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Abstract 

The Lake Uremia experiences high evaporation rate and low inflow recently due to local 

meteorological changes and the agricultural water use in its corresponding watershed. Since, 

late 2017, the salinity exceeded 550 g/l in most of the northern part of the Lake. In such a 

hypersaline condition, the estimated values from the oceanic equation of state are not accurate 

anymore. In this study, similar relations for the Aral Sea and the Dead Sea are studied first and 

then retuned based on new set of measurements provided by dedicated instruments for high 

salinity environment. The formulae were assessed based on measurements and it was shown 

that the new formula introduced in this study significantly outperforms the available equations 

of state for the contemporary condition of the Lake Uremia. 

 

Keywords: Equation of State; Hypersaline; Uremia Lake; Density; Salinity; Electrical 
Conductivity. 

 

1. Introduction 

The salinity of the Lake Uremia has increased 

dramatically during the recent decade due to low 

precipitation in the watershed and increase of 

agricultural use of freshwater inflow of the Lake. 

Due to high concentration of salt in water, the 

combination of ions in the water column is 

significantly different from typical ocean water 

(Blinov, 1956) and as a result, the usual CTD 

(conductivity-temperature-depth) meters cannot 

provide reliable information on salinity based on the 

commonly used equation relating the salinity to the 

conductivity. The equation of state in a hypersaline 

water body is shown to be different from the general 

equation applicable to open oceans (e.g. Gertman & 

Zavialo, 2011). Since the salinity and density of 

water are two important physical parameters in the 

Lake Uremia, it is tried to present applicable 

equations for these two parameters based on data 

retrieved by a dedicated CTD meter. 

There is an equation of state relating the density of 

water to its salinity and temperature in oceans 

(Fofonoff & Millard Jr, 1983). Such a relation is 

required for an oceanic model to predict 

hydrodynamic within the lake (e.g. Apel, 1987). 
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Fofonoff and Millard Jr (1983) presented an 

algorithm in which the density of freshwater is first 

calculated based on the water temperature as follows: 

𝑡 = 1.00024 𝑇 

𝜌𝑤 = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2 + 𝑎3𝑡3 + 𝑎4𝑡4

+ 𝑎5𝑡5 

( 1 ) 

The salinity effect is then included as follows: 

𝜌(𝑆, 𝑇) = 𝜌𝑤 + (𝑏0 + 𝑏1𝑡 + 𝑏2𝑡2 + 𝑏3𝑡3

+ 𝑏4𝑡4)𝑆
+ (𝑐0 + 𝑐1𝑡 + 𝑐2𝑡2)𝑆1.5

+ 𝑑0 𝑆2 
 

( 2 ) 

The constants are presented in Table 1. The 

equation of state presented in Equation ( 2 ) is valid 

for 2 < 𝑇(°𝐶) < 40  and  0 < 𝑆 (𝑝𝑠𝑢) < 42 as the 

intergovernmental oceanographic commission (IOC) 

of UNESCO stated.  

Table 1: Coefficient of the oceanic equation of state 

Parameters in Eq. (1) 

 𝑎0 𝑎1 𝑎2 𝑎3 𝑎4           𝑎5 

 999.842594 6.793952E-2 -9.095290E-3 1.001685E-4 -1.120083E-6 6.536332E-9   

 

Parameters in Eq. (2) 

𝑏0 𝑏1 𝑏2 𝑏3 𝑏4 𝑐0 𝑐1 𝑐2 𝑑0 

8.24493E-1 -4.0899E-3 7.6438E-5 -8.2467E-7 5.3875E-9 -5.72466E-3 1.0227E-4 -1.6546E-6 4.8314E-4 

 

 

It has been shown that above equations 

significantly underestimate the density of the Aral 

Sea. The modified equation is presented by Gertman 

and Zavialo (2011) for the Aral Sea as follows based 

on 49 realizations: 

𝜌 = 1020.678 − 0.0919 𝑇 − 0.0033 𝑇2

+ 0.3595 𝑆 + 0.00179 𝑆2

− 0.00108𝑇𝑆 

( 3 ) 

Several equations have been presented for another 

hypersaline water body, the Dead Sea; e.g. Gavrieli, 

Starinsky, and Bein (1989) suggested the following 

linear equation relating the density, 𝜌 (kg/m
3
) to the 

salinity, S (g/l): 

𝜌 = 0.74 𝑆 + 983.27  ( 4 ) 

By inclusion of the effects of the water 

temperature, T (°𝐶), Mero and Simon (1985) 

suggested the following equation to estimate the 

density of water in the Dead Sea. 

𝜌 = 1000 − 0.01(𝑇 − 4.0)1.865

+ 77.7 exp(0.00325  𝑆) 
 

( 5 ) 

In this report, the Equations ( 2 )- ( 5 ) are 

evaluated for the Uremia Lake, and it is attempted to 

recalibrate these equations and find the most 

applicable one for recent conditions of the Lake 

Uremia. 

2. Material and Methods 

2.1. Instrumentations 

Density meter, DMA™ 500 was used to measure 

the instantaneous density of a water sample. This lab 

instrument was employed by the Asarab Consulting 

Company for the Uremia Lake during the monitoring 

project of the Lake and its performance was 

approved by comparing its reading to the density 

values provided by weighting procedure. The CTD 
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75M multiparameter probe produced by Sea & Sun 

Marine Technology was used to measure the 

temperature and the electrical conductivity (EC). 

This device also provides dissolved oxygen, depth, 

pH, turbidity and chlorophyll-a data but these data 

were not used for this manuscript. Both instruments 

were dedicated device calibrated for high values of 

salinity, such as 500 g/lit. The factory calibration 

was done by samples from the Uremia Lake water. 

2.2. Datasets 

In the first experiment, the water samples were 

constructed manually from a mass of water taken 

close to the DWP station in the middle of deep part 

of the Uremia Lake (see Figure 1). Each water 

sample was prepared by diluting the original lake 

water with cold (temperature of ~5 °𝐶) and warm 

(temperature of ~60 °𝐶)  freshwater with different 

ratios (10-100 percent of lake water with steps of 

10%). The CTD reading for the temperature and the 

electrical conductivity were recorded for each sample 

for at least three minutes and averaged. Three 

separate cups of 200 ml volume were taken from 

each sample and were sent to the Lab (Uremia 

University Lab) to measure the salt concentration 

(salinity in g/l). The average of those three numbers 

was used as salinity value. Moreover, the average of 

three density values obtained by DMA
TM 

500 was 

also recorded as density of that water sample.  This 

experiment resulted in 20 series of temperature, 

salinity, density and EC data.  

In the second experiment, the same process was 

done for 0-100 percent dilution with steps of 10%, 

but the water with the lab temperature was used. No 

salinity measurements were performed in the lab. So, 

11 series of temperature, density and electrical 

conductivity data were resulted. 

In the third experiment, five water samples were 

taken from each of six stations U1-U6 (as shown in 

Figure 1), at 5 equal-depth layers from the surface to 

the bottom at each location. The CTD cast in these 

stations provides temperature and EC values 

(averaged over 10 cm in vertical direction from the 

sampling depth). The samples were sent to the Lab 

(Uremia University Lab) to be measured for salt 

concentration. No density measurement was 

performed. This experiment resulted in 30 series of 

temperature, salinity and EC data. The maximum and 

minimum of measured parameters are presented in 

Table 2. Note that all samplings and data collection 

were performed during fair weather condition to 

avoid mixing effects due to wind and current. 

 

 

Fig.1: locations of stations used for water sampling  
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Table 2: Summery of the maximum, minimum and mean values of parameters in each dataset 

Dataset Parameters Maximum Minimum Mean 

Experiment 1 

Temperature (°𝐶) 50.8 17.0 29.7 

Salinity (g/l) 574.3 61 322.8 

Density (kg/m3) 1291.7 1031.4 1163.4 

Electrical Conductivity (mS/cm) 157.77 122.86 51.94 

Experiment 2 

Temperature (°𝐶) 28.8 20.8 25.3 

Density (kg/m3) 1279.7 998 1145.8 

Electrical Conductivity (mS/cm) 160.31 0.05 118.59 

Experiment 3 

Temperature (°𝐶) 31.9 28.9 29.8 

Salinity (g/l) 594.4 476.7 540.7 

Electrical Conductivity (mS/cm) 164.8 139.0 148.5 

 

 

3. Results and Discussions 

3.1. Relation of Salinity and Conductivity 

The pairs of salinity and EC for the Experiment 1 

are shown in Figure 2.  It is clear that when salinity 

is less than 350 g/l, the EC is larger when the Lake 

water is diluted with hot water than with cold water.  

Moreover, it is clear that EC and salinity are almost 

linearly increasing when salinity is less than ~350 g/l 

but, EC decreased afterward by increasing the 

salinity. 

The same is true when data from all experiments 

are used as shown in Figure 3. However, there are 

some discrepancy between data from the 

Experiments 1 and 3. Note that Experiment 3 

presents field data in which suspended salt crystals 

existed in the water column. Due to hypersaline 

condition, the fall velocity of such crystals is very 

slow, and they might dissolve again by change in 

temperature. Such salt particles are accounted for in 

the salinity samples (measured at lab by heating and 

weighting), but not in EC values (measured by 

CTD). Therefore, the maximum EC value for field 

data occurred in a higher salinity value compared to 

the lab experiment in which no suspended salt 

particle existed. In order to relate the salinity and EC 

by a mathematical equation, following Fofonoff and 

Millard Jr (1983), the conductivity ratio of the 

solution to KCL is first calculated, and used for 

curve fitting. The quality of regression was worse 

when compared to direct curve fitting to pairs of 

salinity and EC. The use of quadratic function for 

dataset of the Experiment 1 in which no salt particle 

exists led to the following equation between EC 

(mS/cm) and S (g/l): 

𝐸𝐶 (𝑚𝑆 /𝑐𝑚) =  10.5958 +  0.71196 𝑆 
− 0.00091392 𝑆2 

( 6 ) 

When all data from the Experiment 1 and 3 are 

used, the following equation is obtained: 

𝐸𝐶 (𝑚𝑆 /𝑐𝑚) = 14.5643 + 0.6535 𝑆 
− 0.00075929 𝑆2 

( 7 ) 

These relationships are not one-to-one functions 

and advance knowledge on the range of salinity is 

required to relate the measured EC to salinity. One 

might argue that a quadratic function might miss the 

maximum EC as shown in Fig.. Such a problem will 

lead to no salinity value for a high EC reading. So, a 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                               4 / 8

http://jpg.inio.ac.ir/article-1-593-en.html


Journal of the Persian Gulf (Marine Science)/Vol. 8/No. 30/ December 2017/8/53-60 

57 

piecewise linear function is suggested as follows 

based on dataset of the Experiments 1 and 3. 

𝐸𝐶 (𝑚𝑆 /𝑐𝑚)

= {
14.72372 + 0.46525 𝑆, 𝑆 < 327.9

202.36435 − 0.106967𝑆, 𝑆 ≥ 327.9
 

( 8 ) 

     

 

 

Fig. 2: Scatter plot of measured salinity and EC for the Experiment 1.  

 

 

Fig. 3: Scatter plot of measured salinity and EC for Experiments 1 and 3.   

 

3.2. The equation of state 

The data of Experiment 1 can be used to calibrate 

the Equations ( 3 ) - ( 5 ) and develop a new equation 

of state for existing condition of the Lake Uremia. 

The result of least square fitting to Equation ( 3 ) 

showed that the behavior of extrapolated function is 

not realistic; i.e. for high values of salinity and 

temperature, the increase of temperature increased 

the density. This occurred due to positive coefficient 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                               5 / 8

http://jpg.inio.ac.ir/article-1-593-en.html


Siadatmousavi et al. / An Equation of State for the Uremia Lake Water… 

58 

of T
2
 in the Equation (3) after retuning. The final 

equation was as follows: 

𝜌 = 1045.933 − 2.2765 𝑇 + 0.02241 𝑇2

+ 0.3244 𝑆 + 0.0064881 𝑆2

+ 0.003764 𝑇𝑆 

( 9 ) 

Most likely, insufficient data points used for 

tuning the equation resulted in such a problem; hence 

a simpler functional form was used in which only 

linear change with temperature was considered. The 

final equation was as follows: 

𝜌 = 1001.707 − 0.03643 𝑇 + 0.44394 𝑆
+ 0.00012547 𝑆2 

( 10 ) 

The least square fit to a linear function based on 

salinity resulted to the following equation: 

𝜌 = 990.913 + 0.52434 𝑆 ( 11 ) 

The least square fit to a function similar to the 

Equation  ( 5 ) was done by iteration process in 

which in the first step, the approximation of 𝑒𝑥 ≈

1 + 𝑥 +
𝑥2

2!
 was employed, and the best parameters 

regarding salinity was found. Then, in the next step, 

the full least square was used but the exponent 

function was excluded from the least square fitting. 

The iteration was stopped when all coefficients were 

converged with absolute and relative error of less 

than 10
-8

. Moreover, similar to discussion for 

equation ( 8 ), the curve fitting was done for T or   

(T-4)  instead of (T-4)
x
  as  existed  in the Equation   

( 5 ). This led to the following equation: 

𝜌
=  485.265 − 0.003733 𝑇
+  520.06058 exp ( 0.000782982 𝑆 ) 

( 12 ) 

In order to assess the performance of these 

equations, the root mean square error (RMSE) of 

their prediction for data of the Experiment 1 is 

demonstrated in Figure 4. It is clear that the error of 

using  the  oceanic  formulation  for  the  equation   

of state (Eq. ( 2 ) is significant. The original 

formulations for the Lake Aral and Dead Sea were 

not accurate enough either. All recalibrated 

formulations presented in Equations ( 9 ) – ( 12 ) had 

RMSE values in the range of 18-21 kg/m
3
. The Eq.   

( 9 ) and ( 10 ) slightly outperformed Equations ( 11 ) 

and ( 12 ) though. 

In order to verify the predicted formulas here, the 

salinity values for the Experiment 2 is determined 

using Equation ( 8 ). The corresponding RMSE 

values are presented in Figure 5. All recalibrated 

formulations presented in Equations ( 9 ) – ( 12 ) had 

RMSE values in the range of 19-21 kg/m
3
. The 

Equations ( 12 ) and ( 10 ) slightly outperformed 

Equations ( 9 ) and ( 11 ) though. 

The density of water is expected to decrease as 

water temperature increases. This physical property 

is checked for derived equations by changing the 

temperature from 0 to 40 C, and the salinity from 0 

to 600 mg/l. The contours of density are illustrated 

for Equations ( 9 ) – ( 12 ) in Figure 6. It is clear that 

Equation ( 9 ) does not have this property for high 

salinity values. Note that the temperature effect is 

negligible when compared with the salinity effect if 

other formulations are employed as shown by 

vertical lines. This justifies good performance of a 

simple linear formula such as Equation ( 11 ). This is 

in accordance with Equation ( 4 ) proposed for the 

Dead Sea  (Gavrieli et al., 1989). Between remaining 

equations, Equation ( 10 ) is the most accurate 

formula applicable in both calibration and 

verification process presented in section Error! 

Reference source not found.0.    
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Fig. 4:  RMSE for different density formulas for dataset 

of the Experiments 1 

Fig. 5: RMSE for different density formulas for dataset 

of the Experiments 2 

 

 

 

 

 

  

Fig. 6: Contours of density as a function of temperature and salinity when (a) Eq. 

(9); (b) Eq. (10); (c) Eq. (11) (d) Eq. (12) is employed 
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4. Conclusions 

Several empirical relations are developed for state 

of contemporary Uremia Lake which allows to relate 

the density to salinity and temperature in the 

hypersaline condition. Among proposed formulae, 

the simplified equation based on the empirical 

equation proposed for the Aral Sea (Equation ( 10 )) 

outperforms other alternatives. It is shown that 

salinity is the main factor controlling the density and 

the temperature has only secondary effects. 

Moreover, a piecewise linear function is derived to 

relate the electrical conductivity measured by CTD 

75M multiparameter probe by to salinity based on 

several dataset of in situ observations. Combination 

of these equations make it possible to use CTD cast 

to derive density of the lake. 
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