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1. Abstract

The Dead Sea and Aral Sea water samples were acquired in dedicated expeditions and analyzed
for ions concentration in |0 RAS (Russia) and for density changes in IOLR (Israel). Water from
both seas showed long term changes in concentrations of major ions. The Dead Sea ionic
composition, dominated by magnesium chloride has a long term increase in the relative
concentration of Magnesium ions and a long term decrease in the relative concentration of
Sodium. The Aral Sea ionic composition which is dominated by sodium chloride has a decrease
in the concentration of Calcium. In this report, we present new equations of state connecting
change in water density with changes in water temperature and the density anomaly from 1000
kg/m? at constant temperature 32°C, which is proposed as an indicator of salinity.

2. Introduction

The present hydrological regimes of the Aral Sea and the Dead Sea are strongly affected by
drastic anthropogenic runoff reduction, intensified after 1960 (Table 1). Due to a large value of
area/depth ratio (about 1600 km?/m for the Aral Sea and 3 km?/m for the Dead Sea) the Aral
Sea desiccation is much faster relative to the Dead Sea. Nevertheless the degradations of the
ecological situation in the vicinity of both seas are characterized as a disaster (Gavrieli et al.,
2005; Zavialov et al., 2003)

Table 1. Changes in geomorphological parameters of the Dead Sea and Aral Sea (derived from
Neev and Emery, 1967; Anati, 1997; Gertman and Hecht, 2002; Oren, 2003, Zavialov, 2005 and
recent unpublished observations).

1960 Aral Sea Dead Sea
Area [kmz] 66 x 10° 0.95 x 10°
Volume [km’] 1100 155
Depth (mean/max) [m] 16/67 145/326
Salinity range [g/] 10-12 290-326
2005 Aral Sea Dead Sea
Area [kmz] 18 x 10° 0.62 x 10°
Volume [km3] 120 133
Depth (deepest point) [m] 42 298
Salinity range [g/] 80-120 340-355
Percentage of remaining area relative 27 65
to 1960

The Dead Sea is a relatively large and deep terminal lake situated in the lowest section of the
Jordan Rift Valley between Israel and Jordan. Since the early 1960’s, the countries controlling
the fresh watershed of the Dead Sea (i.e. Israel, Syria and Jordan) began to use these waters
intensively (e.g. Salameh and Khawaj, 1984). As a result, the inflow of fresh waters into the Dead
Sea has diminished significantly and the evaporation from the lake exceeded rain and runoff
into it. Moreover, Israel and Jordan are using the Dead Sea waters for the production of
minerals, which also contributes to the depletion of these waters. Until 1978 the morphology of
the Dead Sea consisted of a large and deep northern basin and a smaller and much shallower
southern basin connected via the Lynch straits (e.g. Neev and Emery, 1967). Following the
recession of the water level, the entire Southern Basin would have dried up. However, the



erection of dikes transformed the area of the Southern Basin into evaporation ponds for the
production of minerals. The water to those ponds is pumped in from the Northern Basin.

Since 1980, the surface level of the Dead Sea has been lowered at an average rate of about 60
cm per year and for the period from 1998-2000 the lowering rate has reached about 1 m per
year (Fig. 1). Two layers thermohaline structure of the Dead Sea with relative light, less saline
upper layer remained impenetrable by the winter mixing for hundreds of years (Oren, 2003). As
a result of the runoff reduction, the upper layer salinity of the Dead Sea increased and the
gravitational stability of the water body diminished. Eventually, during the winter of 1978-1979,
the lake waters overturned, bringing to an end the long-term stable hydrological regime
(Steinhorn and Gat, 1983; Anati, 1997). Since that winter the lake entered a new phase in which
its hydrological regime is switched between two stable states. During the first state (termed
holomictic hydrological regime by Hutchinson, 1957) the Dead Sea water body is well mixed
from surface to bottom during the winter period, and is hydrostatically stable during the
summer due to high temperature of the upper layer. During the second state (meromictic
hydrological regime) the Dead Sea water body exhibit stable stratification throughout the year,
i.e. no overturning during the winter. The meromictic regime appears only after extremely rainy
winters when hydrostatic stability increases and limits winter convection owing to low salinity of
the upper layer. Since 1979 the meromictic hydrological regime was reestablished twice. The
first meromictic period (1980-82) lasted for three years. It was succeeded by a nine years
holomictic period (1983-91). The second meromictic period (Fig. 1) lasted for four years from
1992 to 1995 (Anati, 1997, Gertman and Hecht, 2002).
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Figure 1. Changes in the surface level of the Dead Sea and in the total stability of the Dead Sea
Water Column since 1992.

Since the early 1980s the Dead Sea is halite supersaturated (Oren, 2003). Massive amounts of
halite have precipitated from the water column as halite crystals causing changes in the
chemical composition of the Dead Sea water (Gavrieli, 1997). An additional factor, which
contributes to significant changes in the water physical and chemical properties, is the water
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exchange with the evaporation ponds used for industrial purposes (Gavrieli and Oren, 2004).
Part of the water is returned to the northern basin as very hot, saline and extremely dense
(1350 kg/m>, Lensky et al., 2005) end brine via an outlet in the most southern part of the Dead
Sea. Recently it was found that the end brines propagate by slope convection, forming a warm
and more saline bottom layer covering the whole deep region. During each holomictic winter
this layer is mixed with the main water body contributing to long term changes of the chemical
composition of the water in the entire basin.

Until the early 1970s, the Aral Sea was the World’s fourth largest inland water reservoir, and it
supported major ecosystem and biodiversity functions in Central Asia. In the 1950s, its dominant
freshwater supply rivers, Amu Darya and Syr Darya, flowing through the Kara Kum and Kyzyl
Kum deserts, were diverted for irrigation. This caused a catastrophic shallowing and salinization
of the sea (see table 1). As a result, the natural water body was divided into two separate parts:
a relatively big (about 150x100 km) but very shallow (about 3 m) eastern basin and a relatively
small (150x40 km) but deep (up to 42 m) western basin. According to 2006 observations, sea
surface salinity in the western and eastern basins was about 97 g/l and 120g/|, respectively. The
western and eastern parts remain connected through a narrow (about 3 km) and shallow (1-3
m) channel. The water exchange via the channel is highly intermittent in time. A massive
advection of more saline eastern water to the western basin can switch its hydrological regime
from holomictic to meromictic. The increase of gravitational stability due to strong salinity
gradient between upper and bottom layers lead to anoxia and appearance of hydrogen sulfide
in the bottom layer. Limited advection of saline water from the eastern basin leads to relaxation
of the pycnocline and development of winter convection. Therefore the hydrogen sulfide in the
Aral Sea is not permanent, but typical to meromictic conditions (Zavialov, 2005).

Halite precipitation in the Aral Sea was also found by Russian oceanographers during the last
three years (Zavialov, 2005). This discovery provides solid basis for asserting that the Aral Sea
water ionic composition and physical properties are also nonstationary at interannual time
scale.

The most important changes of water physical properties are the changes in the relationship
among water density, salinity and temperature. This relationship is represented typically in the
form of an empirical equation of state (EOS) which is a very important part of any mathematical
model for the sea. For the water basins connected to the World Ocean, the chemical
composition of water has small deviations from a standard chemical composition of sea water.
The UNESCO EOS (1981) was derived by fitting curves for density (measured in the laboratory)
as a function of temperature, pressure and salinity and has an accuracy of 10° g/cm?>. The EOS
applies to salinity less than 45 g/kg and can neither be used for the Dead Sea nor for the Aral
Sea, which have large salinities and changing chemical compositions.

The last Dead Sea water EOS was developed using water sampled in 1977 (Steinhorn, 1981 and
Anati, 1997). The thermal expansion coefficient (0p/dT = a = -0.4309 kgm'3/°C) was determined
by repeated density measurements (scanning) at various temperatures. The saline expansion
coefficient (dp/dS = B =0.936 kgm>/%o) was also determined by repeated density measurements
of water samples with known salinity. To increase the range of salinities the samples were
diluted in the Dead Sea Works Laboratory with an accuracy of about 1-2%. Salinity of undiluted
samples was almost constant (275 - 277 g/kg) within the accuracy of measurement. The linear
equation of state was written in the following form:
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Or = O + a*T + B*S [kgm™] (1)
were oris density anomaly from 1000 kg/m3 at temperature T [°C].To calculate oy or Sor T,
when two others parameters are known, one has to know a reference point accurately
connecting all three parameters. The last publication of such point was done by Anati (1997):

0,0(5=277g/kg) = 235.0 kg/m”, (2)

From here o, can be calculated: oy =07 -aT - BS =235+ 0.4309*20—-0.936*277 = -15.654 g/kg
and having a measured o; one can calculate salinity in g/kg:

S = (o7 - 0o + T*0.4309)/0.936. (3)



3. Sampling Dead Sea water

6 sampling cruises were carried out during the project (see Appendix, Table A-1). All samples
were taken on the EG-320 station (Fig. 2) where the water depth at the end of 2009 was about

295-298 m.
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Figure 2. Location of the Dead Sea sampling station — EG320.

Sampling was done by Niskin bottles from 10 standard levels (1, 10, 20, 30, 50, 75, 100, 150, 200
and 250 meters) and from 3 additional levels at 2, 12 and 22 meters above the bottom. Water
temperature was measured by SIS reversing thermometers (http://www.sis-
germany.com/rtm.htm) and also by Sea-Bird temperature profiler
(http://www.seabird.com/products/spec_sheets/19plusdata.htm). Pressure measurements
from the profiler are converted to depth by dividing the pressure in decibars by the reference
Dead Sea water density 1.24 g/cm®. Hermetically sealed water samples were delivered to the
IOLR laboratory in a thermo isolated box with inner temperature of about 32°C to prevent salt
precipitation due to cooling. Water density was measured with “Anton Paar” densimeter DMA
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5000 (http://www.anton-paar.com/ ) at temperature 32+0.001°C. Traditionally, the density
anomaly of Dead Sea water from 1000kg/m?® at 25°C was used as an indicator of water salinity
(Anati, 1997). It was called “quasi salinity” and denoted as 0,5 or SIGMA-25 (Gertman and Hecht,
2002). In this section we used the Anati EOS to derive quasi salinity (o,5) from o3, by noting: 6,5 =

03, + 0.4309 *(32-25).

During the winter cruises (December 2007 and February 2009) the Dead Sea water body was
well mixed from surface to bottom (Fig. 3). During summer and autumn periods (July 2007, May,
August 2008, November 2008), the Dead Sea deep water is sealed by a stable pycnocline in the
layer between 20m to 30m depth. This pycnocline is attributed to a strong thermocline which
counteracts the influence of very high quasi-salinity values in the upper mixed layer (Fig. 4).
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Figure 3. Homogeneous Dead Sea water body in December 2007 (left) and February 2009 (right).
Small hydrostatic stability in the surface layer is typical for day time and is usually eroded during

the night cooling.
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Figure 4. Vertical profiles of potential temperature, quasi salinity and potential density anomaly
(Pot-Sigma) on the EG320 station during summer-autumn period (July 2007- left, August 2008-
center, November 2008 - right).

In the summer vertical profiles, one can also see an increase of potential temperature and quasi-
salinity near to bottom. Measurements on North-South sections revealed that this is caused by
advection of warm and saline end-brine waters coming from the southern part of the Dead Sea.
Step like structures near the bottom of temperature profiles suggest double diffusion as a
mechanism of vertical mixing. However, judging from the profiles, the end brine do not
penetrate depths higher than 250 m. We can conclude that water properties on the 100 m level
have formed as a result of winter mixing of the entire Dead Sea water body and do not change
rapidly by summer turbulent diffusion process. Therefore samples from 100m depth were
selected for chemical composition analyses, and density scanning within extended temperature
and salinity ranges.

During the sampling period, quasi-salinity of the Dead Sea water continued to increase at a rate
of about 0.2 kg/m? per year (Fig. 5). Water temperature on the depth 100 m does not show a
stable interannual tendency but has seasonal fluctuations from 22.5 to 24.2°C.

Since 1996 and throughout the sampling period, the Dead Sea water below the upper mixed
layer was constantly saturated with halite (NaCl) and possibly other ions. We can make this
conclusion based on visual observations of salt crystals accumulated on equipment and cable
located below 30 m.
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Temperature degC



4. Concentration of the major ions in the Dead Sea water

Determination of major ions concentration in water samples were carried out in the chemistry
laboratory of P.P. Shirshov Institute of Oceanology of Russian Academy of Science (IO RAS). The
chemical analysis was done according to Russian standards for drinking water:

- TOCT 52407-2005 (international analogs: ISO 6059-1984; ISO 7980-1986; ISO 11885-
1996).
- TOCT 52181-2003 (international analog ISO 10304-1:1992).

The Dead Sea water samples were delivered to 10 RAS scientists undiluted (sealed hermetically
after sampling by Niskin bottles) and also as diluted water. The undiluted samples always had
salt crystals when they arrived in 10 RAS. This happened because the samples were saturated
with some ions, and during transportation experienced temperature lower than their in situ
temperatures. The salt crystals in 10 RAS were dissolved by distilled water with known volume
proportion. Samples from the last cruise were delivered to 10 RAS after dilution at IOLR’s
laboratory to prevent salt crystals formation. The dilution was carried out by deionized water
with known mass dilution ratio. Before the dilution, samples were stored in a thermostat with
temperature of about 32°C. Salt crystals absence was confirmed visually.

It should be pointed out that undiluted samples as well as diluted samples could not be analyzed
directly, according to the above mentioned standard methods. The concentrations of major
elements in Dead Sea samples were several orders of magnitude higher than the upper limit of
concentration for drinking water. Therefore all samples underwent further significant dilution
with distilled water to get concentrations which are measurable by the methods. Results of
analyses are shown in Appendix, Table A-2. The range of the total dissolved salts (TDS) values in
the table is significantly larger than salinity values calculated by Anati’s equation (265.4-290.4
versus 284.1-285.2 g/kg). A possible reason of this inconsistency could be a low accuracy in the
ratio of the dilution which was done prior to the determination of ions concentration.
Comparison of published TDS values with corresponding salinity values calculated by Anati’s
equation (3) (Appendix, Table A-3, Steinhorn, 1981; Gavriely, 1997; Oren, 2003) shows a good
consistency. We have expected to get results of about the same accuracy. Apparently the above
mentioned methods of chemical analyses are not suitable to achieve the necessary accuracy
with the hyper saline Dead Sea water.

Nevertheless, in spite of the fact that absolute concentrations appears to be too inaccurate for
derivation of EQS, it should be pointed that relative concentrations of major ions derived from
them appears to be quite consistent (Table 2).

Ranges of relative concentrations for each ion are quite reasonable. This supports the
hypothesis of low accuracy in the dilution ratio which led to significant discrepancy in TDS
estimations. Errors in the dilution ratio do not influence the percentage of ionic concentrations
and this data can be used for estimation of changes of ionic relative composition in comparison
with data published earlier (Fig 6).
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Table 2. Percentage concentration of major ions in the Dead Sea water measured in IO RAS.

Date Sa,\T;p' Mg++ | Na+ | Cat+ | K+ c- | so4- | HCo3--
290ul07 | 1A | 143 92 | 50 | 24 | 690 | 01 0.1
29ul07 | 1B | 144 | 91 | 51 | 23 | 689 | 0.1 0.1

03-Dec07 | 2 147 | 88 | 57 | 23 | 683 | o1 0.1
10-Nov-08 | 3 218 | 120 | 40 | 38 | 582 | o1 0.1
12-Feb-09 | 6-A | 183 64 | 68 | 52 | 61.8 | 08 0.8
12-Feb-09 | 6B | 157 55 | 59 | 49 | 669 | 08 0.3
12Feb09 | 6C | 151 | 48 | 63 | 47 | 683 | 05 0.3

Average2008 15.7 7.8 5.6 3.6 66.8 0.3 0.2

Average2008 is the average percentage (minimal and maximal values of percentage were excluded from averaging).
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Figure 6. Percentage of ionic concentrations in the Dead Sea water. Data derived from
publication (Table A-4: Steinhorn, 1981; Gavriely, 1997 and Oren, 2003) is combined with new
data (Average2008). Composition of End Brine water and standard sea water are used to
provide reference points.

In general one can conclude that the relative ionic concentrations are shifted from the ocean
water typical values to the End Brine typical values. Consistent monotonic changes can be found
in time series of magnesium Mg++ and sodium Na+ (Figs. 7). Percentage of other ions remains
stable within the accuracy of analyses.
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Figure 7. Long term changes in relative ionic concentrations of magnesium and sodium in Dead
Sea water.

Unfortunately, we cannot make any conclusion regarding the reference point without absolute
values of salinity. The average value of quasi-salinity (sigma25) for the project period is about
239.5 kg/m® and it is 6.7 kg/m? higer than the accepted reference point, but average TDS value
(275 g/kg) derived from 10 RAS data is less than the salinity of the reference point (277 g/kg).
Therefore we do not have reliable data to re-estimate the reference point suggested by Anati,
1997.
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5. Equation of state for the Dead Sea water

The Dead Sea water thermal expansion coefficient (9p/0T = a =0.4309 kgm™/°C) which has been
used since 1981 ( Steinhorn, 1981; Anati, 1997) was derived from Dead Sea water densities
which were measured in a relative narrow range of temperature 23-35°C. The range is quite
suitable to cover natural seasonal fluctuation of water temperature observed during holomictic
periods (Anati, 1997, Gertman and Hecht, 2002). However during meromictic periods, the
winter water temperature in the upper layer can drop to about 12-14°C (as was observed during
February 1993).

In this project, 6 undiluted samples and 36 diluted samples (obtained from the undiluted
samples by dilution with deionized water) were scanned with density measurements by
DMAS000 in the range of 12 to 32°C (with interval of 5°C) in order to cover possible ranges for
holomictic and meromictic periods. Some samples were scanned with 1°C interval in the range
20-32°C in order to get more accurate data for the current holomictic period. In some cases,
subsamples were scanned twice to prove good repeatability of measurements. A total of 69
scans were accepted for statistical analysis (Fig. 8 and Appendix, Table A-4).
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Figure 8. Dead Sea water density dependence on temperature for undiluted and diluted
samples.
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We first tested the suitability of linear regression (assuming or = By+ B;*T) for approximation of
the Dead Sea water thermal expansion as was done by Steinhorn (1981) and Anati (1997). This
attempt was unsuccessful for the full ranges of temperatures and quasi-salinities because:

e Significant nonlinearity in the o; changes with water temperature. Root mean square
(RMS) of residuals from linear regression for each single scan in the interval 12-32°C are
too large: 0.01-0.08 kg/m> (compared to RMS values from nonlinear regression in
Appendix, Table A-5).

e Thermal expansion coefficient exhibits strong dependence on the quasi-salinity of the
samples (Fig. 9). On this chart o3, (and further in the text) is used as quasi-salinity
instead of 0,5. The 03, was measured on the start of each scan and seems to be more
robust than o5 .

-0.40

-041 1t

-042

N

-043

-0.44 ?
*
-0.45 ’

-046

apfaT

e

150 170 190 210 230 250

Density anomaly from 1000 at 32°C [kg/m?]

Figure 9. Decrease of thermal expansion coefficient of the Dead Sea water with increase of the
water quasi-salinity.

In the next step we checked the possibility of deriving thermal expansion coefficient for narrow
ranges of water temperature and quasi-salinities which are typical for the current holomictic
Dead Sea state. We found that a simple linear regression (o7 = By+ B;*T ) can be quite accurate
for such intervals: T=22-32 °C and 03,235-245 kg/m3 (Table 5 and Fig. 10).

The suggested new thermal expansion coefficient of the Dead Sea water which is valid for
typical temperature and salinity intervals during 2007-2009 (Fig. 10) is the median value from
Table 5:

0p/dT=-0.450 + 0.001 kg m>/°C (4)

A nonlinear Dead Sea water equation of state or=f(T, 03,) was derived using the density
measurements of all subsamples (Appendix, Table A-5) in a wide range of temperatures. The
quality of each scan was estimated before formulating the equation of state for the entire
temperature and quasi-salinity ranges (Fig. 8). This was done by checking the RMS of residuals
from quadratic regression in the temperature interval T=12-32 °C (Appendix, Table A-5). RMS
values are much better than those received by linear regression. Only four scans had RMS larger
than 0.01 kg/m?® (Fig. 11) and therefore rejected from the following processing.
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Table 5. Thermal expansion coefficient of Dead Sea water derived from linear regression using
undiluted samples scanned in the narrow (22-32°C) temperature interval.

Sampling RMS Number
Sample . 0p/oT O3,
Date . of points
of residuals

1 29-Jul-07 0.0070 11 -0.4509 237.526
4 3-Dec-07 0.0111 6 -0.4511 236.401
5 3-Dec-07 0.0156 3 -0.4528 236.463
6 21-May-08 0.0062 11 -0.4492 236.518
8 4-Aug-08 0.0118 3 -0.4511 237.553
9 4-Aug-08 0.0113 3 -0.4507 237.553
10 10-Nov-08 0.0066 3 -0.4489 236.861
11 10-Nov-08 0.0090 3 -0.4491 236.861
12 12-Feb-09 0.0069 3 -0.4484 237.076
13 12-Feb-09 0.0084 3 -0.4487 237.076
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Figure 10. Changes in Dead Sea water density from undiluted samples in a temperature interval
typical for the holomictic period 2007-2009.
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Figure 11. RMS of residuals from quadratic regression of the Dead Sea water scans.

To cover the relatively wide ranges of temperatures and quasi-salinities (Fig. 8) the following
equation is suggested:

or =A0 + Al*T + AZ*T*T + A3*032 + A4* 032*032 + A5*T*032 (5)
This equation includes second order terms both for temperature and quasi-salinity. Parameters
of equation of state in form (5) were estimated by three iterations of least square fitting

followed by rejection of measurements with extremely large residuals (Table 6).

Table 6. Iterative improvement of parameters of the least square fitting of equation (5) for the
density scanning of the Dead Sea water samples (Fig. 8).

Number of RMS of Max Min Accepted Ntfmber
NN . . . . . rejected
points residuals residual residual residuals range .
points
1 353 0.0361 0.2589 -0.0835 <0.2 5
2 348 0.0247 0.0942 -0.0778 Abs. Val < 0.06 16
3 332 0.0188 0.0650 -0.0502 All -

Coefficients A,- As derived in the third iteration (Table 7) are accepted for the final equation of
state. 76% of the residuals do not exceed the accuracy of density measurements (0.02 kg/m?).

Table 8. Coefficients of nonlinear state equation in form (5) (Fig.7).

Coefficient Ay A A, A A, As
Value 9.2837 | -0.24267 -1.17871E-3 | 1.01708 | 5.70817E-6 | -6.18976E-4
Standard Error | 0.074 0.017 0.0026E-3 0.0071 1.745E-6 0.0633E-4

16




6. Equation of state for the Aral Sea water

During last 20 years 10 RAS carried out systematic oceanographic investigation in the Aral Sea
(Oberhansli and Zavialov, 2009). During the project two dedicated expeditions were carried out:
November 2007 and June 2008.

Northral Sed

Figure 12. Aral Sea in 2008 (satellite image by NASA’s Earth Observatory:
http://earthobservatory.nasa.gov ).

Water was sampled in the eastern and western parts of the sea (Fig. 12). Determination of
major ions concentration in water samples were carried out in the chemistry laboratory of P.P.
Shirshov Institute of Oceanology of Russian Academy of Science (10 RAS). Tabl. 9 contains
historical data since 2002 (Zavialov et al, 2008).

In general the Aral Sea ionic composition is dominated by sodium chloride (as it is in the normal
sea water, Fig. 13). This is the main difference with ionic composition of the Dead Sea, which is
dominated by magnesium chloride. A major long term change in ionic composition of the Aral
Sea is the decrease of Calcium. One can see also that ionic composition of the eastern Aral
water is different from the western Aral water. Taking into account that desiccation of the
eastern Aral is very fast and properties of its water are different from the western Aral water,
we did not use eastern Aral water sample for derivation of EOS.
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Table 9. Absolute and relative (%) concentration of major ions in western and eastern Aral
during 2002-2008.

N | Units | Date/region Cl- SO4-- | HCO3-- | Na+ K+ | Ca++ | Mg++ | TDS
1 | g/kg | 05.07.02 27.16 | 20.16 0.49 | 1896 | 0.18 | 0.80 | 4.38 | 72.13
% West 37.65 | 27.95 0.68 | 26.29 | 0.24 | 1.11 | 6.07
2 | g/kg | 25.10.03 38.01 | 22.10 0.46 | 863 |1.00| 0.70 | 13.22 | 84.12
% West 45.18 | 26.27 0.54 | 10.26 | 1.19 | 0.83 | 15.72
3 | g/kg | 08.04.04 33.18 | 22.94 0.44 | 21.14|1.13| 0.60 | 5.40| 84.83
% West 39.11 | 27.04 0.52 2492|134 | 0.71| 6.37
4 | g/kg | 10.08.04 34.79 | 23.82 0.37]2231|1.21| 0.58| 5.41| 88.50
% West 39.31 | 26.92 0.41 | 25.21 137 | 0.66 | 6.12
5 | g/kg | 30.09.05 37.58 | 25.06 0.15|24.10|1.21| 054 | 5.76| 94.39
% West 39.81 | 26.55 0.16 | 25.53 | 1.28 | 0.57 | 6.10
6 | g/kg | 10.10.05 44.67 | 36.66 0.18 | 30.95|1.18 | 0.42| 7.52| 121.58
% East 36.74 | 30.15 0.15| 25.46 | 097 | 0.34| 6.19
7 | g/kg | 25.09.06 38.92 | 26.00 0.56 | 23.92 | 1.18 | 0.57 | 6.54| 97.70
% West 39.84 | 26.61 0.58 | 24.48 | 1.21 | 0.58 | 6.70
8 | g/kg | 01.06.08 44.36 | 23.15 0.58 | 25.35 | 1.55| 0.55| 6.87 | 102.40
% West 43.32 | 22.60 0.57 2475|151 | 054 | 6.71
9 | g/kg | 08.06.08 78.98 | 67.78 0.95 | 57.32 | 2.50 | 0.25| 12.33 | 220.09
% East 35.88 | 30.79 0.43 | 26.04 | 1.14 | 0.11| 5.60
80
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Figure 13. Relative contents of major ions in the Dead Sea water, Aral Sea water and normal sea
water.
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Four west Aral water samples were delivered to IOLR for density scans. Salinity of the samples
was measured in situ by a specially calibrated CTD. To extend the range of salinity, the samples
were diluted with dionized water and the salinity of the diluted samples was calculated by using
a known mass dilution proportion (Appendix, Table A-6). All samples were scanned with density
measurements by DMAS5000 in the range of 2 to 32°C (with intervals of 1°C, 2°C or 5°C). In some
cases, subsamples were scanned twice to prove good repeatability of measurements. A total of
60 scans were accepted for statistical analysis (Fig. 14 and Appendix, Table A-7).

100

Q0

JoH

&0

—

i
\”\
=
=
]

X
Sy
S
~
S

sy
3

s

70

/

iy
=
==

Density anomaly from 1000 kgfm?

60

LA ] )
i L
gisensyea

50

=
’H%
N

NI R/ e

40

(=]
(]
=
o

15 20 25 30 35

Temperatur °C

Figure 14. Aral Sea water density dependence on temperature for undiluted and diluted
samples.
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11 scans were rejected because their RMS of residuals from quadratic regression was greater
than 0.015 kg/m? (Fig. 15)

] 10 20 30 40 50 &0 70 B0
Scan number

Figure 15. RMS of residuals from quadratic regression of the Aral Sea water scans.

The form of the west Aral water EOS is assumed to have the same form as (5). Two iterations of
least square fitting were enough to reach acceptable RMS of residuals (Table 10).

Table 10. Iterative improvement of parameters of the least square fitting of equation (5) for the
density scanning of the west Aral Sea water samples (Fig. 14).

Number of RMS of Max Min Accepted lember
NN . . . . . rejected
points residuals residual residual residuals range .
points
1 445 0.0319 0.092 -0.236 <0.06 20
2 425 0.0216 0.058 -0.068 All

Coefficients A, - As derived in the third iteration (Table 11) are accepted for the final equation of
state. 67% of the residuals did not exceed the accuracy of density measurements (0.02 kg/m?>).

Table 11. Coefficients of nonlinear state equation in form (5) accepted for the west Aral Sea

water (Fig.14).

Coefficient Ay A A, As A, As
Value 6.4212 | -0.09498 -3.29E-3 1.05326 -3.1E-5 -1.61E-3
Standard Error | 0.042 0.001 1.41E-5 1.242E-3 9.27E-6 1.26E-5
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As in the Dead Sea, this Aral Sea EOS is based on quasi-salinity (o3,) instead of salinity (g/kg)
which is usually accepted. The Table A-6 contains salinity of samples which are based on
measurement of a CTD specially calibrated by Russian oceanographers for the Aral Sea water.
Unlike the case of the Dead Sea, these salinities are quite consistent with quasi-salinities
measured independently by DMA 5000 (Fig. 16).
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Figure 16. Salinity of Aral water measured by specially calibrated CTD versus quasi-salinity
measured by DMA5000.

Therefore we have also derived EOS of western Aral Sea where quasi-salinity is replaced by the
usual salinity:

UT:A0+A1*T+A2*T*T+A3*S+ A4*S*S+A5*T*S (6)

Table 12. Coefficients of nonlinear state equation in form (6) accepted for the west Aral Sea
water.

Coefficient Ay A A, As A, As
Value 16.1762 | -9.672E-2 -3.17E-3 0.49947 8.41E-4 -1.17E-3
Standard Error 3.21 7.53E-2 1.21E-3 6.26E-3 3.16E-4 6.50E-4

The RMS of residuals for this regression is quite large 1.94 (max=3.90; min=-4.03) g/kg. The
distribution of residuals has not extreme outliers therefore we did not implement iterative
technique improvement of approximation. The possible error of density estimation by this
equation is about the error of first term (A,) in the equation which is about 3.2 kg/m”.
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. Conclusions

P.P. Shirshov Institute oceanography of Russian Academy of Science (IO RAS) and Israel
Oceanographic and Limnological Research (IOLR) coordinated successfully field works,
water sampling and experiments directed towards the investigation of chemical and
physical properties of Aral Sea and Dead Sea.

During 2007-2008 several dedicated expeditions were carried out in the Aral Sea (by
Russian oceanographers) and in the Dead Sea (by Israeli and Russian oceanographers).
Thermohaline structures of both seas were investigated and appropriate water samples
were delivered to laboratories of both institutions.

Determination of major ions concentration in sea water samples were carried out in IO
RAS. Dead Sea water analyses by 10 RAS did not achieve satisfactory accuracy of
absolute concentration of major ions in the hyper saline Dead Sea water. Only relative
concentrations are consistent with early published results. Further investigation of
methods for hyper saline water analyses is required.

The instability of chemical composition of water in both seas were confirmed and
estimated. The Dead Sea ionic composition, dominated by magnesium chloride has a
long term tendency of increase in Magnesium relative concentration and decrease in
Sodium relative concentration. The Aral Sea ionic composition which is dominated by
sodium chloride has a tendency of decrease in Calcium concentration.

Density scanning of water samples and analysis were carried out in IOLR.

Based on water sampled during 2007-2009 from the Dead Sea, the following properties
were derived:

0 New Dead Sea thermal expansion coefficient dp/0T=-0.450 * 0.001 kg m3/°C,
which is acceptable for a limited ranges of temperature (T~22-32°C) and quasi-
salinity (03,2235-245 kg/m?>);

0 New Dead Sea equation of state which is acceptable in a wide range of
temperatures (T ~12-32°C) and quasi-salinities (03,2150-250 kg/m?>):
07=9.2837 -0.24267*T-1.17871E-3*T*T +1.01708*03, +5.70817E-6*03,%03; -
6.18976E-4*T*03,

Based on water sampled during 2007-2008 from the Aral Sea, the following properties
were derived:

0 New Aral Sea equation of state which is acceptable in a wide range of
temperatures (T ~2-32°C) and quasi-salinities (03,~40-90 kg/m®):
071=6.4212 -0.09498*T-3.29E-3*T*T +1.05326*03,-3.1E-5%05,%03;, -1.61E-
3*T*03,

0 New Aral Sea equation of state of limited accuracy which is acceptable in a wide
range of temperatures (T ~2-32°C) and salinities (S~ 65-130 kg/m?>):

071 =16.1762 -9.672E-2*T-3.17E-3*T*T +0.49947*S +8.41E-4*S*S -1.17E-3*T*S
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10.

Appendix

Table A-1. Dead Sea water sampling.

Date of cruise Cruise Sample Station Depth of Analyzed for ion
number name sample composition

29/JUL/2007 1 1-A EG320 1 Yes
29/JUL/2007 1 1-B EG320 100 Yes
03/Dec/2007 2 2 EG320 100 Yes
21/MAY/2008 3 3 EG320 100 Yes
04/AUG/2008 4 4 EG320 100

10/NOV/2008 5 5 EG320 100

12/FEB/2009 6 6-A EG320 100 Yes
12/FEB/2009 6 6-B EG320 100 Yes
12/FEB/2009 6 6-C EG320 100 Yes

Table A-2. Concentration of major ions (g/kg) in the Dead Sea water measured in 10 RAS (note
that the accuracy of the results is not satisfactory, see text. Section 4).

Date Sa,\rr;p' Mg++ | Na+ | Cat+ | K+ o- | so4- | Hco3- | TDS s S:r']'::?’
29-Jul-07 1-A 41.4 26.7 14.6 6.9 200.3 0.3 0.2 290.4 238.92 285.2
29-Jul-07 1-B 38.4 24.2 13.6 6.1 183.4 0.2 0.2 266.2 238.92 284.1
03-Dec-07 2 41.4 24.8 16.0 6.4 191.5 0.2 0.2 280.4 239.38 284.0
10-Nov-08 3 58.9 323 10.8 10.2 156.8 0.3 0.2 269.4 239.30 284.5
12-Feb-09 6-A 50.3 17.6 18.6 14.3 170.3 2.2 23 275.6 240.00 284.7
12-Feb-09 6-B 43.7 15.3 16.3 13.7 186.1 2.2 0.8 278.0 240.00 284.7
12-Feb-09 6-C 40.1 12.7 16.8 125 181.2 13 0.8 265.4 240.00 284.7

TDS is the sum of concentrations of the measured ions.
055 is water density anomaly from 1000 kg/m3 measured by DMA5000 at temperature 25°C.
Sal. by Anati is water salinity calculated from 0,5 according to the equation by Anati (3)
Table A-3, Concentration of major ions (g/kg) in the Dead Sea water published in:
Steinhorn,1981; Gavriely, 1997 and Oren, 2003
Mg++ | Na+ | Ca++ | K+ | C- | Br+ | SO4- | HCO3- | TDS Ous Sal. by
Anati
Sea Water 1.29 | 10.77 | 041 | 04 | 1935 | 0.07 | 2.71 0.12 35.1 23
1960 345 | 323 | 140 | 6.2 | 1784 | 43 0.3 0.2 270.2 229 272.9
1965 36.1 31.0 13.7 | 6.4 | 1795 | 4.2 270.9 230 274.0
1976 35.1 | 329 | 136 | 6.2 | 180.8 | 4.1 272.7 232 276.1
1977 35.3 33.2 142 | 6.2 | 1826 | 4.4 0.4 0.2 276.4 231 274.6
1977 35.6 32.2 141 | 6.3 | 182.2 | 43 0.4 0.2 275.4 232 276.1
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1979 35.6 330 | 142 | 64 | 1834 | 43 0.4 0.2 277.5 232 276.1
1979 36.1 325 | 13.7 | 64| 183.2 | 43 0.4 0.2 276.8 232 276.1
1983 35.8 31.0 | 144 | 6.2 | 1813 | 43 0.4 273.4 232 276.1
1985 36.5 311 | 142 | 64| 182.0 | 4.2 0.4 0.2 275.0 234 278.2
1990 36.1 29.7 | 13.8 | 6.4 | 182.7 | 45 0.4 0.2 273.8 235 279.3
1991 37.1 30.1 | 13.8 | 6.4 | 1827 | 4.4 0.4 0.2 275.0 235 279.3
1992 37.8 295 | 143 | 63| 1855 | 45 0.4 0.2 278.4 234 278.2
1993 37.2 295 | 140 | 6.3 | 1823 | 45 0.3 0.2 274.5 234 278.2
1996 37.3 29.7 | 143 | 6.3 | 1824 | 45 0.4 275.0 232 276.1
End Brine 67.0 21 29.6 | 2.1 | 252.6 353.4 350

Table A-4. Percentage of major ions derived from published data (Table A-3).

Mg++ | Na+ | Ca++ | K+ Cl- Br+ [ SO4-- | HCO3--
Sea Water 3.7 30.7 1.2 1.1 | 551 0.2 7.7 0.3
1960 12.8 12.0 52 |23 ]| 66.0 1.6 0.1 0.1
1965 13.3 11.4 50 |24 ]| 663 1.6
1976 12.9 121 50 | 23] 66.3 1.5
1977 12.8 12.0 51 |22 66.1 1.6 0.1 0.1
1977 12.9 11.7 51 | 23] 66.2 1.6 0.1 0.1
1979 12.8 11.9 51 | 23] 66.1 1.5 0.1 0.1
1979 13.1 11.7 50 | 23] 66.2 1.6 0.1 0.1
1983 13.1 11.3 53 | 23] 66.3 1.6 0.1
1985 13.3 11.3 52 | 23] 66.2 1.5 0.1 0.1
1990 13.2 10.9 51 | 23] 66.7 1.6 0.1 0.1
1991 13.5 11.0 50 | 23| 664 1.6 0.1 0.1
1992 13.6 10.6 51 | 23| 66.6 1.6 0.1 0.1
1993 13.6 10.7 51 |23 ]| 66.4 1.7 0.1 0.1
1996 13.6 10.8 52 | 23] 663 1.7 0.1
End Brine 19.0 0.6 84 | 06| 715 0.0

Table A-5. Approximation of 69 density scans of Dead Sea water diluted and undiluted samples
by the equation oy = Ay +A; *T+A,*T2.

INN| o5, |[MinT | MaxT|N_Point | RMS | A0 Al A2

1 159703 12 32 5 0.003 171.663 -0.3225 -0.001598
2 159.789 20 32 13 0.001 171741 -0.3246 -0.001525
3 16001 12 32 5 0.044 171.814 -0.2714 -0.003018
4 160.147 12 32 5 0.001 172.151 -0.3265 -0.001520
5 160147 12 32 5 0.001 172.163 -0.3274 -0.001487
6 160363 20 32 7 0.003 172.251 -0.3167 -0.001708
7 161095 12 32 5 0.007 173.063 -0.3177  -0.001753
8 161.095 12 32 5 0.012 173.009 -0.3157 -0.001814
9 161122 12 32 5 0.001 173.102 -0.3220 -0.001634
10 161122 12 32 5 0.005 173.158 -0.3218  -0.001658
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184.191
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184.998
185.190
185.241
185.248
185.486
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-0.001037
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-0.001189
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-0.001046
-0.001237
-0.000976
-0.000974
-0.000900
-0.000886
-0.001521
-0.001011
-0.001107
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=
w

53  217.027 20 32 0.001 | 230.419 -0.3883 | -0.000940

54  218.564 12 32 510.002 231975 -0.3913  -0.000869
55  218.564 12 32 5/ 0.005 231911 -0.3889 -0.000937
56  219.019 12 32 51 0.001 232.439 -0.3910 -0.000886
57  219.019 12 32 51 0.002 232.397 -0.3894 -0.000932
58  231.352 12 32 5/ 0.001 245.073 -0.4025  -0.000823
59  236.401 20 32 7 1 0.002 250.176 -0.4001  -0.000946
60 236.438 12 32 5 0.038 250.226 -0.3579 -0.002256
61 236.463 12 32 510.002 250.300 -0.4027  -0.000928
62 236.518 20 32 13 1 0.001 | 250.379 -0.4101 @ -0.000721
63 236.861 12 32 51 0.003 250.711 -0.4096  -0.000726
64 236.861 12 32 51 0.002 250.739 -0.4089  -0.000746
65 237.076 12 32 5 0.004 250.904 -0.4085  -0.000742
66 237.076 12 32 51 0.002 250.915  -0.4085  -0.000746
67 237.526 20 32 13 ' 0.001 | 251.402 -0.4086 | -0.000783
68 237.553 12 32 51 0.000 251.412 -0.4069 -0.000818
69 237.553 12 32 51 0.001 251.451 -0.4065 -0.000820

Table A-6. Dilluted and undiluted samples of west Aral water used for density scanning

Salinity Salinity
Date Name |Depth [m] [Dillution Sigma-32
CTD [g/kg] Calc [g/kg]

15-Apr-06|  3-Ar 8 97 0 97.00| 66.41
15-Apr-06|  3-Ar 8 1 8895 60.32
15-Apr-06|  3-Ar 8 2| 8202 5517
15-Apr-06|  3-Ar 8 3 7625 50.86
15-Apr-06|  3-Ar 8 4| 71.09| 46.99
15-Apr-06|  3-Ar 8 5| 66.55| 43.84
15-Nov-07|  21-Ar 30 127 0/ 127.00] 83.95
15-Nov-07|  21-Ar 30 1| 11630 7571
15-Nov-07|  21-Ar 30 2| 107.06| 70.66
15-Nov-07|  21-Ar 30 3 9897 64.10
15-Nov-07|  21-Ar 30 4| 92.65| 60.10
15-Nov-07|  21-Ar 30 5| 8644 5554
15-Nov-07|  4-Ar 8 117 0/ 117.00| 75.25
15-Nov-07|  4-Ar 8 1| 107.05| 68.23
15-Nov-07|  4-Ar| 8| | 2| 98.74] 6257
15-Nov-07|  4-Ar| 8| | 3 91.60| 57.62
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Table A-7. Approximation of 60 density scans of west Aral Sea water diluted and undiluted
samples by the equation or = Ay +A; *T+A,*T°.

Salinity Salinity
Date Name |[Depth [m] [Dillution Sigma-32
CTD [g/kel Calc [g/ke]

15-Nov-07|  4-Ar 8 4| 8540/ 53.08
15-Nov-07|  4-Ar 8 5| 80.08| 49.63
15-Nov-07|  5-Ar 37| 127| 0 127.00, 79.68
15-Nov-07|  5-Ar 37 1| 11647 72.58
15-Nov-07|  5-Ar 37 2|  107.44| 66.54
15-Nov-07|  5-Ar 37 3 9943 6102
15-Nov-07|  5-Ar 37 4| 92.83| 56.64
15-Nov-07|  5-Ar 37 5/ 87.24| 52.88
03-Jun-08 |A080S-Ar 35 112 0/ 112.00/ 73.22
03-Jun-08 |AO80S-Ar 35 1| 10249 66.77
03-Jun-08 |A080S-Ar 35 2| 9418 61.05
03-Jun-08|A0805-Ar 35 | 3  87.58 56.11
03-Jun-08 |A080S-Ar 35 4|  80.86| 5134
03-Jun-08 |A0805-Ar 35 5| 75.84| 47.77

NN [Scan | o5, |[MinT | MaxT|N_Point | RMS | A0 | A1 A2

1 1 6641 4 @ 32 17 0011 76302 -0.2113 -0.003057
2 2 6032 4 @ 32 17 0012 69.909 -0.1994 -0.003143
3 3 5517 4 @ 32 17 0009 64382 -0.1799 -0.003387
4 4 508 4 @ 32 17 0009 59.857 -0.1698 -0.003484
5 5 4699 4 | 32 17 0011 55785 -0.1612 -0.003553
6 6 4384 4 | 32 17 0015 52101 -0.1296 -0.004027
7 7 6648 2 32 7 0.009 76292 -0.2027 -0.003256
8 8 6034 2 32 7 0.007 69.858 -0.1852 -0.003508
9 9 5532 2 32 7 0010 64529 -0.1742 -0.003556
10 10 5100 2 32 7 0004 60.029 -0.1690 -0.003533
11 11 4751 2 32 7 0014 56.249 -0.1527 -0.003770
12 12 4429 2 32 7 0017 52.825 -0.1455 -0.003804
13 13 7525 2 32 18 0034 85315 -0.2088 -0.003334
14 14 6823 20 32 13 0001 78290 -0.2219 -0.002889
15 15 6257 2 32 18 0029 71.811 -0.1710 -0.003669
16 16 5762 2 32 18 0024 66.625 -0.1610 -0.003756
17 17 5308 20 32 7 0000 62331 -0.1856 -0.003235
18 18 4963 2 32 12 0042 58057 -0.1341 -0.004020
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