations because in this

scenario the increase in temperature was higher in comparison
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Figure 8. Increase in water temperature on 23 July 2100

Condition Scenario

name

Thermal stratification

period changes

Average increase in

surface temperature: 8C

Low water inflow

(dry) condition (2009)

S1 Unchanged ,1

S2 20-day increased 1.92

S3 ,20-day increased 1.73

S4 ,20-day increased 1.29

S5 40-day increased 3.1

S6 30-day increased 2.11

S7 30-day increased 1.68

High water inflow

(wet) condition

(2003)

S8 Unchanged ,1

S9 1-week increased 1.81

S10 ,1-week increased 1.37

S11 ,1-week increased 1.10

S12 10-day increased 2.19

S13 10-day increased 1.46

S14 10-day increased 1.19

High water elevation

condition (2002)

S15 Unchanged ,1

S16 1-week increased 1.91

S17 ,1-week increased 1.65

S18 ,1-week increased 1.18

S19 ,10-day increased 2.25

S20 ,10-day increased 1.72

S21 ,10-day increased 1.46

Table 3. Different scenario results
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with those of other scenarios, and the reservoir was in a low

water flow condition. In these scenarios, the increase in tempera-

ture was the same at different depths of the reservoir hence the

thermal gradient remained unchanged (Figure 8). The maximum

value of the increase in water surface temperature was about 28C,

which was obtained for the S2 scenario. These results are in line

with those of Sahoo and Schladow (2008) and Lee et al. (2012).

Lee et al. (2012) found that in Yangdam Reservoir, located in the

Asian monsoon area, with a 4.28C rise in air temperature,

the water temperature increase in 2090 is expected to be 2.28C in

the epilimnion and 0.68C in the hypolimlion. An obvious

difference in the values of water and air specific heat can be one

of the reasons why air temperature increases more than water

temperature. This is a very important feature because it allows

the large bodies of water on the earth’s surface to moderate the

climate. In addition, lake morphometry is one of the most

important parameters in warming and cooling trends of lakes.

Surface water temperature is a useful index of climate change

because meteorological variables are reflected by it more immedi-

ately and more sensitively than any other lake parameters.

Considering this fact, lakes are direct and immediate responders

to increases in air temperature. The surface water is exposed to

solar radiation and long-wave radiation of the atmosphere. Lake

morphometry is one of the most important parameters in the

increasing and decreasing trends of the hypolimnetic temperature.

In addition, seasonal changes play an important role in this

process. The considerable increase in water temperature has

significant effects on thermal stratification. The onset time of

thermal stratification was earlier in these scenarios and it was

more stable than those in 2009, 2003 and 2002, which represent

the base years for three different inflow conditions. In other

words, the thermal stratification period was increased in all

conditions.

As mentioned previously, in scenarios with inflow variation,

the inflow rates were decreased by 10% to evaluate thermal

stratification response to inflow variations. In scenarios S1, S8

and S15, when the inflow rates were decreased by10% and

the temperature was kept constant, it was found that the

thermal gradient in thermocline increased because the increase

in thermocline temperature was greater than that of the

hypolimnion temperature. The thermal stratification period

remained nearly unchanged because the vertical disturbance is

affected by water flow and wind; a slight decrease in inflow

rates does not change thermal stratification significantly. This

is in close agreement with the findings of Rimmer et al.

(2011) in their investigation on Lake Kinneret thermal stratifi-

cation.

When the last scenarios, with simultaneous temperature and

inflow rate changes, were applied, the maximum change in

thermal stratification was observed. In these scenarios, the in-

crease in epilimnion temperature was more than that of hypolim-

nion. Therefore, it can be said that the thermal gradients in these

scenarios are sharper than those of previous scenarios. Differ-

ences in epilimnion and hypolimnion temperatures in summer are

greater than those in other seasons because of the highest air

temperature in the summer. The increase in thermal gradient was
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Figure 9. Differences in thermal structure in 2009 and 2100
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more severe in the S5 scenario among all scenarios (Figure 9).

The mean values of the temperature increase were predicted to be

38C in epilimnion and 18C in hypolimnion. The thermal stratifica-

tion period increased in these scenarios especially in scenario S5.

The lengths of the stratification period, with 158C differences

between surface and bottom waters, were predicted to be 130

days during 2009 and 170 days during 2100. This might be

caused by a decrease in inflow rates, which play an important role

in mixing the water column. The onset of the thermal stratifica-

tion period, with 158C differences between surface and bottom

waters during 2100, is 50 days earlier than that of 2009.

Furthermore, the value of the lake number was increased by more

than 25% in the S5 scenario. This indicates a more stratified lake

in the future, which may change the oxygen and metal levels in

the bottom layers as well as the chlorophyll level of the surface

layer (Robertson et al., 1990).

The modelling study of the effects of increasing air temperature

on the thermal structure of the Latian dam showed consistent

results with those of previous studies, in terms of greater

temperature increases in the epilimnion than in the hypolimnion

and increased thermal stratification (Fang and Stefan, 2009;

Komatsu et al., 2007; Lee et al., 2012; Sahoo and Schladow,

2008; Wang et al., 2012). Lee et al., 2012 investigated the effect

of climate change on the thermal structure of lakes in response to

watershed hydrology. They found that increases in air temperature

resulted in higher surface water temperature. The simulation of

the effects of climate warming on the thermal structure of the

Asian monsoon area lake showed greater temperature increases in

the epilimnion than in the hypolimnion, increased thermal

stratification and decreased thermocline depths during the sum-

mer and autumn. The results were in harmony with the findings

of earlier research conducted by Komatsu et al. (2007). In their

study, a GCMA2 scenario was applied to Shimajigawa Reservoir

located in western Japan in order to assess the long-term effect of

global warming on environmental variables. Also, Wang et al.

(2012) used a numerical model to create scenarios incorporating

different air temperatures, inflow volumes and water levels in

Liuxihe Reservoir, southern China. Under continuous warming

and more stable storage in recent years, the simulations indicated

greater water column stability and increased stratification dura-

tion. Moreover, research on Lake Tahoe was conducted by Sahoo

and Schladow (2008) in order to evaluate the impact of climate

change on the physical processes occurring within lakes. Results

of 40-year simulations showed that the lake continued to become

warmer and more stable. Also, it was concluded that circulation

in the lake was reduced. It was predicted that in low water flow

conditions, when applying the S5 scenario, thermocline depth

increased 3 m in August and September by 2100. However, in

high flow conditions, thermocline depth remained unchanged by

2100.

When the epilimnetic and hypolimnetic water temperatures

become the same, turnover due to surface cooling occurs in the

reservoir. After this period of water mixing, the surface water

temperature rises with sun radiation and thermal stratification

grows. In the Latian reservoir, turnover took place at the end

of December in 2009, which was estimated to occur 2 weeks

later by applying the S5 scenario. The important point to

mention here is that deep mixing occurs only during winter. In

fact, the results of this study suggest that Latian reservoir water

quality should be monitored more frequently in future years

because of changing climate and varying hydrological condi-

tions.

4. Summary and conclusion
Recently, climate change and its potential effects on water

quality and quantity in global scale to local scale is one of the

most important challenges to be faced. Normally, climate

change studies are based on meteorological model outputs under

emissions scenarios fed into simulation models (hydrological,

hydrodynamic and water quality models). In this study, the

effect of temperature variation due to climate change on the

thermal stratification of Latian dam reservoir was investigated.

The CE-QUAL-W2 model was used to simulate Latian dam

reservoir. Then 21 scenarios were generated to analyse the

response of Latian dam to temperature and inflow rate varia-

tions.

The results showed that the thermal stratification of Latian dam

reservoir is very sensitive to air temperature and inflow rate

variations. In the scenarios with constant flow and increasing

temperature, it was found that an increase in air temperature

has a significant effect on the onset time of thermal stratifica-

tion as it will occur earlier and thermal stratification will last

longer.

Scenarios with decreasing inflow and constant temperature led to

an increase in thermocline thermal gradient and unchanged

thermal stratification period. An increase in thermal gradient in

low water flows was greater than in other conditions. In scenarios

with changing temperature and inflow rates simultaneously, it was

found that the thermal gradient is sharper in comparison with

those of other scenarios. An increase in the thermal gradient was

more severe in the S5 scenario among all scenarios in which

temperature and inflow rates were changed simultaneously. The

mean value of temperature increase was 38C in epilimnion and

18C in hypolimnion.

It was predicted that by 2100, the length of the stratification

period with a 158C difference between the surface and bottom

water layer temperature will be 40 days more than that of the

base year 2009. The thermal stratification period in 2100 occurs

50 days earlier than that of the base year. Furthermore, it was

predicted that thermocline depths in these scenarios will change

especially in low flow conditions. However, in high flow condi-

tions, thermocline depth remains unchanged in 2100.

The results of this study can be used in future investigations of

the effects of climate change on the water quality and ecosystem
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of Latian dam reservoir, and potentially provides useful informa-

tion for better water resources management.
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