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Abstract

The Aral Sea is one of the most environmental egeliad regions in the world. The
situation there is very critical in many aspectsyinmental, ecological, economic and

social.

There are many reasons for the environmental @isasthe Aral Sea region,, but the
starting point was the initiation of the massiggieulture use of land in this area during the
Soviet era in last century. At this time the twoimaources of water for Aral Sea; Amu-
Darya and Syr-Darya rivers were diverted for irtiga purposes. This caused a decrease of
water inflow from these rivers and along with theciease of water inflow from the Pamir
glacier melt also decreased the volume of waténerAral Sea. This process started in 1960.

Because of the water volume decrease the salihitiyeowater in the sea also started
rise. This effect was multiplied by the fact thia¢ water does not flow away from the sea and

that only clean water evaporated. Salt therefocemcilated there.

The objectives of this thesis are to show the desaef the Aral Sea water surface
ilustratively by maps and to show the correlatiatween the main phenomena of water
guantity and quality. This data can be used fergtediction of the future of the Aral Sea

with regard to the special components of salinity.

GIS, Project R, Scilab, Microsoft Excel, PCA an#&yand Linear Regression were
used to achieve these objectives.

In this work demonstrates the reduction of watefase area from 1973 to 2013 with
maps showing the permanent water area and alsetitveg correlation between the main
phenomena is proved. The development of the taaéémsalinity and salinity components till
2048 has been estimated from this data by statishethods.

Increased salinity level makes the quality of waterse. These new water conditions

started to become unacceptable for original watgabiving there. This ecosystem died.

This situation needs to be resolved immediatelyeséhconditions need to be improve
because without this the Aral Sea ecosystem, ainatd economical conditions will

significantly change.
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Abstrakt

Aralské jezero je jedno z mist naégy které je vysoce ohrozeno environmentéalni
katastrofou. Situace je velmi kriticka 2kolika hledisek, a to jak z environmentalniho, tak

ekologického, ekonomického a také socialniho.

Environmentélni katasrofa v regionu Aralského jazena wrkolik duvodi, ale
pocateini pricinou byl z&atek masivniho rozvoje zewflstvi v této oblasti &hem viady
Sowtského svazu. &xem tohoto obdobi byly odklény dw feky, hlavni zdroje vody pro
Aralské jezero; Amudarya a Syrdarya pro zavlazowely. To zapicinilo pokles gitoku
vody z €chto fek a spoléen¢ s malo znamym Ubytkem vody v Pamirskych ledovcich
zpasobilo pokles objemu vody v Aralském jézeTento proces 2al v roce 1960.

ProtoZze klesa objem vody, aa v jezée stoupat salinita. Tento efekt nasobi také
fakt, Ze voda se soli z jezera neodtéka a igpase jencistd voda. 8l se tak v jezie

kumuluje.

Cilem této prace je ukazat ustup rozlohy hladinglgkého jezera ilustrati¢rpomoci
map, ukézat korelaci mezi hlavnimi fenomény kvagraitkvality vody a tato data pouzit pro
odhad budouci salinity Aralského jezera s ohledemhiavni prvky které tvd celkovou

salinitu.

K naplreni téchto cifi byly pouzity programy GIS, Project R, Scilab, Misoft Excel,
Analyza hlavnich komponent a Lineérni regrese.

V této préaci je ukazané zmenseni rozlohy hladinglgkého jezera od roku 1973 do
roku 2013 pomoci map, ukazana stale za¥ndroblast a také ukazana silna korelace mezi
hlavnimi fenomény. Zéchto dat je statistickymi metodami odhadnuty vyeelkové salinity
a prvki salinity Aralského jezera do roku 2048.

Vzrastajici urové salinity zhorSuje kvalitu vody. Tyto noveé vodnidminky z&inaji

byt neakceptovatelné prayodni biota, ktera zde Ziji. Ekosystém umira.

Tato situace poebuje okamzitéeSeni. Tyto podminky pigbuji upravit, protoZze bez
toho by to znamenalo konec ekosystému Aralskéhergezlimatickych i ekonomickych

podminek.
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1 Introduction

The Aral Sea region is an area with many naturdl @rtural problems. For a better
understanding of the problems in this region iiseful to know something about its history

and geographic location.

1.1 Geographic Location

The Aral Sea, is a lake located in central Asiathe Turan lowlands between
Uzbekistan on the south and Kazachstan on the.ngamely among Adobe and Kyzyrolda,
which are Kazachstan provencies and Uzbekistamantous region Karakalpakstan (Bissell,
2008; Micklin, 2007), see fig. 1.

Till year 1973 the Aral Sea was the fourth largetnd water body in the World,
with a lake surface of almost 68, 000 square Kkiloese (Bissell, 2008; Micklin, 2007;
Benduhn and Renard, 2004).

In these days it is one of the regions with sulisédmvater problems, whose solution

was impossible without international scientificantention (UNESCO, 2009).

1.2 Climate and Hydrology

The climate in this area is characterized as amndldesert, with a wide ranging air
temperature. There is a very hot summer foloweddnfd winter, with little rain. Rainfall is

only 100 milimetres per year, which is a small fiae of lake evaporation (Bissell, 2008).

Major sources of water flow into the Aral Sea awens, namely Amu-Darya and
Syr-Darya (Micklin, 2007; Haag, 2010).

1.2.1 Amu-Darya

Amu-Darya is the major river in central Asia andcathe main source of Aral Sea
water (Rakhmatullaev et al., 2009%8% the water in the lake is from the Amu-Darya
catchment area (UNEP, 2006). T”he river flows thgtouAfghanistan, Tajikistan,

Turkmenistan and Uzbekistan and is created byenfte of main rivers; Vakhsh and Panj.
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Next tributaries are Surkhan Darya, Sherabad amnavBsan river. In ancient history the river

served as the borde between Ariana and Turan (Ratkifiaev et al., 2009), see fig. 2, 3.

The Panj river is the main tributary of the Amu-mr(Haag et al., 2007) and the
water mainly originates from The Pamir MountainsTaikistan, the primary source being
the Zorkul .lake. The river comes from the Allay I&a in the Pamir Mountains also
(Rakhmatullaev et al., 2009), see fig. 4. This nsagtat 90% of the total year water discharge
(90% from 78 km) comes from glacier water (UNEP, 2006).

In the years 1939-1949 data collected confirmed tha river flow was strongly

dependant on water from glacier in context of seakmeltdown (Haag, 2006).

Total lenght is 2, 400 km, basin is 534, 739°kaverage water discharge is 2, 525
m’s* (Rakhmatullaev et al., 2009)lost of the water lost in the arid zones arouneérmrilow
is by evaporation and mainly because of artificisé, about 4 mil. kfof land is irrigated,
see next (ICWC, 2010).

1.2.2 Syr-Darya

The river flows through Kyrgyzstan, Uzbekistan,iKigian and Kazakhstan. The Syr-
Daria river comes from the Thian Shan mountainKyngyzstan and the eastern part of
Uzbekistan. It means two parts, namely rivers Naagyd Kara-Darya create the Syr-Darya

river (Viviroli and Weingartner, 2004).

The main tributaries of the river are Chirciq, Ar@hu and Sarysu. River length is 2,
212 km and water basin about 402, 76 k&kwverage water discharge is 1, 188st half
that of the river Amu-Darya (Viviroli and Weingaemn 2004; Rakhmatullaev et al., 2009), see

fig. 4. This fact makes Amu-Darya more importanfnmal Sea water supply.

1.2.3 Original Source of Water

In montaineus rocky regions like the Aral Sea radioe typical source of water is
glaciers. Ice melt provides water to rivers andinfluenced by seasonal temperature
difference (Johannesson et al., 1989). When the wiaglacier and seasonal temperatures are

changed, then the amount of water in rivers is alsanged (Johannesson et al., 1989;
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Lambrecht et al., 2010). After the complete meltdoef glacier water the reivers are

dependant on seasonal snow and ice cover only ¢Banal., 2005).

This meltdown-amount of water proportion effectvisry important for the water
supply of rivers which do not have other sourcewatier. Typicaly rivers in arid regions, like
Amu-Darya, which is one of the rivers in the wonith highest share of mountain discharge,
more than 90% (Viviroli and Weingartner, 2004)idtdefined like a portion of river total
runoff which is situated in a mountaneus catchnpanit.

(Namely 80% water in Amu-Darya flow is from glacieelt originaly (Froebrich and
Kayumov, 2004), which means this river is stronglgpendent on glacial resources,

especially the volume of water rather than the iguaf water

The quality of water from glacier meltdown is camdt We can predict clearness of
this water, with one exception. This is definedaasl shock which is the water polution from
upper layer of glacier (snow and ice) which accwateutiuring the winter period and which is
released during the warmer summer period. Even thennumber of pollutants is not

significant to in the quality of water and we caeglect it.

In this interpretation we can presume a very higdlity of glacier water and based on
this, that all sources of pollution (salts, heawetals, pesticides, herbicides or other
chemicals, etc.) gets into the water during rivewf Mainly from anthropogenic activity in
lowlands around Aral Sea (see next).

From these facts we can assume the only way theistnod water from glaciers can
affect salinity in the Aral Sea is in the volumewadter released from glaciers into the river

flows during the years. First idea is simply; wa show this fact on basic equation:

[1] c="l

Wherec is the concentration of salt§/], m is the mass of salts [g] andis the

volume of water [l] (Kamerek, 2009).

The majority of research done and studies aboataality of Aral Sea water
calculate with stable water volume from glacier tymielit the glaciers in Pamir are constantly

melting and getting smaler. It signifies also ttiedre is less water from ice in the river flow.
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In the moment when ice take of, the only sourcevatler will be seasonal snow cover and this

is not enough (Haag et al., 2004; Haag et al. 2011)

1.3 Aral Sea is changing over Time

The sea surface is changing over approximately yéars. After year 1960 the area of
the lake started getting smaller and today is dii¢% of sea surface previously. (Bissell,
2008; Huss et al.,, 2010Aral Sea has lost 90% of its volume over the ye#i80-2006
(Micklin, 2007). See figs. 5 and 6.

In the year 1960 the surface of sea was 53 meteoseasea water level and
approximately 68, 000 kimThe greatest south to east dimension was 435nkheast to west
was 290 km. The average water depth was 16 m anihmam deep was 69 m (Bissell,
2008).

From this year the water level and sea surface atiaally declined,because of the
diverting of the Amu-Darya and Syr-Darya rivers fgricultural purposes, as sources for

irrigation (Huss et al., 2010).

This step corresponded with the Soviet agricultylah included rice, cereals and
cotton growing in the Aral Sea region. This plansvespecially based on cotton cultivation
for export purposes. One of the many consequerscésat Uzbekistan is today the largest
cotton exporter in the world but also the counagifig one of greatest environmental disaster
in world (Micklin, 2007).

Construction of irrigation canal system startethim 1940’s, but many of it was poorly
built. For example in the largest canal, knownres@Quaragum canal, there was 30-75% loss
of water by evaporation and seepage. Today onlyoappetely 12% of canals are adequately
waterproofed (Akhtar et al., 2008).

In total almost 47, 750 km of inland irrigation @ds were built but only 30% have
anti filtration linings and only 77% of farms haftew gauges. This situatiton signified that
between 30-60 kinof water flows and losses in canals and farmsSeai water is shorter by
this quantity. In the year 1960 the Aral Sea sthttesignificantly shrink (Micklin, 2007).

Starting in this year the water level of Sea fekry year by over 20 cm on average, in
the year it was 50-60 cm and from the year 1989 d¢irca 80-90 cm. This phenomenon can

be explained by the relationhip between water sartaea and volume of water which is lost,

20



in addition to the increasing use of irrigation gratCotton production in the years 1960 till
2000 paradoxicaly doubled (Huss et al., 2010).

1987 was the year, when the Aral Sea was dividedltwo parts, due to the lack of
water. The newly formed parts are called North Asahaller part) and South Aral (biger one)
(Akhtar et al., 2008).

In the year 2003 the amount of water getting tol#ke rapidly felln, the South Aral
Sea became divided into the Western and Easteinsbasd in 2004 the surface area was
only 17, 160 krfi (Micklin, 2007; Huss et al., 2010).

Only 10% of original size reached the sea in 200id malinity increase by

approximately 1068/, (salinity of average sea water is commonly/3% (Micklin, 2007).

1.4 Environmental Disaster

The described retreat of the water level of thel Asa was not any surprise in the
Soviet Union. Alexander Asarin, the Russian hydg@bpointed to this in the 1964, but the
irrigation project was part of a five year plan, sowas fully approved by the Soviet
goverment (Micklin, 2007)The irrigation system built in Soviet era was ofdl anefficient
from the begining (Glantz, 2005).

During the years 1960 -1 1980 some projects of tmdivert the Ob and possibly the
Irtysch rivers were created (see fig. 7) to sumagtral Asia and the Aral Sea by water, but it

was not realized for economic and environmentadoea (Létolle and Mainguet, 1996).

During the period 1960 - 2000 the Sea surface &hogirover 60% and now the water
area is 28, 687 kfincompared to the original 68, 000 knAs a result of increase water
volume salinity also increase from 9 to 459, (on average) (Micklin, 2007)he rising
salinity was also contributed to by the fact, tlwabps, mainly cotton, were grown as
monocultures, without any attempt at crop rotatibhe high concentration of pesticides,
herbicides and rudiments of fertilizers in sthe toijether with the reduction of essential

nutrients created almost unusable land.

Runoffs of massive amount of pollutants from thadlanto the Sea water gave rise to
the higher salinity of the Sea water. Combined whih low inflow from water sources causes
little mixing of water in the lake and the aaliniag the bottom is higher than at the top
(Akhtar et al., 2008; Aladin et al., 2009).
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The facts introduced above show, that conditionsated in Sea water were

unacceptable for the majority of fauna and flokelacosystems (Micklin, 2007).

The lack of fresh water also impacted on the pewgle live there. For example, the
high incidence of lung diseases (Tuberculosis, Rweua, Pneumokoniosis, etc.), cancer,
anaemia, and higher risk of infection from diseasescommon in this region. The dust in the
environment also causes liver (cirrhosis), kidneyi¢ nephritis) and eye (keratoconjuctivitis)
diseases (Povysil et al., 2007).

In this way the increased environment risks anddarmce of health disability
especialy affect vulnerable part of population, ehmchildren and old people. Child
mortality rate is 75 per 1, 000 living newborns andternity death 12 per 1, 000 women
(Aladin et al., 2009; Povysil et al., 2007).

The high concenration of minerals and other polstaiamage local plants and their
higher concentration in the athmosphere causekatbe diference in temperatures (very hot
summer and cold winter) (Aladin et al., 2009; Beémdand Renard, 2004).

The fact which makes the situation more criticathe growing demand for water.
This situation needs an interdisciplinary approchustainable land use and the future use of
water (Matrtius et al., 2009).

These extreme environmental conditions make thggonevery interesting for water
balance studies. Many authors work in lower partuAbarya basin, where water is mainly
used for agricultural-irrigation purposes (Conradle 2007; Bekchanov et al., 2010).

1.5 Aral Sea Ecology

When increasing salinity began the original biotadd For example species like

Calanipeda aquaedulcis,farmerly dominant biota died out.

From year 2002 onl¥latichthys flesus luscusnd Atherina boyeri caspiurvived in
small lakes around the former Aral Sea (Mirabdudlagt al., 2004).
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2 Objectives of Thesis

The Aral Sea is a well-known region all over theridhat today is in a very bad
situation as a consequence of an environmentaktdisaThe environmental, social and
economic conditions have been studied by many asitlied thanks to them today we have a

great amount of data about the situation there.

The objectives of the thesis are through the naissics and GIS methods to prove
the hypothesis about the Aral Sea surface redydtiencorrelation between main phenomena
of Aral Sea water and the prediction of futureled Aral Sea water quality.

In this thesis will be shown:

a) thedecline of Aral Sea surface areaThis decline will be shown graphicaly and by

a number in maps made by the GIS programme.

b) thecorrelation between the main phenomena of the amouiof Aral sea water,
namely suface area and depth, water volume, rivilow and salinity. These phenomena
come out from data measured by international stietéams and also data measured in GIS

programme which was calculated for this thesis bellused.

c) very interesting is also the prediction of thatufe situation, especialy in
comparison withstatus presendn this work there will beschema of the possible future
situation of Aral sea water quality, especialy salinity; salinity included disolvednerals,
ions, heavy metals, fertilizers, pesticides, hedas, etc. measured in International System of
Units (n original form Le Systéme international d'unijt&s) unitsY,. In this thesis possible

total salinity and constistuents of salinity evadatin the future will be shown.
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3 Salinity

Salinity is defined as the measure of salts digbivewater. It suppose solubility of
compounds in water, it means compounds have to ymrophilic. In another way
hydrophobic substances are not solubile in watdmaake sediments at the bottom

Salinity is usualy measured as parts per thous%.:d, vhich corelate witH/, units

which are used more often and ilustrative.

On average sea water salinity is approximately/;3&r 35 ppt. This signifies that in
every 1000 g of seawater 35 g of salts are incldadhenéek, 2009).

Compounds which we call salt are mixtures of iamerals, etc. Most often they
include sodium (N9 and chlorine (C). These make well known compounds like sodium
chloride (simply kitchen salt) which is 85. 7% abalved salts. The next components are
calcium (C&"), magnesium (M), potassium (K) and sulphate (SO. In Aral sea water
there are also special substances precipitated #Hssociated with the specific water regime
there (see below). These are mainly calcium caieo(@aCQ), gypsum (CaS©2H,0),
mirabilite (N&SQO,- 10H0O) and epsomite (MgQ0/H:0) (Létolle and Mainguet, 1996; URI,
2001).

Salinity can be measured in a few ways, but is nofteih measured by the electric
conductivity of water. Simply, it can be said thtia¢ more salt disolved in the water (it mean
high salinity) the better the electric conductivaf water is. We compare measured water

with water with known salinity as a reference value

The next possible method to measure salinity if wie help of a refractometer. This
instrument measures the difference between the vesgth of light emitted from a source,
passed through the measured water and captureteirrefractometer. This means the
refractometer knows wave lenght before pass thrauafler and after that and by comparing
these two values calculate the value of refracfidre substitution of this measured value into
a table of known values of salinity means thatdbecentration of salts in water; salinity can
be obtained (URI, 2001; Kamepk, 2009).

Salinity is not a stationary value as it changesrotime depending on the amount of
salt-salinity changing absolutely, or amount of evagalinity is changing relatively. We can

calculate this proportion by using equation 1, aeeve (Kamergek, 2009).
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For our research data measured by PROTE compabarbandihkan dam's in the

year 2008 is used (see fig. 8). This shows thd @veontamination by various substancies.

Fig. 8, Contaminants in Water (PROTE, 2008; WH@&0

Substance Uit Value Limit
As ugd 1.70 10.00
Bromide pgd 1.50 10.00
Chlorides mg1 2240 50.00
Cr ngl 5.00 1.0
Mitrates mg/ 2.0 5000
Fluorides mgl .20 1.60
Al mg/1 .02 0.20
hvig mg/l 12.00 12.00
Cd pgl 0.50 007
hvin mg/1 0.035 50.00
Cu pel 4.00 1040
M pgl 4.00 70.00
Pb pgl 1.00 0.00
Hg ngl 0.20 0.00
ge - 0.30 20.00
Na mg'l 13.20 20.00
Ca mg/1 63.30 1300
In pgl 34.00 £.00
Fe mg/l 0.10 200
Sulphate mg/l 61.40 230,00

This table (fig. 8) shows the substances found atewin various forms, for example
in the form of ion, oxide, hydroxide or various qomunds with other substancies. In the
second column are units and in the third the valusubstancies which were measured in
water (in the year 2008, see above). The last colsirows the limit of substancies for
potable water according to WHO, in 2006.

From the stated values it clearly follows that éhare substancies which exceed their
limit for potable water. There are chromium, cadmjwcopper, lead, mercury and zinc. Also

magnesium in a short time overstepped theWHO limit.

This data will be used for estimation of amounthefse substancies in the future (see

next).
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For a better ilustration of the importance of theséstancies and their inpact on
human health table fig. 9 describes their effeacishaman organism of overstepping the
allowed limit for potable water. The importance wding a harmless source of water for

human health can be clearly seen.

Fig. 9, Table showing the Negative Effects of Qudzses in Salinity on Human
Organism (Bencko, 1995; as, 2009; WHO 2006).

Substance | Limit | Unit Nezative effect on buman organism
As 1000 | ugn Disrupts breathing and blood vessels. 200 mg
o ) taken orally causes death.
Damage to the digestive system. liver and
kidneys. Carcinogenic.
Chlorides | 30.00 | mg! | Renal failure.
Damage muosa of the gastrointestinal tract,
Cr 1.00 ugl |skin, causing allergies. Carcinogenic and
mutagenic effecis.
Nitrates | 50.00 | mg1 | Childhood araemia.
Convulsions, salivation, sweating,

Bromide | 10.00 | ugd

Fluorides | 1.60 |mgl

calcification.
Damage to the central nervous system.
2 ! L
Al 920 |l Carcinogenic.
Mg 12.00 | mgl | Renal and endocrine failure. Caminogenic.
cd 0.07 ug/l Damages respiratory system, kKidneys, bones.

Prostate cancer.

Mental and neurological disorders.

Depression and mania.

Damage the digestive tract liver. kidneys,

inflammation of the skin.

Ni 70.00 | wgd |lratating to the skin and cause dermatitis.
~ | Anaemia, damage 0 the NeVous Sysiem.

Fb 0.00 | nel digestive tract, kidneys.

Inhibition of enzymes. Damage 10 he

Mn 5000 | mgl

Cu 2.00 HE|

He 000 | rel | ervous system kidneys. lungs and skin
Se 2000 | pgl | Damages the immune system, hair loss.
Na 2000 | mgi Vomiting, diarthea, diuresis, sweating, skin
swellings.
Inhibiion of enzymes, respiratory system.
Ca 75.00 | mgl | Damage liver, kidneys, reproductive organs.
Carcinogenic.
Zn 5.00 | pwel [ Anaemia

. | Damage the digestive tract and vascular
Fe 200 | mgd system.

Sulphate | 230.00 | mg1 | Damages skin, causing allergies.
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4 Methodology

In this chapter the methods of research used wildescribed as well as the work

process with data. Results are introduced in neapture 5 Results.

4.1 Used Methods

The used methods are GIS, Landsat, PCA, Lineaesemr and statistical programs.

These are all described below.

41.1 GIS

Geographic information system (GIS) is a programcths useful for geographical
data evaluation. It is used for many purposes,his thesis only a small number are

introduced

4.1.1.1Principles and Application

GIS is a computer program, which analyses known arghsurable data. GIS
processes it and give interpretable output abaiptitenomena which we want to investigate.
The universality in data and output quantity andalality from this programme makes it a
powerful tool for many uses, not only in hydrolodpyt also in meteorology, soil science,

urban management, agriculture, forestry, etc.

We can collect data and give it, like an assignieniGIS. Typically it is positional
data, relating to the space of our interest. lid¢de the geographic position of objects, their
guantity or quality. After that, we can see thisada a special, we can say a natural, context
and what is the plus of this is that we can worthvit in a new way of use. We can predict
the behaviour of river flow in a deep valley durifigods. With strongly defined condition
(altitude, slope, amount of water, curvature, ete)can predict with high probability where

the best place to build a dam is for example.

The disadvantage of this is that GIS calculatey enth space (geographical, static
dimension) not with temporal dimension changingrduae. Concisely we can say, that this
program can calculated and display the effects mnilgree dimensions (height, width, length,
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mathematically axis x, y, z and their combinatiespectively). In GIS we can not predict and
display reality in time view, we can show only maa&sl data in relationship to each other.
GIS is not an ideal tool for time-spaced modeliegvironmental or another), but it is

relatively easy to use it in orientation in spade By et al., 2001).

4.1.1.2Work with GIS
We can describe three main working phases (De Bi;,e2001).

% Data preparation and entry

» First phase; data about study phenomenon collegexpared and entered to the
system. Collection of data is one of the most ingadrphases. We need a sufficiently
wide selection complex for quality analysis. Momagly we can say a great amount
of data gives better image about the studied phenom in this case output isdetailed

and we want to maximally similar model in companisath reality.
s Data analysis
> In this phase data needs are carefully assessethahd next step analysed by the
system and we can assign our requirements.

% Data presentation

» In the final phase we acquired result and havaterpret them in proper way. It is up

to us what we want to express or work with in reggps of our research.

» We can choose type of data presentation. Mainly ih the form of a map, 3D map,
phenomenons can be summarized, compared to eadr, atleasured in new

consequences, in form of graph, etc.

When we want to shortly summarize GIS, we can duoe, that is computerized
system, which gives measured data into desiredecuesices. Is very useful especialy in

georeferencial schemes (De By et al., 2001).
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4.1.1.3Landsat

The Landsat program is a collection of data obthibg satelite observing missions
organized by NASA and U.S. Geological Survey. Therdata about satelite observations of
Earth from space since 1972. This science is knasvremote sensing and has evolved with
landsat.

Landsat Satelites take digital photos of the Earthirface at defined time intervals
and send them to Earth. It gives great posibilidysée the Earth surface overall in many
measuring in long time interval. Then dynamic chemm natural and artificial processes for
example.could be studied and compared Landsatgevire program (NASA, 2013).

4.1.2 Principal Componentes Analysis (PCA)

Principal componentes analysis (PCA) can be coresidas one of the basic methods
of more dimensional statistics. The essence ofrti@thod is to decrease the original number
of variables. This variables (in our case measdedd) have to be correlated necessarily and

their number is decreased by introducing new latariables, which are not correlated.

After that latent variables are organized into sceading line. Such a variable which
has the smallest part on clarification of totali@ace is neglected In another words we choose
only those variables which mostly clarified theatovariance (in the literature 90%-95%

present as a cumulative ratio usually).

For every latent variable Lambda) (exists for which characterized variance of
concrete component and as well as a possible degdike proper number of covariance

matrix S(x).

As seen above, PCA is possible to be used onlyensttuation where the original
variables are correlated, the stronger, the moiie gossible to reduce their quantity and
analogous, when variables are not correlated (or weakly) then the number of new latent

variables is similar to the number of original zdnles.

PCA is a linear analysis method, because new |atmble is linear combination of

original variables. Matematicaly we can derive:

[2] |IS(X)-Al|l =0
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Where S(x) is the covariance matriM, is theidentity matrix,| is the vector of

parametres andproper number of matrix.

From the description of PCA it follows that this tmed is used for data adaptation and
the basic division of data into linear asymptomalicsters (Meloun and Militky, 2006).

4.1.3 Linear Regression

Regression is a statistical method which dealsh wviite creation of functional
relationships among variables. The principle o$ thiethod is to explain one variable by help
of another variable. In this thesis parabolic regi@en will be used. The objective is to create

an equation in the form:

(3] y=bo+bix+bx*

In the case of linear regression functions andalimegress functions from the point of

view of parametres, we use the matrix of regresalges:

[4] X=[1... 10 XiXa2 e %]

This matrix is used for the expression of a comcregression function. As a next step
this matrix is used for the calculationt¥ectorby using it in the next equation.

5] b=(XX'Xy'

Whereb is the estimation of parametre§,is the matrix of regressors agds vector
of results (Meloun and Militky, 2006).
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4.1.4 Statistical Programms

In this thesis a few programs for data analysis emerpretation were used. Two
freeware programs for statistical data processiegewsed. These were Scilab 5.4.0 and

Project R. Scilab is similar to Project R openseurc

Scilab is based on the Java programming language. It@glete program not only
for statistical calculations but also for mathemrelti modeling. For example Dassault

company use this product. In this thesis it willused for the PCA and Linear regression.

Project R is based on the Python programming language. It & used for

correlation analysis.

For the data interpretation of tabular or grapbierfsMicrosoft Excel was used too.

4.2 Working Process

Like data for GIS program, maps from Landsat wesedu The advantege of this
system are the coordinates, which means that tips ar@ georeferenced. In setings Asia was

select as the coordination system.

For every year another layer-map was used to obtaiynamic model of the Aral Sea

surface changing.

For every layer it was important to mark the bougdd the sea surface and the land.

With this check points can GIS work and than cdadddata combined.

In this thesis maps of surface area for years 18986, 1999, 2001, 2005, 2010, 2013
are shown This maps are shown individualy (fig.s8)nationately for better shown of
dynamic changes (fig. 9) and like intersectiondlbow of presence permanent water area (fig.
10).

This data were also used for the next calculatiothis thesis. In this thesis are used
measured data (Placék, 2013) combined with data fny. Miroslav Sobr Disertation thesis
(Sobr, 2009) (see fig. 10).

Fig. 10, Development of Water Surface Area (Plagéit,3; Sobr, 2009).

Year 1960 | 195 | 1970 | 1973 | 1975 | 1980 | 1985 | 1986 | 1989
Surface area [x 1000 kkm?2] 6790 63.90 0040 3784 3720 5240 4440 4440 37.00
Year 9o | 1998 | 1999 | 2001 | 2003 | 2005 | 2010|2013

Surface area [x 1000 km?2] 3350 22350 2847 29533 1820 1980 1997 2079
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This GIS measured data, especialy the surfaceeofviiter area was used for the next
calculations. This was compared with other data@hdr necessary data from past year was
added by (Sobr, 2009). These values are shownbie {fig. 11). There are values of the
altitude of surface water levd], surface area[km?], water volume [km?], salinity [%]

andriver inflow of water into the sefkm?].

It is possible to create a comparative graph (. but these values have negligible

value.
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Year 1960 1965 1970 1975 1980 1985 1989 1992 1998 2003
Altitude [m] 5330 | 52.50 5160 | 4940 4620 4200 | 3900 | 3650 @ 3350 @ 31.00
Surface area [x 1000 km2] 6790 £3.90 6040 57200 | 5240 | 4440 | 37.000 | 3350 | 2250 1820
Water volume [Km3] 1090.00 103000 @ 97000 84000 67000 47000 34000 | 27000  210.00 @ 113.00
Salinity [g/] 10.00 © 10.50 11.10 1370 1650 2350 2800 | 3440 | 4810 7800
River inflow [Km3] 40.00 31.00 33.00 11.00 0.00 0.00 5.00 0.00 0.00 0.00
- Aral Sea W ater
(92]
—
Q 1200.00
IM .
G 1000.00
g _ ey
= S 80000 Alfinde [m]
Z g . —Srfes ares [x 1000 km2]
& = 600.00 e Water volsme [Km3]
W g g Satiniy [¢/]
@ £ 40000 g —FRiver inflow [Km3]
c S
o 200.00 S
c : . .
> 0.00 = —————— 1
b 1960 1965 1970 1975 1980 1985 1989 1992 1998 2003
@) Teoar
2

Average
43 50
4574
600.30
27 38
12.00

L

Variability
7.83
16.55

347.43
20.53
1535
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For a better understanding of this phenomena anbefter graphical ilustration there
is also a matrix of these values centrated. Forireg¢ntration we need the average value of
the actual phenomena and variability (see tablelfly. Values in centrated matrix will be be

obtained by using:

[6] A= (a-a))ls

Where A is centrated matrixj, andi are position of number a in the matriis

variability.

A graph of the centrated matrix shows more anridtiste comparision between the
main phenomena, especialy the decreasing amounatelr in different ways toward rising
salinity (fig. 12).
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Fig. 12, Centred Matrix (Placak, 2013).

Year 1960

Altitude [m] 1.2522
Water sarface area [x1000 km2] 1.33922
Water volume [km3] 1.4095
Salmity [g/l] -(.8466
River inflow [km3] 1.82419

3

2.5

2

15

1

0.5

-0.5

=)

<15

1965
1.14998
1.09749
1.2368
-0.8223
1.23784

1970
1.03498
0.88597
1.0641
-0.7931
1.36814

1975
0.75387
0.69258
0.68593
-0.6664
-0.0651

1980
0.34499
0.40249
0.20062

-0.53
-0.7818

1985 1989 1992
-0.1917  -0.575 -0.8944
-0.081 -0.5282 -0.7397
-0.375  -0.7492 -0.9507
-0.189 0.0302 034197
-0.7818 -0.456 -0.7818

e A itiTUdE [M]

s Water surface area [X1EED km2]

W ater volume [km3]
Salinity [2/1]

e [ e T inflow [kmi3)

1998
-1.2778
-1.4045
-1.1234
1.00935
-0.7818

2003
-1.5972
-1.6644
-1.4026
24659
-0.7818
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Fig. 13, Correlation Matrix (Placak, 2013).

- Year | Altitude Surfacearea Volume Salinity  River inflow

Year '1.0000000 |-0.9848574 |-0.9859792 -09871691 |0.8799447 -0.8726229
Altitude -0.9848574 10000000 09950726 09906545 -09027070 08163859
Surface area -0.9859792 09950726 10000000 09787893 -09189183 0.7935570
Volume | -09872691 09906545 09787893 1.0000000 -0.8489773 0.8709156
Salinity  0.8799447 -09027070 -0.9189183 -0.8489773 |1.0000000 -(.6039875
River mflow -0.8726229 0.8163859 |0.79355370 0.8709156 |-0.6039875 1.0000000

In the correlation matrix (fig. 13) we can see togrelation coefficients of the main
phenomena compared to each other. From the valtleecforrelation coefficients it clearly
follows that these trends are linear (coefficiesnts mainly biger than 0.9, at least 0.8). Data

from correlation matrix are used for PCA.

Fig. 14, Result of PCA Method ( Placak, 2013).
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The PCA method shows that in the above group atedldata one significant linear
trend exists (see fig. 14). Size of lambda éxplains approximately 90% of the data’s

variability.
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The Analysis of PCA and correlations of individwaiginal variables shows a strong

linear trend not only of all data but also of islividual variables (see fig. 15).

Fig. 15, Linear Correlation of Individual Variablégo Each Other (Placak, 2013).
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For water salinity progress estimation a time seni@as used showing the changes
from year 1960 until the newest found monitor datirom 2003. A regression parabola was
used for the reason that Aral Sea region is an aMd@ut a significant outflow, which
signifies that salt accumulates there. Also theembeination index is higher for parabolic
function (0.97) than for a linear function (0.7This assumption is also confirmed by the

shape of salinity development in the centred maraph (see fig. 12).

37



By regression analysis (see capture 4.1.3. Linegrégion) it was discovered that:
7] [y]=211713.4-215.02637[x]+0.06@01[x]*

Wherey is salinity f/]] andx is year and the equation now corresponds to tine &

equation 3.

This equation was used for the following estimatdrAral Sea water salinity future
changes in table and graph (see fig 23, 24). Alds hecessary to take into consideration
dissolvability of salts in water. Above this valaach salt will not dissolve in water, but stay
as a sediment on the bottom of the Sea. The refergalue used in this thesis is the
dissolvability limit for soduim chloride, which the main part of Aral Sea salinity. The value
of solubility in water is 358. &, (Vohlidal et al., 1999).

The year’s calculation when salts dissolved in tater will be on the top of
dissolvability patterned on equation 7. As theueadf salinity (y) we will substitute the value

of solubility of salt in water (see above). We afbta

8] 358.6=211713.4-215.02637[x]+B4BO0L[xf

The result of this equation is x = 2048, it sigesfithat in the year 2048 the dissolved
mass of salts in water will reach the maximumerafiis point any new salts in the sea will

be sediment.

In this case we can calculate the salinity forecastl year 2048. The amount of

dissolved substances will be estimate from thekeegdor total salinity.

We started in the year 2008 when the values oftanbgs in water were measured.
From equation 7 (see above) where year (x) is 20@8pbtain salinity (y) for this year, the
year of measurement, it was 9135 In the next step we calculate the representatfon o

substancies in total salinity in ppm. Outcomesiatable, fig. 16:
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Fig. 16, Substancies in ppm of Total Salinity irY2008 (Placak, 2013).

ppm in
Substance 91.55 %,
As 1.857-10°
Bromide | 1638107
Chlorides 2 447-10°
Cr 5461-107
MNitrates 2185
Fluorides 2185
Al 02185
Mg 1.311-10°
cd 5.461-107
Mn 5.243-10™
Cu 436910
Ni 4369-107
Pb 1.092-10™
He 2.185-10°
Se 3.277-10°
Na 1.442-107
Ca 7.155-10°
Zn 03714
Fe 1.092
Sulphate 6.707-10°

If we presume the relative representation of tlobusted substancies in total salinity is
constant during the next years, we can calculaeathount of substancies in the following

years in ppm and total salinity from equation 7.

In this thesis the values for years 2008 and 2G48calculated to show the change
over time. Salinity in the year by equation 7 (esponds with equation 8) will be 35896
See fig. 17:
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Fig. 17, Amount of Substancies in Water in the Y2888 and 2048 (Placak, 2013;
PROTE, 2008; WHO, 2006).

Substance Unit Value 2008  Value 2048 Lirnit
As ugl 1.70 6.70 1000
Bromide ugl 1.50 3.90 10.00
Chlorides mgl 2240 &§7.70 50.00
Cr ugl 5.00 19.60 1.00
Nitrates ma/l 2.00 1.80 50.00
Fluorides mgl 0.20 0.80 1.60
Al mal 0.02 0.10 020
Mg mgil 12,00 47.00 12.00
Cd uzl 0.50 2.00 0.07
Mn mga/l 0.0 020 50,00
Cu ugl 4.00 1570 2.00
Ni ugl 4.00 1570 70.00
Ph uzl 1.00 300 0.00
Hg ugl 0.20 0.80 0.00
Se ugl 0.30 1.20 20.00
Na mgil 1320 51.70 20.00
Ca mgl 6550 256.60 75.00
In ugil 3400 13320 5.00
Fe mga/l 0.10 0.40 2.00
Sulphate mail 6140 24030 250.00

This table (fig. 17) clearly shows substancies Wwhéxceed their limits for potable
water. There are chlorides, magnesium, sodiumjuwalcOther substancies (Cr, Cd, Cu, Pb,
Hg and Zn) which exceeded their limit at the tinfenmeasuring are not included in the

following calculations.

The results we want to show are when did substanbesh exceeded their limits for
potable water during the period 2008 - 2048 acgtuadhch their limit. For salinity (y) in
equation 7 we substitute the value when is thetlfiori potable water for each substance
reached. The result of equation (x) is the yearnwtie limit is reached. See chapture 5
Results, fig. 25.
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5 Results

Fig. 18, 19, 20 clearly shows the constant decreafiee surface area of the Aral Sea

with GIS maps. These changes are also shown iagndFig. 21).

Fig. 18 shows the changes of water surface areze dnom 1973 till 2013. This

phenomenon is shown individually on maps with scd&ues are in table fig. 22.

Fig. 22, Water Surface Area by GIS (Placak, 2013).

Year 1973 1986 1090 2001 2005 2010 2013

Surface area | ™~ i = n
[x1000 knt] 5784 4440 2047 2953 1980 1997 20.79

Fig. 19 shows these maps in comparison to each fhéhe better ilustration of the

decrease in Sea surface area.

Fig. 20 represent permanent water area, it isritergection of water areas measured
from 1973 to 2013. It is the surface of land, whings never been without water until today.
We can estimate the massive salt deposits thatbailthere in the future. The permanent

water area measure approximately 17, 906, km

Fig. 21 graphicaly shows the decrease of the seirfmea of the Aral Sea during the
years 1960 to 2013. Data is combined with data fioendissertation thesis of Miroslav Sobr
from year 2009. This graph coresponds with fig.diDpage 31.
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Fig. 18, Water Surface Changes in Time, Shown icaiy (Placak, 2013).
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Fig. 19, Water Surface Changes over Time. Shodivitlually and in Superimposed

to Each Other (Placék, 2013).
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Fig. 20, Permanent Water Area of Aral Sea (Pla@iK,3).
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Fig. 21, Changes in the Water Surface Area (Plagit;3; Sobr, 2009).
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The phenomenon of the decrease in the surfaceoftba Aral Sea is strongly related
with the decrease of water volume in the Aral Sehich is mathematicaly proved by
correlation analysis and PCA method in this the$isese trends are strongly correlated,

which makes them linearly dependent.

PCA analysis proves the very strong linear trengk@amately 90% - in this linear
dependance (fig. 14). This signifies that one \deiaan be estimated by its dependance on

another, in our case water surface area in coiwalatith salinity (fig. 15).

In this thesis the schema of Aral Seaisa from 2008 till 2048 made by Linear
regression method is shown. See fig 23, 24.
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Fig. 23, Table of Salinity Changes from 2008 48 ( Placak, 2013).

Year | Salinity [°4]
2008 9135
20140 100.26
2015 123.06
20240 150.38
2025 17054
2030 211.42
2035 246.04
2040 283.3%8
2045 323.46
2048 358.681

Fig. 24, Graph of Salinity Changes from 2008 tO43 ( Placak, 2013).
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Graph of salinity shows a parabolic increase. Timwe starts from year 2008 where
total salinity was 91. 5%/, and ends in the year 2048 when salinity is estrhads
approximately 358. 61%, when salts reach their limit of solubility. Thesays when
substancies exceed their limit are shown in talide 25). Magnesium and calcium exceeded

their limits before this thesis was writen, buteafthe data used was measured. Chromium,
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cadmium, copper, lead, mercury and zinc exceedei kimit before year 2008 and other

substances did not reach their limit for potabléenay 2048.

Chlorides, Magnesium, sodium and calcium reachetl taen exceeded their limit
during this time and these substancies could beohlgm for human health (see fig. 9,

chapture 3 Salinity).

Fig. 25, Table of Years when Amount of Substangeedtled their Limit for Potable
Water (Placak, 2013).

Substance Unit Value 2008 13:::;’;‘5 T
As ug/l 1.70 + 10.00
Rromids ug/ 1.50 + 10.00
Chlorides mgh 2240 2020 50.00
Cr ug/l 5.00 ] 1.00
Nitrates mg/l 200 + 5000
Fluorides mg/l 020 + 1.60
Al me 0.02 . 020
Mg g/l 12.00 2008-0% 12.00
Cd ugi 0.50 : 0.07
Mn mifl 0.05 . 50.00
Cu ug/l 400 : 200
Ni ug/ 400 + 70.00
Ph gt 1.00 : 0.00
Hg g/t 0.20 i 0.00
Se ug/ 0.30 + 20.00
Na mgft 1320 2018 20.00
Ca mifl 65.50 2011 75.00
Zn el 34.00 - 5.00
Fe mgn 0.10 ¥ 2,00
Sulphate mifl 61.40 . 250.00
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6 Discussion

Although all parts of the thesis are associateth wdch other this chapter is divided

into several parts for greater clarity.

6.1 Results from GIS

Results from GIS have value for this thesis. Thegws us the decrease of the water
surface area and areas with greater future salimith masive deposits of salt could be

estimated. The permanent surface area could shsw th

Unfortunately in our case water volume can not éleuwated by GIS. We have not
countour lines of the Aral Sea bottom for GIS pemgme so we can not calculate other
values like water volume or altitude of surfaceisThignifies that other data about water
suface and the actual water volume are used. BuGi results clearly shows the change of

surface area over time since year 1973; there wtany older satelite photo available.

Graph fig. 21 indicates the rise of Sea surfaca dtging years 2000-2003. It could be
a real phenomenon caused by a temporary improvafemater inflow from rivers or rainfall
or propably it could be a mistake in the conditidesined in measurement.

6.2 Corelation between Main Phenomena of Aral Sea Water

A strong correlation between variables, namely cufarea, altitude, water volume,
river inflow and salinity was proved. This was innfamt for the next calculations and for the
selection of method to use for salinity estimati&ven though there were not much data

available for calculation, the correlation was vetipng and values were linearly dependent.

Many factors effect River inflow. It is decreaseg lbss from irrigation, evaporation

and seepage. The decrease of volume from the Raagrers is also included.

6.3 Schema of Possible Future Situation of Aral Sea Wat
Salinity
In this thesis a schema for future Aral Sea sgliedtimation is shown. It is based on
historic data, which signifies the deduction ofula events from the past. This method

supposes the same progress of events in the fasuieok place in the past and excludes great

changes in conditions in the Aral Sea region, saglthange of infrastructure, agriculture,
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industry etc. which could cause the situation tovgerse or better. It is not the best method,

because unexpected scenarios or improvementsrareed) Interventions are not allowed.

Environmental modeling is better (Haag et al., 2044 it predicts future conditions
from a great amount of data and can synthetize theara more complex function even if the
conditions are changed. We can change them in tdehalso. This system can estimate the
progress of future more precisely but is very exgobn data and the methodology used. Also

it is expensive and demanding on creation.

Only a few authors apply future salinity forecagtin their work. Only one known
scientist is applying environmental modeling in RaMountains (Haag et al., 2011), see

above.

In this case we can say that our method is chedpgaitk and could be useful for

proportionated estimation.

The results in table and graph (fig. 23, 24), & thture total salinity estimation until
year 2048 include data for the year when the wiagéeomes a saturated solution. After that
salts start accumulating at the bottom.

Results in table (fig. 25) show the substances kvhiceeded their limit for potability
and when this ocured and which need special metbbdster purification. The dangers of

these pollutants are shown in chapter 3 Salinitaloe 9.
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7 Conclusion and Recommendation

From the data found and that it clearly followstte#uation in the Aral Sea region
will get worse in the future. Salinity will riserabst exponentially, because salt accumulates
there and there is not an easy way to dispose d¥ét can clean water, but only for local
purposes. Even this brings many problems; econamibe dumping of polutants from the

water.

There are many environmental and ecological probletmich are still increasing and
geting worse. Thisirculus vitosusvithout implementing a plan of action could havdymne

possible result; environmental disaster.

This tragic situation is not only the consequenderegional factors (irrigation,
fertilization, monocultures, etc.) but global cammhs also. The melting of the Pamir Glaciers
due to global warming for example. Also the ecormsiiuation forces the growth of cotton

in this region to continue.

In this region international scientific intervemtias need definitely. This is the last
hope for environmental, ecological and even econaronditions to improve or at stabilize.

This region needs an efective and economicaly aabkplong-term solution.

For the future estimation of conditions in this ioeg the best way will be
environmental modeling. But the adventages of thinisy estimation method, which is
demonstrate, are the speed of delivery and loweprniche short time. As almost all the biota
in the Aral Sea region is extinct, the estimatidrfudure salinity can be used to improve

living standards in this region.

To provide a solution to this situation we can rmaomend as a first step to cease
growing monoculture crops (cotton species todang start growing other plants which are
more adaptable to the situation or require lesemwdthe next step could be improving the
quality of irrigation canals as there is great logsvater from the existing ones. Also using

fewer chemicals for fertilization or other purposes

More expensive solutions like the building of datashelp replenish the Aral Sea,
redirecting water from rivers like Ob, Volga onysh Rivers for example could be employed.

Pumping water from the Caspian Sea via pipelirsdss a possible long term solution.
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8 Annexes

Fig. 1, Map of Aral Sea and Position in Middle Ed3hiMaps.com. 2005).

Fig. 2, Map of Amu-Darya and Syr-Darya ( Water Réwagly, 2011).

(1: 10 000 000).
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Fig. 3, Map of Amu-Darya and Part of Pamir Mountaiwhere the River originates
(Demis.nl). (About 1900 km across).

Fig. 4, Map of Syr-Darya and Part of Pamir MountaiWhere River Originates
(Demis.nl). (About 3000 km across).
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Fig. 5, Changes of Aral Sea Coastline Position (pky.com, 2010).
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Fig. 6, Satelite Photo Documented Decrease of 8ea Surface Area (NASA, 2009).
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Fig. 7, Map of Ob River Watershed at the Confluesitk Irtysh River

(Musser, 2011). (1:10 000 000).
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