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Abstract In this study, the effect of thermal stratification

on water quality in a reservoir has been investigated by

field observations and statistical analysis. During the

summer period, when stratification is evident, field obser-

vations indicate that the observed dissolved oxygen

concentrations drop well below the standard limit of

5 mg l-1 at the thermocline, leading to the development of

anoxia. The reasons for variations in the dissolved oxygen

concentrations were investigated. Variations of air tem-

perature and other meteorological factors and lateral flows

from side arms of the lake were found to be responsible for

the increase of dissolved oxygen concentrations. It was also

observed that turbidity peaked mostly in the thermocline

region, closely related to the location of the maximum

density gradient and thus low turbulence stabilizing the

sediments in the vertical water column. Relatively cold

sediment-laden water flowing into the lake after rain events

also resulted in increased turbidity at the bottom of the

lake. Nondimensional analysis widely used in the literature

was used to identify the strength of the stratification, but

this analysis alone was found insufficient to describe the

evolution of dissolved oxygen and turbidity in the water

column. Thus correlation of these parameters was investi-

gated by multivariate analysis. Fall (partial mixing),

summer (no mixing), and winter (well mixed) models

describe the correlation structures between the independent

variables (meteorological parameters) and the dependent

variables (water-quality parameters). Statistical analysis

results indicate that air temperature, one day lagged wind

speed, and low humidity affected variation of water-quality

parameters.

Keywords Thermal stratification � Water quality �
Multivariate analysis � Dissolved oxygen � Turbidity

Introduction

In a reservoir, wind-induced currents and the structure of

the thermocline mainly control the vertical distribution of

heat, dissolved substances, and nutrients in the water col-

umn. Understanding lake hydrodynamics is important for

management of water resources, and thermal stratification

is of great importance for the pattern of mixing in lakes and

reservoirs.

Stratification during the summer acts as a barrier

restraining mixing of the water column. The warm water in

the epilimnion is unable to move through the cold, dense

water of the hypolimnion. As a result of incomplete mixing

of the water column and lack of light for the photosynthesis

at the hypolimnion, the water column can become anoxic.

This study was motivated by the degradation of water

quality in the summer because of thermal stratification, as

observed in many reservoirs and lakes around the world.

Tahtali Lake, providing 40% of its fresh water to Izmir,

Turkey, was selected as study site, because the lake

experienced dense stratification during the summer months

leading to deterioration of water quality.

The objective of this study was to investigate the

structure of the thermal stratification, its relationship to

wind and flow conditions, and its effect on water-quality

parameters including dissolved oxygen and suspended

sediment concentrations. Existing studies have primarily

focussed on developing water-quality models, in which the
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physical processes of transport and mixing within the water

body have generally been oversimplified, or on extending

hydrodynamic models to include water-quality components

by combining them with simple input–output models

(Hamilton and Schladow 1997). Numerical models devel-

oped by Bell et al. (2006), Stefan and Fang (1994), Bonnet

et al. (2000) are among the various models developed for

simulating temperature and dissolved oxygen in lakes.

However most of the studies in the literature lack the

extensive field measurements required for investigation

of the meteorological factors affecting water-quality

variations. Within the scope of this study, monthly mea-

surements were conducted and the impact of these factors

on stratification and on water-quality parameters was

investigated.

In this study, the factors causing mixing of the water

column were investigated by nondimensional analysis

(Imberger 1998) which determines the degree of stability

and mixing in the lake. The water-quality index (Water-

research 2006a) was also used to assess overall water

quality in the lake during the winter and summer periods.

Motivated by the water-quality index results, field

observations were conducted monthly in the vertical water

column where water-quality parameters and temperature

profiles were measured. To examine the behaviour of the

parameters further, measurements over a longer period

(1 month) were made, during which data were recorded

internally every half an hour. Results were analyzed by

statistical analysis. Simca-P 10.5 software (Umetrics 2003)

was used for multivariate analysis of the water-quality

parameters.

Study site

The observations were conducted in Tahtali Reservoir,

Menderes, Turkey (38�150N, 27�280E). Tahtali Dam was

projected as a rockfill dam and completed in 1996 to supply

fresh water to Izmir, the third largest metropolitan area

with a population of over 3 million. The capacity of the

dam is 175 million m3 and it generates a total of 5 mil-

lion m3 water monthly with an average water discharge of

3 m3 s-1. The dam is currently operated by Izmir Water

and Sewage Administration (IZSU).

Lake Tahtali has a surface area of 20 km2, a mean depth

of 15 m, and a maximum depth of 27 m. The lake is

located 60 m above sea level. The major inflows are from

the north via Sasal Stream (Murat Stream and Dari Stream)

and Tahtali Stream (Fig. 1). Discharge of the other four

tributaries is negligible. The only outflow point is at the

Southwest location of the lake from the deepest area,

corresponding to 27 m. The water is provided as drinking

water for city of Izmir after being treated.

The site is exposed to the full force of wind blowing

mostly from East and also from the North. The average

annual wind speed is 3 m s-1. The locale has a Mediter-

ranean climate, with average annual temperatures for the

warmest month, July, of 28�C and for the coldest month,

January, of 8�C.

Instrumentation

A water-quality meter (WQC) was used to measure

turbidity by the scattered light measurement method.

Turbidity is measured by reading of the amount of scat-

tered light and is expressed in terms of the optical property

causing the light beam passing through the sample of fluid

to be scattered and absorbed rather than transmitted. The

relationship between suspended solids in the liquid and

light intensity due to particle scatter is determined by

calibration of the instrument.

Data collection in Lake Tahtali was achieved from a

boat stationed at a buoy (depth 19 m), where the WQC-24

water-quality meter designed by TOA-DKK was used for

measurements. The instrument is capable of measuring

water-quality parameters (pH, conductivity, salinity, dis-

solved oxygen, turbidity, temperature) and a depth sensor

is attached.

Meteorological data were acquired from a weather station

designed by TFA (Master Touch) located on the southwest

shoreline of Lake Tahtali (Fig. 1). The data collected at this

weather station included air pressure, air temperature,

humidity, solar radiation, wind speed, wind direction, and

rain. Evaporation data were provided by IZSU.

Fig. 1 Bathymetric map of Lake Tahtali. The darker area represents

the deepest region of the lake corresponding to 27 m. The buoy,

where stationary measurements were made, is shown by a circle
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Methodology

The stratification in the lake was assessed by non-dimen-

sional parameter analysis. The Lake number (Imberger

1998), an indicator of the degree of stability and mixing in

the lake, was used for this analysis. LN was calculated for

Lake Tahtali, using the daily conditions in August 2006, by

use of the equation:

LN ¼ St H � hTð Þ½ �
.

u2
�A

3=2
s H � hvð Þ

j k
ð1Þ

where H is the total depth of the lake, hT is the height from

the bottom of the lake to the seasonal thermocline, hv is the

height to the centre of volume of the lake, As is the surface

area of the lake, g0 is the reduced gravity, Dq is the density

difference between the hypolimnion and the epilimnion, q
is the average density of the lake water, g is the gravity, A1

and h1 are the area and the thickness of the upper layer, A2

and h2 are the area and the thickness of the bottom layer, u*

is the water shear velocity due to the wind (Eq. 2), qa is the

density of air, qw is the density of water calculated

following Rubin and Atkinson (2001) (Eq. 3), U(10) is the

wind speed 10 m above the water surface, and St is stability

(Eq. 4).

u� ¼ 0:0013
qa

qw

� �
U2

10ð Þ

� �1=2

ð2Þ

qw ¼ 1; 000 1� 0:00663 T � 4ð Þ2
h i

ð3Þ

St ¼
1

2
g0 A1A2h1h2ð Þ h1 þ h2ð Þ½ �= A1h1ð Þ þ A2h2ð Þ½ �½ � ð4Þ

After solving Eq. 1, LN was calculated for the conditions in

August 2006. Because the critical value for stratification

was found to be 3, the wind speed corresponding to this

value was calculated for Lake Tahtali (3 m s-1). In

August, 18% of the time, LN was smaller than the critical

value. In October, the percentage of the time that LN was

smaller than the critical value increased to 33%.

Water quality in the lake was assessed using a water-

quality index—a 100 point scale that summarizes results

from a total of nine different measurements (Water-research

2006a). According to this index; the parameters dissolved

oxygen (DO), faecal coliforms, pH, biochemical oxygen

demand (BOD), temperature, total phosphate, nitrates, tur-

bidity, and total solids are used to assess the overall quality of

the lake. Faecal coliform and total phosphate data were not

available for Lake Tahtali; the other data were obtained from

measurements conducted by IZSU. The weighting factors

used in this analysis were obtained from people representing

a wide range of positions at local, state, and national levels in

the USA (Water-research 2006a). Saturation dissolved

oxygen concentration (mg l-1) was calculated following

Markofsky and Harleman (1971) as:

DOsat ¼ 0:0043T2 � 0:36T þ 14:48 ð5Þ

The water-quality index of Tahtali Lake was calculated as

79 (Good) for April 2006 and 59 (Medium) for August

2006, as shown in Table 1. Because the results indicated

deterioration of water quality for summer period, the fac-

tors affecting water quality were further investigated within

this study.

Data collection and analysis

Field observations were made in Tahtali Lake, where

a multiparameter water-quality meter was deployed at

monthly intervals to investigate the effects of stratification.

The velocity measurements and suspended sediment con-

centration data were measured simultaneously when the

boat was attached to a buoy in the lake. The location of the

buoy is shown in the bathymetry map of Tahtali Lake

Table 1 Parameters used to

determine the water-quality

index for Tahtali Lake

Parameter Measured

value

(April)

Quality

index

value

Measured

value

(August)

Quality

index

value

Weighting

factor

Total

(April)

Total

(August)

DO 70% 75 22% 13 0.17 12.75 2.21

Faecal coliform – – 0.16 – –

pH 8 84 7.9 88 0.11 9.24 9.68

BOD 3 67 10 34 0.11 7.37 3.74

Temperature

difference

2 85 4 77 0.10 8.50 7.7

Total phosphate – – 0.10 – –

Nitrate 0.7 96 0.2 97 0.10 9.6 9.7

Turbidity 10 76 11 74 0.08 6.08 5.92

Total solids 243 67 242 67 0.07 4.69 4.69

Overall water-quality

index

79% 59%
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(Fig. 1). Water-quality data were measured at 1-m intervals

in the vertical and were recorded at one-minute intervals.

The observed temperature profiles at the buoy are given

in Fig. 2a. The depth of the water column where the buoy

was located was 18 m. As one can see in the figure,

stratification was evident in August where water tempera-

ture at the surface reached 28�C and the thermocline

started at a depth of 10 m. In October, however, surface

temperatures decreased to 21.5�C and the thermocline

moved to a depth of 14 m, indicating mixing of most of the

water column. In November, the temperature profile was

uniform throughout the water column at *15�C.

The observed dissolved oxygen (DO) profiles are pre-

sented in Fig. 2b. Observed DO values dropped well below

the standard limit of 5 mg l-1 (Water-research 2006b) at

the thermocline, leading to the development of anoxia

during the summer period. This can partly be explained by

sinking of organic material produced in the epilimnion to

the thermocline, where oxidization reduces the DO in the

thermocline. As mixing was induced during the fall by the

decrease of air temperature, and thus water temperatures at

the epilimnion, an increase in DO values at the epilimnion

were observed while deepening of the level of maximum

DO proceeded until it reached the bottom. In November,

the DO profile was uniform throughout the water column at

*9 mg l-1. The increase in the DO concentration below

the thermocline observed in August was attributed to

convective circulation introduced by lateral flow from side

arms of the lake. In fact, synchronized measurement of

velocity profiles using an acoustic Doppler current profiler

(ADCP) at the buoy depicted increase of velocities in the

transverse direction close to the bed, an indication of this

flow from the side arms (Fig. 3). Details of velocity mea-

surements are provided in Çalışkan and Elçi (2007).

The variation of the turbidity profiles measured by the

water-quality meter is presented in Fig. 4a. Turbidity peaks

are found mostly in the thermocline region. Turbidity

increases are closely related to the location of the maxi-

mum density gradient in the vertical, where low turbulence

is expected because of stabilization of the water column.

A noticeable increase in turbidity toward the bottom of the

lake on 17.10.06 was probably because of the effect of the
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Fig. 2 The temperature (a) and dissolved oxygen (b) profiles observed

during field measurements conducted once a month at the buoy
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Fig. 3 Measured velocity profiles at the buoy in August, measured by

the acoustic Doppler current profiler (ADCP)
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Fig. 4 The turbidity (a), electrical conductivity (b), and pH (c)

profiles observed during field measurements conducted once a month

at the buoy
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relatively cold sediment-laden water flowing into the lake

after a rain event.

The observed conductivity and pH profiles are presented

in Figs. 4b, c. A decrease in pH in the lower layers of the

stratified lake was observed due to accumulation of CO2,

because no light could penetrate through the thermocline to

the hypolimnion during the summer period and plants

could not consume CO2 by photosynthesis. Furthermore,

CO2, released as a result of decomposition of organic

matter in the hypolimnion dissolves in water to form car-

bonate ions, increasing the ion concentration. This increase

in the ion concentration was reflected as an increase of

electrical conductivity measured in the hypolimnion during

the summer period. In November, the pH and the electrical

conductivity profiles were uniform throughout the water

column at *8 and *30 ms m-1, respectively.

Besides the measurements conducted in the lake once a

month, the water-quality meter was left at a depth of

*11 m (thermocline) during August (no mixing), October

(partial mixing), December (mixed), and April (partial

mixing). The variations of DO data recorded internally

every half an hour, with air temperature recorded at the

weather station, are given in Figs. 5, 6, and 7 for August,

October, and December, respectively.

As can be seen in Fig. 5, an increase was observed in the

DO observations, with DO values increasing from 0 to

1.8 mg l-1 (day 21). The air temperature data collected at

the weather station for the same measurement period

indicated that air temperatures decreased from 40.1 to

35.6�C, with a 4.5� difference between highest daytime

temperatures (maximum), and from 25 to 21.9�C, with a

3.1� difference between lowest overnight temperatures

(minimum). The air-temperature difference observed dur-

ing the day was 13.7� whereas this difference was 1.7� for

water temperature.

In October (Fig. 6), a similar increase in DO observa-

tions occurred, with DO values increasing from 6.6 to

11 mg l-1 (day 10). The data collected at the weather sta-

tion for the same measurement period indicated that air

temperatures decreased from 25.5 to 23�C, with a 2.5�
difference between maximum temperatures, and from 18 to

14.8�C, with a 3.2� difference between minimum values.

The air-temperature difference observed during the day was

8.1� whereas this difference was 2� for water temperature.

The data observed in December (Fig. 7) showed DO

values increased from 9.7 to 10.5 mg l-1 (day 28). The

data collected at the weather station for the same mea-

surement period indicated that air temperatures decreased

from 12 to 8.4�C, with a 3.6� difference between maximum

temperatures, and from 5.7 to 0�C, with a 5.7� difference

between minimum values. The air-temperature difference

observed during the day was 8.5� whereas this difference

was 1� for water temperature.

One day before the increases observed in the values of

DO concentration in both August and October, the wind

speed values were measured as 4.5 and 5 m s-1 leading to

LN of 3. However, because LN was equal to 3 at other times

before the increases, LN can not be accepted as a sufficient

indicator alone and the direct effect the other parameters

including air and water temperatures should be incorpo-

rated into equations describing the behaviour of the DO.

Figure 8 shows the variation of turbidity, recorded by

the water-quality meter, with the wind speed, measured at

the weather station, for August. Since no rain was recorded

in August, the local peaks (days 19, 20 and 23) observed in
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turbidity measurements can be attributed to variation of

wind gusts before those days. Waves are formed due to

shear stresses induced by wind promoting resuspension in

the water column. In October (Fig. 9), turbidity increased

from 6 to 14 mg l-1 after the high wind gusts were

observed (days 2 and 3) and no rain was recorded before

those days either. In December (Fig. 10), as complete

mixing of the water column was reached, high turbidity

values were observed compared with the other months.

Peak turbidity values increased from 26 to 36 mg l-1 (day

25) and can be attributed to the high wind gusts observed

one day before and 4 mm of rain measured three days

before the peak turbidity was measured.

Statistical analysis

Multiv\ariate analysis was carried out on a data matrix of

seven variables (air temperature, wind speed, wind direc-

tion, lagged wind speed, humidity, evaporation, and

temperature difference). The purpose of this analysis was

to determine which of these variables were influential in

modelling water-quality parameters such as pH, conduc-

tivity, DO, and turbidity. Rainfall data were excluded from

the analysis, because it rained only twice during the period

of the observations and thus data were insufficient to

include in the analysis. Wind-speed data were lagged by

24 h, and 24-h differences in air temperatures were inclu-

ded in the model. Time intervals for lags and differences

were decided on the basis of visual interpretations of data

time series. Models developed by principal-component

analysis (PCA), and partial least-squares (PLS) analysis

expressed the correlations between different variables

which were used to identify the most influential variables.

Simca-P 10.5 software (Umetrics 2003) was applied for

PCA and PLS modelling.

PCA shows the correlation structure of data matrix (X)

approximated by a matrix product of lower dimension

(TP0) plus a matrix of residuals (E):

X ¼ Xþ TP0 þ E ð6Þ

where (T) is a matrix of scores summarizing the X variables

and (P) is a matrix of loadings showing the influence of the

variables, and (E) is the matrix of residuals showing the

deviations between the original and projected values

(Umetrics 2003).

Principal-component analysis (PCA), an efficient tool

for investigating the interconnection of the datasets, was

applied to the water-quality data. In the winter model,

water temperature was found to be inversely correlated

with pH, DO, turbidity, and conductivity.

Partial least-squares (PLS) analysis extracts the degree

of explanation of the dependent Y variables (water-quality

parameters) for each independent X variable (air tempera-

ture, wind speed, wind direction, lagged wind speed,

humidity, and temperature difference) and the degree of

correlation between the X variables as follows:

Y ¼ f ðXÞ þ E ð7Þ

PLS modelling consists of simultaneous projections of both

the X and Y spaces. The structure of the PLS modelling

consists of Eqs. 6–9.

Y ¼ Y þ UC0 þ F ð8Þ
U ¼ Tþ H ð9Þ

where, (U) is a matrix of scores summarizing the Y vari-

ables and (W) is a matrix of weights expressing the

correlation between X and U(Y). (C) is a matrix of weights
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expressing the correlation between Y and T(X). (F) and (H)

are the matrices of residuals. The first component of the

PLS model explains more of the variance than the second

component, so only coefficients of the first component are

given here.

PLS analysis was used to investigate the impact of the

different variables on each particular water-quality para-

meter. The relations were analyzed with the help of the

coefficient and variable importance plots. The coefficients

used in the PLS model are given in Table 2. Wind direction

and evaporation were found as insignificant compared with

other relevant variables and are not shown in the table.

According to the results from PLS analysis, in winter, air

temperature and one-day-lagged wind speed were the most

dominant variables affecting observed dissolved oxygen and

turbidity values. However, in summer and in fall, humidity

and air temperature were the most dominant variables.

Figure 11 depicts the correlation structures between the

independent variables (X) and the dependent water-quality

parameters (Y). Variables situated along the same direc-

tional axis correlate with each other. The weights for the

X variables, denoted w, indicate how much they participate

in the modelling of Y in a relative sense and the weights of

the Y variables, denoted c, indicate which Y variables are

modeled. The winter model extracted two significant

components from the data set explaining 52% of the vari-

ance in the observed water-quality parameters (Fig. 11a).

The summer model explained 71% of the variance using

two components (Fig. 11b), and the fall model explained

72% of the variance using two components (Fig. 11c).

Results indicated that air temperature, lagged wind speed,

and humidity are the influential parameters affecting vari-

ations in water-quality parameters.

Conclusions

It was observed that stratification alters velocity profiles

drastically and thus affects water quality in the reservoir.

Table 2 Coefficients used in the PLS model for Tahtali Lake

Tw pH Turbidity DO Conductivity

Winter model

Air temperature 0.49 0.08 -0.37 -0.44 -0.45

dT -0.11 0.12 0.03 0.09 0.00

Humidity 0.23 0.48 0.10 -0.18 -0.44

Wind -0.13 0.10 0.12 0.08 0.09

Lagged wind -0.26 0.27 0.15 0.28 0.03

Constant 13.27 99.39 6.34 21.48 115.09

Summer model

Air temperature 0.37 0.28 -0.34 -0.08 -0.33

dT -0.15 -0.04 -0.02 0.02 0.11

Humidity 0.36 0.36 0.30 0.30 -0.38

Wind -0.19 -0.19 0.14 0.09 0.18

Lagged wind -0.20 -0.20 0.12 0.09 0.19

Constant 23.07 152.57 4.99 0.54 37.65

Fall model

Air temperature 0.66 0.13 0.29 -0.33 -0.21

dT -0.05 -0.13 0.01 -0.20 0.20

Humidity 0.63 0.12 0.67 -0.36 -0.26

Wind -0.10 -0.18 0.02 -0.08 0.12

Lagged wind 0.01 0.00 0.00 0.09 -0.10

Constant 29.87 141.47 6.90 18.58 104.36

dT denotes the daily temperature change, Tw is the water temperature,

and DO is the dissolved oxygen
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Fig. 11 The relationships between the dependent Y and independent

X variables as obtained from PLS analysis of the winter (a), summer

(b), and fall (c) data. Variables situated closely are positively

correlated and when placed at the outer ends are negatively

correlated. In the figure, Ta denotes the air temperature, dT is daily

temperature change, EV is evaporation, EC is conductivity, DO is

dissolved oxygen,Tw is water temperature, and 24 h lagged wind

speed is represented by WS.L48. w on the axis indicates the weights

for the X variables in the modelling of Y, and c indicates which Y
variables are modelled
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Therefore, the sensitivity of water-quality parameters to

wind and stratification was investigated; this is useful for

mitigation of pollution problems and for prediction of res-

ervoir water quality and development of maintenance

schemes. The water-quality parameters are found to be

correlated with temperature profiles in the vertical except at

the thermocline. It was observed that the thermocline

behaved as a barrier for dissolved oxygen, which dropped

well below the standard limit of 5 mg l-1 at the thermocline

leading to the development of anoxia. It was concluded that

Lake number alone is not a sufficient parameter to assess the

behaviour of DO in the water column, and variations in air

temperature and humidity must be included in the analysis.

Other parameters leading to changes in concentrations of

dissolved oxygen and sediment concentration were investi-

gated by statistical analysis of observed data.

Turbidity profiles were highly affected, with stratifica-

tion where suspended sediment concentrations increased at

the thermocline. High wind gusts increased the turbidity in

the water column although the affect was temporary. As

expected, high turbidity was observed after rain events,

because of erosion of the lake banks. Although rainfall data

were excluded in the statistical analysis, because of lack of

rainfall, inclusion of rainfall data is recommended in the

models predicting turbidity.

Multivariate analysis investigated the impact of the

different variables including air temperature, wind speed,

wind direction, and lagged wind speed on each particular

water-quality parameter. The relationships were analyzed

with the help of the coefficient and variable importance

plots. Wind direction and evaporation were found to have

no influence on water-quality parameters. One-day lagged

wind speed influenced the parameters more than average

wind speed or gust values measured at the site. Fall,

summer, and winter models described the correlation

structures between independent (meteorological) and

dependent (water-quality) parameters. The winter model

extracted two significant components from the data set

explaining 52% of the variance in the observed water-

quality parameters The summer model explained 71% and

the fall model explained 72% of the variance using two

components.

Results of the statistical analysis showed that air tem-

perature, lagged wind speed, and humidity are the

influential parameters affecting variations in water-quality

parameters. Therefore in such analysis the non-dimensional

parameters water temperature and wind alone do not suf-

fice, and variations in water quality structure should be

evaluated by new approaches considering other meteoro-

logical factors.
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