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We discuss recent seasonal and interannual variations of ice cover and lake surface level in the
Aral Sea from satellite data for 1992-2006. First, we provide an overview of the evolution of the
Aral Sea's environmental conditions, hydrological and ice regime, existing observations and
current state of the scientific research. Desiccation of the Aral Sea led to disappearance of the
infrastructure in the coastal zone, including meteorological and sea level gauge stations. The
current lack of reliable in-situ measurements and time series for sea level and ice cover

izrv;erjs. parameters since mid-1980s can be partly overcome with radar altimeter and microwave
Sarykamysh Lake satellite observations that provide reliable, frequent, regular and weather-independent data. In
Sea level our study, we use radar altimeter data from TOPEX/Poseidon, Jason-1, ENVISAT and GFO
Ice cover satellites, as well as the Special Sensor Microwave/lmager (SSM/I) radiometer. An ice

Satellite altimetry
Microwave radiometry

discrimination method, based on the synergy of active and passive data from the four
altimetric missions and SSM/I, is proposed and applied to the entire satellite dataset to define
the specific dates of ice events for 1992-2006. We then analyse the evolution of the sea level in
the Large and Small Aral sea and Sarykamysh lake. For this purpose, we compare time series
from several sources (Hydroweb, USDA Reservoir Database, Integrated Satellite Altimetry Data
Base and others), perform an intercomparison of the available observations and discuss the
reasons for potential differences. Using the data from the four altimetric retrackers for ENVISAT,
we also estimate how the presence of ice could affect the altimeter range measures. We
estimate the associated uncertainties and provide recommendations for adjusting sea level
time series for altimeters where only ocean retracker (T/P, Jason-1, GFO) is present.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Shallowing and degradation of certain freshwater and salt
lakes and inland seas are major environmental problems at the
beginning of the XXI century (Micklin, 1988; Létolle and
Mainguet, 1993; Birkett, 1995; Micklin and Williams, 1996;
Glantz, 1999; Mercier, 2001; Mercier and Cazenave, 2001;
Mercier et al., 2002; Kostianoy and Wiseman, 2004; Kostianoy
et al., 2004; Kostianoy, 2006). There are clear indications that
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the growth of human population and the increasing use and
abuse of natural resources, combined with climate changes,
exert a considerable stress on closed or semi-enclosed seas
and lakes. In many regions of the world, marine and lacustrine
aquatic systems are (or have been) subjects to severe or fatal
alterations ranging from changes in regional hydrological
regimes and/or modifications of the quantity or quality of
water resources, deterioration of geochemical balances
(increased salinity, oxygen depletion, etc.), mutations of the
ecosystems (eutrophication, dramatic decrease in biological
diversity, etc.) to geological disturbances and the socio-
economic problems. Seas and lakes are endangered all over
the world and some may be even regarded as already “dead”.
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Fig. 1. The Aral Sea and Lake Sarykamysh in the MODIS image on 18 May 2002 (credit of Jacques Descloitres, MODIS Land Rapid Response Team, NASA/GSFC) with
the T/P (since August 2002 replaced by Jason-1) ground tracks (dotted lines). Coastal line (solid white line) is shown for 1962 as well as Amudarya and Syrdarya

Rivers. Circles show data points on the T/P tracks used for the analysis.

The most striking examples are the Lobnor Lake in China,
which completely dried up by 1972, the Dead Sea, whose level
has dropped by 14 m since 1977 and whose present salinity is
about 340 g/1, the Aral Sea, whose level has dropped by about
23 m and whose salinity increased by a factor of 10 since 1960,
and Lake Chad, which has shrunk to about one-twentieth of its
size in 1963.

The Asia's closed and terminal lakes are located in arid or
semi-arid regions and, therefore, are sensitive to changes in
water balance. Thus, the lake levels and salinity react quickly
on any regional climate change or anthropogenic pressure.
Unsustainable irrigation in lake basins has already led to very
serious environmental and social-economic problems. The
lakes will be particularly vulnerable to any future reduction of
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Fig. 2. Time variation of the Aral Sea level based on instrumental measurements for the period from 1943 to 1994 (Mikhailov et al., 2001).
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precipitation over the catchment area or to temperature
increase. We note that according to some global warming
studies the future climate change in Central Asia is likely to be
more abrupt than that in other regions.

The Aral Sea (Fig. 1) is one of the most striking examples
of what unsustainable use of water can do to aquatic ecosys-
tems (Micklin, 1988; Létolle and Mainguet, 1993; Glazovsky,
1995a,b; Micklin and Williams, 1996; Zonn and Glantz, 2008).
Once the fourth largest inland water body with a surface area
of over 66,000 km? a total volume of 1070 km?® and a
maximum depth of 69 m, in 1960. The Aral Sea had about the
size of the Netherlands and Belgium taken together. Many fish
species were living in the brackish water (mean salinity was
about 10 g/kg), 12 of them were very important for fisheries
(yearly catches of 44 000 tons on average). But over the past
fifty years, the freshwater discharge into the Aral Sea from the
Amudarya and Syrdarya rivers (formerly, over 50 km?/yr) has
been decreasing because of diversions for irrigation and
ceased almost completely. As a result, the sea surface level
(Fig. 2) has dropped by 23 m (in the Large Aral), the lake has
shrunk by a factor of five from its original size and a factor of
ten in its volume, the salinity exceeded 90 g/kg in the western
Aral Sea (in 2006) and is even higher (130-150 g/kg) in the
eastern part (Zavialov, 2005).

In 1989, the northernmost part and the main body of the
lake separated, forming two individual lakes, known as the
Small Aral Sea and the Large Aral Sea. At that moment, the lake
level was about 39 m above the ocean level. Then, the AVHRR-
NOAA satellite imagery allowed reconstructing the decrease of
the Large Aral sea level: 1990 — 37.8-38.5 m, 1996 — 36 m,
1999 — 34 m. At the same time, the level of the Small Aral Sea
oscillated between of 39 m and 42 m, due to construction and
destruction of several dams between the two parts of the lake.
The progressive changes of the Aral Sea shape are shown in
Figs 1 and 4.

Today, the Aral Sea is divided in three almost separate
parts (Figs. 1, 3 and 4). The Large Aral itself, due to the
continuing sea level drop, presently consists of two distinct
basins connected through a narrow and relatively shallow

channel (Figs. 1, 3 and 4) since 1998 (Zavialov, 2005). The
western basin is a trench with a steep bottom slope at the
western side where the maximum depths still exceed 40 m,
while the eastern basin is a relatively large but very shallow
(less than 5 m deep) water body. The desiccation and
salinization of the sea have led to desertification and
degradation of the regional ecosystem, and had severe impact
on the quality of life and health of the local population
(Micklin, 1988; Létolle and Mainguet, 1993; Glazovsky, 1995a,
b; Micklin and Williams, 1996; Glantz, 1999; Kostianoy and
Wiseman, 2004; Mirabdullayev et al., 2004; Zavialov, 2005;
Nezlin et al., 2005).

Lake Sarykamysh is a large drainage water body, located
southwest of the Aral Sea (see Fig. 1). It was used as a
discharge collector of salty irrigation water from the agricul-
tural fields. In 1971, a unified lake has arisen as a result of
joining of a group of ponds to form the Sarykamysh Lake. It
has been long observed that on large temporal scales, the
variability of Sarykamysh Lake volume was somewhat anti-
correlated with that of the Aral Sea, because much of the
water resources withdrawn from the Aral basin for irrigation
are eventually drained into Sarykamysh. This is why the
recent evolution of the Sarykamysh Lake is of interest in the
general context of the Aral Sea crisis. Currently, the lake
covers an area exceeding 3000 km? and its maximum depth is
about 45 m. The salinity of the lake waters has been
continuously increasing: from 3-4 g/l in the early 1960s to
12-13 g/l in 1987 (Glazovsky, 1995b). Direct water level
measurements by level gauges for this lake are lacking to the
present time.

The Aral Sea is located on the far southern boundary of the
sea ice cover development in the Northern Hemisphere, but
every winter it is covered by ice for several month (Fig. 3). Due
to this marginal location, data on ice variability in the lake
may serve as a proxy of the regional and even large-scale
climate change. Ice processes in the Aral Sea have a significant
temporal and spatial variability, influenced by severity of
winters, meteorological conditions, wind fields, as well as by
sea morphology and steadily increasing salinity. So far, most

(b)

Fig. 3. The Aral Sea ice conditions derived from NOAA visible imagery: (a) appearance of ice on 14 December 1995, (b) disappearance of ice in the southern part of
the Large Aral Sea on 5 March 1989 (credit of D. Soloviev, Marine Hydrophysical Institute, Sevastopol, Ukraine).
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Fig. 4. Position of the coastline of the Aral Sea in 1960, 1992, 2002 and 2006, and selected altimetric satellite ground tracks and EASE-grid pixels of SSM/I

observations (grey rectangles).

of the publications on historical variability of ice conditions of
the Aral Sea were in Russian (see Kosarev, 1975; Bortnik and
Chistyayeva, 1990 for a detailed overview) and thus remain
inaccessible for many western readers (Nihoul et al., 2002). A
brief overview of historical ice conditions of the Aral Sea in
English can be found in (Kouraev et al., 2004a, Kostianoy and
Kosarev, 2005).

Sea level, ice conditions, and other meteorological and
oceanographic parameters in the Aral Sea were under regular
control at up to a dozen coastal meteostations (Bortnik and
Chistyayeva, 1990). Regular ice observations in the Aral Sea at
coastal stations begun in 1941 and those by means of aerial
surveys started in 1950. They were done on a regular basis
and, up to 1985, a total of 241 aerial surveys were carried out
(Bortnik and Chistyayeva, 1990). Since the late 1970s, the
frequency and amount of aerial surveys in the Aral Sea sharply
decreased, due to financial problems as well as to general
degradation of the sea related with rapid sea level fall. Since
mid-1980s, the observations became less regular and, in many
instances, the obtained results still reside in local archives
unavailable for public. Moreover, the Aral Sea in its present
limits is physically difficult to access for oceanographic and
meteorological measurements.

However, the current lack of time series for sea level and
ice cover parameters may be largely compensated for by
satellite observations. Numerous studies have been using
satellite imagery to estimate the evolution of the Aral Sea
shoreline, and then deduce variability of the lake level. Direct
satellite measurements of the lake level are possible from
radar altimetry, which provide reliable, regular and weather-
independent data. Several satellite altimetry missions have
been launched since the early 1990s, namely, ERS-1 (1991-
1996), TOPEX/Poseidon (P/T) (since 1992), ERS-2 (since 1995),
Geosat Follow-On (GFO, since 2000), Jason-1 (since 2001) and
ENVISAT (since 2002). Although the primary mission of
satellite altimetry was the study of water level of the open
ocean, this technique has been successfully applied to
monitor water level of inland seas and lakes (Crétaux and
Birkett, 2006). Application of satellite altimetry for monitor-
ing of the Aral Sea level has been used in several research
papers that are discussed below.

Peneva et al. (2004) have used T/P data for 1993-2001 to
analyse the level and volume changes in the Large Aral Sea,
estimate the influence of ground water inflow on water
budget, and assess salt balance of the sea. Stanev et al. (2004)
have used the same dataset to monitor the level in both Large
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and Small Aral seas. Aladin et al. (2005) have used T/P and
Jason-1 data for 1992-2003 to monitor variations in the level
and volume of the Small Aral sea and estimate influence of
various components on the water budget. Detailed assessment
of the influence of the dam in the Berg strait on the sea level and
evolution of the biological communities were also made by
these authors. Crétaux et al. (2005) used T/P and Jason-1 data
for 1992-2004 to estimate the lake level and volume changes of
the Large Aral Sea and introduce variations of the lake volume
as the new constraint for the water budget. They also discuss
changes in the aquatic fauna and its possible evolution under
continuing desiccation of the Large Aral Sea. Water level
variability in the Lake Sarykamysh has been presented by
(Mercier, 2001) and (Mercier and Cazenave, 2001).

Recent evolution of the Aral sea ice cover using satellite
altimetry and radiometry was investigated by (Kouraev et al.,
2003, 2004a,b). A methodology for discriminating the ice and
open water using simultaneous active (radar) and passive
(radiometer) from T/P was proposed, validated and applied for
the Caspian and Aral seas. Detailed assessment of how different
footprints of T/P sensors, and radiometric properties of water,
ice and snow influence the proposed ice/water discrimination
method is given in (Kouraev et al., 2004b). In (Kouraev et al.,
2003), data from the two T/P tracks over the Large Aral Sea for
1992-2002 was used to estimate a) dates of the ice formation
and break-up, b) ice duration and c) percentage of ice presence
in the altimetric data. In (Kouraev et al., 2004a,b), the T/P data
were complemented by the SSM/I observations with a
dedicated ice/water discrimination approach. Using the satellite
datasets for Large Aral, two separate time series of the ice
formation and break-up and ice duration have been obtained.
Ice presence has also been calculated as the percentage of ice in
the altimetric data (same as in Kouraev et al., 2004b) and also as
the total and maximal numbers of ice pixels for various sub-
regions of the Large Aral Sea.

In this article, to provide a more comprehensive study of the
ice cover, we a) complement the T/P observations by Jason-1,
GFO and ENVISAT data, and b) use an improved ice discrimina-
tion approach combining all altimetric and SSM/I data (Kouraev
et al, 2007a) and thus provide better spatial and temporal
resolution. Using this approach, we derive new improved time
series of ice events (ice formation, break-up and duration) for
the longest possible period (1991-2006) for both Large and
Small Aral Sea. We analyse the differences in ice events between
the two basins and discuss possible reasons.

For the water level of large water bodies, currently there
exist several sources of altimetric series that are publicly
available online (Hydroweb, USDA Reservoirs database, Lakes
and Rivers database). Basing on the same initial altimetric data,
each group of researchers uses different methods to estimate
the resulting water level for the given period (see Section 2.1 for
more details). In this article, we complement the time series
from these databases by yet another source of the altimetric
data, i.e., the observations from the Integrated Satellite
Altimetry Data Base (ISADB) developed in the Geophysical
Center of the Russian Academy of Sciences (Medvedev et al.,
1997). We perform an intercomparison of the observations and
discuss the reasons for potential differences, taking the Large
and Small Aral Seas, and Sarykamysh lake, as instructive
examples. Using the data from the four altimetric retrackers
for ENVISAT, we also estimate how the presence of ice could

affects the sea level estimates for altimeters with the only ocean
retracker (T/P, Jason-1, GFO).

2. Ice cover
2.1. Data

2.1.1. Satellite altimetry data

We used data from several radar altimetry missions
(Fig. 5). The earliest data are available from the TOPEX/
Poseidon (T/P) satellite, operated since 1992 and followed by
Jason-1, orbiting on the same ground track since February
2002. We complement the T/P and Jason-1 data by observa-
tions from recent radar altimeters onboard Geosat Follow-On
(GFO, in operation since January 2000) and ENVISAT (in
operation since November 2002) satellites.

All of the four altimeters have two main nadir-looking
instruments - a radar altimeter and a passive microwave
radiometer - that provide simultaneous active and passive
microwave observations from the same platform. The repeat
period is 10 days for T/P and Jason-1, 17 days for GFO and
35 days for ENVISAT. The altimetry data were obtained from
the Centre for Topographic studies of the Oceans and
Hydrosphere (CTOH) at the LEGOS Laboratory.

2.1.2. Passive microwave data

The passive microwave data from SSM/I (Special Sensor
Microwave/Imager) onboard the DMSP (Defence Meteorolo-
gical Satellite Program) series are available since 1987. The
National Snow and Ice Data Center (NSIDC) provided the SSM/
[ data mapped onto an Equal-Area Scalable Earth Grid (EASE-
Grid) projection with 625 km? spatial resolution (Armstrong
et al., 2003). The initial data were averaged to obtain pentad
(5-day) mean values to provide continuous spatial coverage.
We used the SSM/I data starting from the beginning of the T/P
mission in 1992.

2.1.3. Geographical selection

We performed a geographical selection of the data in order
to minimise the potential contamination of the altimetric and
SSM/I signal by land reflections. For the Aral Sea which
experiences large changes in the position of the coastline, we
used several masks to exclude the altimetry data that are
1 km or closer to the coast. In order to account for the lowest
possible sea level, for T/P we selected data using the coastline
position of 2002, i.e., the time when T/P has been put to a new
orbit (Fig. 4), and for Jason-1, GFO and ENVISAT we used the
coastline position obtained from a Landsat image taken on 26
October 2006. For the SSM/I data, we used the EASE-grid
pixels if less than 30% of the pixel covers coastal regions or
islands. In order to increase data availability, for Small Aral we
kept some pixels that do not satisfy this condition, but used
them with extreme caution. The data provide information for
two regions: Small Aral and the eastern part of Large Aral. For
the western part of the Large Aral, there were not enough data
to obtain reliable estimates of the surface type.

2.2. Ice discrimination approach

In order to discriminate ice from open water, we used an
algorithm developed for simultaneous active and passive
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Fig. 5. Two-dimensional histograms (number of cases) of altimetric and SSM/I observations for Aral Sea for 1992-2006. For altimetric data the axes show the radar
backscatter coefficient in Ku band (13.6 GHz) versus the average value of radiometer brightness temperature at two frequencies (depending on satellite). For SSM/I
distribution is given in the polarisation (PR) and spectral (GR) gradient ratios space. Two main clusters (open water and ice/ice +snow) are shown, as well as the

limits to separate open water and ice used in this study (dashed lines).

microwave data from T/P altimetric data and passive micro-
wave data from SMM/I and applied for the Caspian and Aral
seas (Kouraev et al., 2003, 2004a,b) as well as for the Lake
Baikal (Kouraev et al., 2007a,b). For the Aral Sea, this method
so far has been used only for the T/P data and for SSM/I data
separately. In this work, we apply it to a wide range of the
existing satellite radar altimetry missions, i.e., T/P, Jason-1,
ENVISAT and GFO, and use a new approach using a series of
consecutive maps for data analysis (Kouraev et al., 2007a).

2.2.1. Simultaneous active and passive microwave data from
satellite altimetry

The ice discrimination method described in detail by
(Kouraev et al., 2003, 2004b, 2007a) is based on the spatial-
temporal evolution of the two parameters. The first para-
meter is the backscatter coefficient at Ku band (13.6 GHz), and
the second parameter is the average value of the brightness
temperature values at two frequencies, measured in °K, which
we call “TB2”. Open water has a low backscatter coefficient
and low brightness temperature values, while ice cover is
characterised by a high backscatter coefficient and elevated
brightness temperatures. Using a set of threshold values for

the backscatter and TB2, we can distinguish between open
water and ice with a high degree of reliability, compared with
using either parameter alone.

For T/P, Jason-1, and GFO, the backscatter and brightness
temperatures values are provided for every 1 Hz data, thus
giving an along-track ground resolution of about 6 km. For
ENVISAT we use 18 Hz backscatter values from the Ice2
retracker (450 m resolution along the ground track).
Observations from T/P and ENVISAT reveal two distinctive
clusters (Fig. 5), representing open water and ice, what is
typical for many seasonally ice-covered seas and lakes, such
as the Caspian and Aral seas (Kouraev et al., 2003, 2004a,b),
the Lake Baikal (Kouraev et al., 2007a) and others. The fact
that for ENVISAT we have the backscatter value for every
18 Hz data and brightness temperature only for every 1 Hz
data results in some stripes on the diagram. For Jason-1 and
GFO data with high backscatter and TB2, the values are
filtered out by the distributing agencies in the initial
Geophysical Data Records (GDRs), which reduces its temporal
resolution for estimating the timing of ice formation and
break-up. In this study, we used Jason-1 and GFO data to
reliably detect the open water.



278

2.2.2. Passive microwave data from SSM/I

Passive microwave data have been widely used to estimate
both ice concentration and type for the Arctic and Antarctic sea
ice (Ulaby et al., 1986; Steffen et al., 1992). The most commonly
used algorithms for estimating the ice cover concentration from
the passive microwave data are the NASA Team and Bootstrap
algorithms (Swift and Cavalieri, 1985; Comiso, 1986; Steffen
et al,, 1992). These algorithms use various combinations of
brightness temperature (TB) data from the 19.35 and 37.0 GHz
horizontally (H) and vertically (V) polarised channels, such as
the NASA Team algorithm where the polarisation (PR) and
spectral gradient (GR) ratios are used.

Ice discrimination using passive microwave techniques
requires a good knowledge of the radiometric properties of the
ice for each specific natural object. For the present day Aral Sea,
such data is absent. Moreover, while for the altimetry data open
water and ice form two well defined and easily separated
clusters, for SSM/I it is sometimes difficult to distinguish between
the ice and water (see Fig. 5). Currently we apply a fixed GR ratio
in order to distinguish between the ice and open water.

2.3. The recent Aral sea ice variability

The two types of observations have specific advantages,
i.e., wide spatial coverage and good temporal resolution for
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the SSM/I and high radiometric sensitivity and along-track
spatial resolution for the altimetry. The whole altimetric and
SSM/I dataset has been processed using the ice discrimination
methodology described by (Kouraev et al, 2007a). This
methodology uses sets of threshold values to classify satellite
data on the ice/water classification map for each pentad. We
then analyse sequences of classification maps for each pentad
to define the dates corresponding to the various ice cover
events.

Compared to previous results (Kouraev et al., 2003, 2004a,b),
this time we use a much larger dataset (including data from
Jason-1, GFO and ENVISAT) for more extended period of time
(1991-2006). Using the new ice discrimination methodology
with better spatial and temporal resolution, we provide uniform
time series based on the observations from several satellites
instead of satellite-specific time series, for both Large and Small
Aral Seas.

Using the methodology described above, we have defined
dates of the ice formation (appearance of the first ice) and ice
break-up (full open water observed) for the Large and Small
Aral Seas for 1991-2006, except the winter 2003/2004 when,
due to poor altimetric data coverage and availability, it was
difficult to reliably define these dates for the Large Aral Sea.
The variability of ice formation dates (Fig. 6a) is similar for
both the Large and Small Aral Seas. On average, ice starts to
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the two dates). Thick line — the Large Aral, thin line — the Small Aral. These data are also available online at the Hydroweb website.
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form first in the Small Aral Sea and then it appears in the Large
Aral Sea some 15 days later. For the ice break-up (Fig. 6b) the
sequence of mild and severe winters is well seen both for the
Large and the Small Aral Seas. However, the difference
between the ice break-up dates for the two water bodies
shows significant changes: for 1992-1997, the mean differ-
ence was 18 days, but since 1998 this value increased and the
mean difference more than doubled to 50 days, with maximal
value of 70 days. This rapid change is also evident in the
“winter duration” (i.e., ice cover duration) time series (Fig. 6¢).
For the Small Aral Sea, the winter duration is stable around
140 days, while for the Large Aral Sea, this value decreased
from 112 days in 1992-1997 to 69 days for 1998-2006.

Such a rapid shortening of the winter ice cover could be
attributed to several factors. The variability of sea level results
in changes of surface and volume, and thus of heat storage
capacity. While for the Small Aral Sea the sea level has been
stabilised, for the Large Aral Sea level decrease is continuing
(Aladin et al., 2005; Crétaux et al., 2005; Zavialov, 2005).
Using the dedicated Digital Bathimetry Model (DBM) of the
Aral Sea (Crétaux et al., 2005) and altimetric series of the sea
level we have estimated changes in the mean depth (defined
as ratio of sea volume to sea surface) for the Eastern part of
the Large Aral Sea and for the Small Aral Sea. While for 1992-
2006 for the Small Aral this value was relatively constant —
between 7.1 and 8 m, for the eastern Large Aral Sea mean
depth has decreased almost three times: from 5.1 to 1.9 m.
Another issue is the continuing increase of salinity of the
Large Aral Sea. Before the separation of the Small and Large
Aral Seas in 1989 the salinity was 28-30 ppt. Salinity
measurements in the Large Aral Sea are sparse and not well
assessed, but it is known that salinity in the Large Aral Sea has
reached in 2002 more than 80 g/l (Zavialov et al., 20033,b) in
the western part and around 100-120 g/l in the eastern part in
2001 (Mirabdullayev et al., 2004). This change in salinity
resulted in the decrease of the freezing temperature down to
about -5 °C (Zavialov, 2005), but also in the lowering of
temperature of maximal density, which, according to some
data, even at 40-50 g/l becomes less than the freezing
temperature (Ginzburg et al.,, 2003). Thus, during the
autumnal cooling the sea is strongly stratified and cold
surface layer does not sink downward. This might explain the
fact that we do not observe significant difference in the timing
of ice formation between the Small and Large Aral Sea. On the
other hand, high salinity of the Large Aral lead to the
development of thinner ice cover, and in spring this ice is
more easily melted, what is proven by much earlier ice break-
up in the Large Aral Sea comparing to the Small Aral Sea. An
interpretation of the obtained series of ice conditions in the
context of changes of both natural conditions and air
temperature remains for the future.

3. The Aral Sea and lake Sarykamysh level variability
3.1. Altimetric time series used

The methodology of analysis of the water level variations
based on the satellite altimetry data is considered in
numerous publications (e.g., Morris and Gill, 1994a,b; Birkett,
1995,1998; Larnicol et al., 1995; Cazenave et al., 1997; Mercier,
2001; Lebedev and Kostianoy, 2005). For the Large and Small

Aral Seas and for Sarykamysh 3ake, currently, there exist
several sources of altimetric series that are publicly available
online (Hydroweb, USDA Reservoirs database, Lakes and
Rivers database). We complement these existing time series
by another source of altimetric data (ISADB), not available
online. Departing from the initial altimetric data, different
groups of researchers use specific methods to estimate the
resulting sea level for the given period, and for this reason, we
perform an intercomparison of the available observations on
the example of Large and Small Aral Sea, and Sarykamysh
Lake, and discuss the potential reasons for differences.

3.1.1. Hydroweb (Hydroweb web site, 2007)

This altimetric water level data base at LEGOS (Laboratory
of Space Geophysics and Oceanography), Toulouse, France,
contains time series encompassing water levels of large rivers,
lakes and wetlands around the world. These time series are
mainly based on the altimetry data from T/P for rivers, but
ERS-1 and ERS-2, Envisat, Jason-1 and GFO data are also used
for lakes. At present, water level time series for about 100
lakes and 250 sites (called virtual stations) on large rivers are
available. The altimeter range measurements used for lakes
consist of 1 Hz data. For large water bodies, the satellite data
should be averaged over long distances and it is necessary to
correct for the slope of the geoid (or, equivalently, the mean
lake level). Because the reference geoid provided with the
altimetry measurements (e.g., EGM96 for T/P data) may not
be accurate enough, a mean lake level is computed, averaging
the altimetry measurements themselves over time. The water
levels are further referred to this ‘mean lake level’. For the
Large and Small Aral seas, the mean level is provided on the
base of T/P, Jason-1, GFO and ENVISAT observations, and that
for the Sarykamysh lake is derived from T/P, GFO and ENVISAT
[J.-F. Crétaux, pers. comm.]. Each satellite data set is processed
independently and potential radar instrument biases
between different satellites are removed using the T/P data
as a reference. Then the lake levels from the different
satellites are merged on a monthly basis.

3.1.2. USDA reservoir database (USDA Reservoir database web
site, 2007)

The U.S. Department of Agriculture's Foreign Agricultural
Service (USDA-FAS), in co-operation with the National
Aeronautics and Space Administration, and the University of
Maryland, are monitoring lake and reservoir height variations
for about 100 lakes worldwide using T/P and near-real time
Jason-1 data. For the Aral Sea, the height variations are
computed with respect to a 10-year mean level derived from
T/P altimeter observations and are provided with 10 days
resolution without median filtering.

3.1.3. ESA River and Lake (ESA River and Lake web site, 2007)
Since 2005, a new pilot system was launched at the
European Space Agency (ESA) in ESRIN with the aim of
deriving river and lake heights over Africa in near real-time
using the ENVISAT data. Historical time series for 1995-2003
have also been generated over the African rivers and lakes
using the ERS-2 data. This next release of this system should
incorporate targets over the South and Latin America.
Currently, there are several short time series (2006-2007)
of the water level for various targets in the Aral Sea region
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Fig. 7. Geoid height (left panel) and gravity anomalies (right panel) from the EGM96 model with decomposition on spherical harmonics 360°.

from ENVISAT data (accessible in the near real-time mode).
However, for the Large Aral Sea, only 1 out of 12 available
targets was actually over the sea, while the others are over the
newly dry bottom (7 points), or located too close to the coast
(4 points) to be reliable. The only point over the sea is in the
Large Aral Sea and its short time series (3 cycles) show an
increase of about 80 cm, while Hydroweb and USDA RDB both
show a decrease of 20-40 cm for the same period. For the
Small Aral Sea, 1 out of 4 available points is on land, and 3
others with time series of 4 to 6 cycles are noisy and not
consistent with each other. For Sarykamysh there are 3 targets
showing reasonable variability and trends comparable with
those of Hydroweb, but the length of the series is too short
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(4 cycles). Due to all this, the data from the ESA River and Lake
base are not used in this study.

3.14. Integrated Satellite Altimetry Data Base (ISADB)

This database has been developed at the Geophysical
Center of the Russian Academy of Sciences (Medvedev et al.,
1997). The satellite altimetry data of T/P and Jason-1 from the
NASA Goddard Space Flight Center (GSFC) Ocean Altimeter
Pathfinder Project (Koblinsky et al., 1999) were used. In
addition, the T/P merged geophysical data records (MGDR)
and Jason-1 interim geophysical data record (IGDR) and
geophysical data records (GDR) were obtained from the NASA
Physical Oceanography Distributed Active Archive Center
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Fig. 8. Gravity anomaly (solid line) and its gradient (dashed line) along the T/P ground track 107. Grey lines show where track crosses Sarykamysh lake and Large
and Small Aral (dark grey — boundaries of 1962, light grey — boundaries of 18 May 2002).
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(PODAAC) at the Jet Propulsion Laboratory (JPL) of California
Institute of Technology (Benada, 1997; Picot et al., 2006).

The geoid field (EGM96 data) over the Aral Sea region is
relatively stable (Fig. 7a). The geoid height varies from -25 to
-30 m west to east for the Large Aral Sea, from -27 to -30 m
in the southwestern direction for the Small Aral Sea, and from
-23 to -24 m in the north-eastern direction for the
Sarykamysh lake. However, the field of gravity anomalies
(GA) is different (Fig. 7b). Along the T/P ground track 107, they
vary from -15 to -30 mGal, what is much higher than for
other parts of the sea.

In the Large Aral Sea region, the local minima of GA are
located in the south-eastern shallow part (-23 mGal) and in
the deep-water western part (less than -32 mGal). Along the
T/P ground track 107 (Fig. 8) they do not change rapidly (-20
to -30 mGal), and GA gradient module do not exceed
0.05 mGal/km. Along the ground track 142 GA changes
significantly — first GA increases from -32 to -22 mGal and
then it decreases up to —23 mGal. For the Small Aral Sea, there
is a minimum of below -30 mGal north of the Kokaral dam
and increase of GA up to —20 to -25 mGal in the northeastern
direction. The overall gradient of GA is 0.2 mGal/km along the
107 ground track.

In order to take into account all features of the GA field, the
sea level is calculated in the ISADB not along the satellite
ground tracks, but at crossover points or in the points
equidistant from the coast. The sea level was computed for
one cross-over point of the T/P (and Jason-1) tracks located in
the southern part of the eastern Large Aral Sea and in one
point on the track crossing the southern part of the Small Aral
Sea (Fig. 1). For the Large Aral Sea, crossover point 107-142
was taken. For the Small Aral Sea, the crossover point 107-218
is too close to the cost to be safely used for the correct
analysis, thus we used data in a point at 107 ascending pass,
which is equidistant from the coastline.

3.2. Sea level variability

3.2.1. Large Aral Sea

Satellite data show a continuous decrease of the Large Aral
Sea level modulated by seasonal and interannual signals (Fig. 9).
Since 1992 and until the spring of 1995 sea level was relatively
stable, then there was a rapid decrease of the sea level till
summer 2002, with the rates of the sea level drop reaching
95 cmy/year, on average. From October 1992 to August 2002, the
water level decreased by about 6.5 m (Fig. 9). During the last
years sea level drop continues, but with a much lower rate of
13.5 cm/year, on average.

Comparison of various sources of altimetric data shows
that Hydroweb and USDA RDB time series correspond well
with each other. The USDA RDB data are provided
unsmoothed and for every cycle, thus they have more
inherent noise and, in some cases, do not always correspond
to the Hydroweb values due to outliers. Starting from 2003,
USDA RDB data are constantly higher than Hydroweb,
apparently due to different constant introduced to account
for the bias between Jason-1 and T/P. ISADB monthly data in
general agree well with the other time series, except for
summers 1998-2000, where outliers for specific cycles could
have driven the monthly values down. Apparently for the
same reason as discussed for USDA RDB, the Jason-1 data from
ISADB show discrepancy from Hydroweb, but this time to a
smaller extent.

Some data obtained from direct geodesic levelling of the
Large Aral Sea surface in field surveys can be found in
(Zavialov et al., this issue).

3.2.2. Small Aral Sea

The level of the Small Aral Sea is affected not only by the
constituents of the water balance, but also by the operation of
the Kokaral dam in the Berg Strait (Aladin et al., 2005). Since the
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Fig. 9. Time series of Large Aral sea level (m) from various sources: ISADB (black line), Hydroweb (thick grey line with white dots), and USDA Reservoir Database
(black crosses). Grey vertical lines denotes ice cover duration period (derived as described in Section 2.2.1), for 2004 the duration is absent. Y axis have different
absolute values, but vertical scale is identical; data from various sources are overlaid in order to have the best fit for T/P.
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Fig. 10. Same as Fig. 9 but for Small Aral. Grey boxes in the upper part of the graph indicate the duration of Kokaral dam operations.

1980s the strait has been dredged for navigation. In the
beginning of 1990s water started to flow from the northern
part of the Aral Sea to the southern one; at the level of 37 m the
difference between the two parts was about 3 m and the flow
rate was 100 m>/s (Aladin et al., 2005). After a separation of the
Small and Big Aral in 1989, the first 1 m high sand dam was
constructed in July 1992 but soon collapsed under pressure of
water. Second dam of 2 m height was immediately constructed
in late July - early August 1992 and stayed for 9 months until
April 1993. After three years without dam a third one was
constructed and operated for more than one year (April 1996 —
May 1997). All three first dams have been made of sand and
were not able to resist the pressure for a long time. Afterwards, a
fourth, more solid (sand and concrete) dam was constructed in
October 1997. This was a 14-km long and 30 m wide dam
(Létolle and Chesterikoff, 1999) that stayed until 22 April 1999,
when a strong storm raced through all the territory of
Kazakhstan and the combined effect of waves and winter ice
led once more to the dam's break-up. Before this event the
Small Aral sea level was about 42.8 m. By September 1999 the
sea level decreased by 2.5 m (Fig. 10). However, all the water
that started to flow through the Berg Strait evaporated in the
sands and did not finally reach the Big Aral (Crétaux et al,
2005). In 2003-2005 the more solid was built by the Russian
company Zarubezhvodstroy under financial support of the
World Bank. This fifth dam was put in operation on August
2005. These efforts resulted in a steady increase of the Small
Aral Sea level since that time.

As well as those for the Large Aral Sea, the Hydroweb and
USDA RDB time series for the Small Aral Sea correspond well
with each other. For the Small Aral Sea, there are fewer
outliers in USDA RDB than for the Large Aral Sea. Starting from
1999, these data have more gaps than Hydroweb data,
probably due to filtering. For 1992-1998, ISADB data agree
well with both other time series, but starting from 1999 data
show much larger discrepancies, apparently affected by
outliers, especially in the winter.

3.2.3. Lake Sarykamysh

Since 1992, the Sarykamysh Lake has been progressively
increasing in size, reaching its maximum level at the beginning
of 2000 with an increase of 5 m at a rate of 0.6 m/year, as it was
observed since the beginning of the TOPEX/Poseidon altimetry
mission (Fig. 11). In the next two years, a decrease of about 1 m
in the lake level was observed. Since the end of 2002, we
observe a continuous increase of the lake level with a rate of up
to 0.7 m/year. By December 2006, Lake Sarykamysh reached its
uppermost level, which was 1 m higher than in 2000. The data
from both ISADB and Hydroweb reveal a similar variability, and
discrepancies are rather small.

The time series of the water level for the Aral Sea and
Sarykamysh Lake from the four considered data sources
exhibit different data quality. For ESA river and lake, the
target points are often located on land or too close to the
current position of the coastline. For the points that are over
the water, the time series are too short to be used for our study.
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Fig. 11. Time series of Lake Sarykamysh level (m) from ISADB (black line) and Hydroweb (thick grey line with white dots). Y axis have different absolute values, but
vertical scale is identical; data from various sources are overlaid in order to have the best fit for T/P.
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Fig. 12. Histograms (in %) of differences (cm) between 18 Hz range measures for various ENVISAT retrackers. Black lines — open water, grey lines — ice.

The Hydroweb and USDA RDB time series demonstrate the
highest quality and, in general, are well correlated between
each other. ISADB time series often correspond well to the
other time series, but there are cases where the monthly
values are strongly affected by outliers. As a result, ISADB data
do not perform better than Hydroweb or USDA RDB.

3.3. Influence of sea ice on altimetric measurements

Estimates of the distance between the satellite and the
echoing surface are obtained using a procedure known as
altimeter waveform retracking. Retracking retrieves the point
of the radar echo that corresponds to the effective satellite-
to-ground range. As the primary goal of most altimeters is the
study of ocean topography, most of the retracking algorithms
used are suited to the open ocean conditions. For example, T/
P, Jason-1, and GFO all have only one on-board retracker that
is adapted to the ocean surface. However, as we have seen
before, both Small and Large Aral Seas have a persistent ice
cover present every year for several months. This significantly
affects the shape of the returning radar waveform and could
result in erroneous range estimates in winter.

In order to assess the degree to which the ice affects
altimeter range measures and estimate corresponding uncer-
tainties, we used the data from the ENVISAT altimeter. For this
satellite, four different retracking algorithms (one - Ocean - for
ocean conditions and three - Icel, Ice2 and Sea Ice - for ice)
were used to process the raw RA-2 radar altimeter data. The
Ocean retracker uses the classical waveform shape of (Brown,
1977) and performs a fit to the measured waveform with a
return power model (ESA, 2002). The Icel retracker has been

developed for studies of both ice caps and land surfaces. This
algorithm is based on the Offset Centre of Gravity (OCOG)
approach (Wingham et al., 1986; Bamber, 1994). The Ice2
retracker, designed for ice caps, detects the waveform edge and
fits separately an error function to the leading edge and an
exponential decrease to the trailing edge (Legrésy, 1995;
Legrésy and Rémy, 1997). As for sea ice there is no waveform
model, the Sea Ice retracker uses a threshold approach (Laxon,
1994; ESA, 2002). For a detailed description of the four
retrackers see (ESA, 2002) and for their applicability to
continental water objects see (Frappart et al., 2006).

Presence of the four simultaneous range values from these
retrackers for each 18 Hz RA-2 measure gives a possibility to
precisely quantify the differences between various retrackers.
We used the ENVISAT data for ground tracks 126,167 and 625
for the Small Aral Sea and 253 and 670 for the Large Aral Sea

Table 1
Statistics for differences (cm) between 18 Hz range measures for various
ENVISAT retrackers

Ocean-  Ocean-  Ocean-  Icel- Icel- Ice2-
Icel Ice2 Sea Ice Ice2 Sealce Sealce
Open water
1st quartile 209 -2.7 -10.6 =275 -36.5 -10
Median 249 14 =53 -234  -305 -58
3rd quartile 28.5 49 =22 =68 =259 =27/
Ice cover
1st quartile -40.7 =528 -57.8 =229 -249 -10.1
Median -25.2 -40.8 -45.6 -18.6 -19.5 -4
3rd quartile -8.7 -30.8 -32.8 -10.3 -13.2 29
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Fig. 13. Position of sea level (cm, based on values from Table 1) for Ice1, Ice2
and Sea Ice retrackers relative to Ocean retracker for open water (a) and ice
cover (b). Black points — median values, lower and upper limits of boxes
correspond to 1st and 3rd quartiles.

(see Fig. 4, solid black lines). Using the method described in
Section 2.2.1, each 18 Hz data has been classed as either open
water or ice. The total number of 18 Hz observations (each
comprising four different range values from four retrackers)
for open water was 11487, and that for ice was 3891. Using this
dataset, we have calculated the range differences between the
specific retrackers and calculated separate statistics for open
water and ice (Fig. 12, Table 1).

These statistics show large variability between open water
and ice cover for range differences estimated by the Ocean
retracker and the three others. Median values of the ice-water
differences for the corresponding retrackers amounted to
50 cm for Ocean-Icel, 42 cm for Ocean-Ice2, and 40 cm for
Ocean-Sea Ice. For these combinations of the retrackers, the
shape of the histogram is narrow and high-peaked for the
open water, and becomes more spread and noisy for the ice
cover, reflecting high variability of the returning waveforms.
The intercomparison of Icel, Ice2 and Sea Ice retrackers
initially designed to be able to process specific complex
waveforms coming from ice shows much smaller differences
between the open water and ice, namely, 4.8 cm for Ice1-Ice2,
11 cm for Ice1-Sea Ice, and just 1.8 cm for Ice2-Sea Ice.

Graphical representation of the sea level position as mea-
sured by the Icel, Ice2 and Sea ice retrackers compared to the
Ocean retracker is shown in Fig. 13. Though the lack of in situ
measures of Aral Sea level makes it impossible to quantitatively
validate these measures, we can make the comparison assuming
that a) the Ocean retracker should work well for the open water,
and b) the ice retrackers should work well for ice. For open water
(left panel) Ocean, Ice2 and Sea Ice show similar values, while
Ice1, due to retracking procedures, constantly overestimates the
sea level for about 25 cm, and this should be taken into account
when using Icel range values for the open water case.

When the lakes are ice-covered, the Sea Ice and Ice 2
values are close to each other. The Ice1 yields higher sea level
height for 15-20 cm. However, the Ocean retracker constantly
shows much higher values than any ice-adapted retracker,
with the misfit up to 40-45 cm. We note, as an example, that
for the ice-covered Ob' River in Siberia, a comparison of T/P
water level and in situ observations at a closest hydrological
point showed that for such a complex terrains with the
influence of land and river ice, T/P underestimated the level
for up to 2-3 m (!) (Kouraev et al., 2004c).

Thus, for ENVISAT, it is obviously better to use other
retrackers than Ocean when the ice cover is present. For the
Aral Sea, we are not able to estimate the absolute differences
for each altimetric satellite, but it looks reasonable to adjust
the lake level measures obtained from T/P, Jason-1, and GFO
(all of which use the Ocean retracker) by additionally
“lowering” them for 40-45 cm.

4. Conclusions

We discussed the recent seasonal and interannual varia-
tions of ice cover and lake surface level in the Aral Sea obtained
from satellite altimetry data for the period from 1992 through
2006. An ice discrimination method, based on a synergy of
active and passive data from the four altimetric missions and
SSM/I, was applied to the entire satellite dataset to define
specific dates of the ice events. For the Small Aral Sea, the
“winter duration” (defined as the ice cover period) was stable
at around 140 days, while for the Large Aral Sea this value
decreased from 112 days in 1992-1997 to 69 days for 1998-
2006, on average, mainly due to earlier melting of the ice. Such
arapid shortening of winter ice cover in the eastern Large Aral
could be attributed to the following factors: shallowing of the
sea, change of heat storage capacity, increase of salinity,
decrease of the freezing temperature, lowering of temperature
of maximal density, and development of thinner ice cover. In
the future we plan to perform an analysis of the obtained
series of ice conditions in the context of changes of both
natural conditions and air temperature.

We analysed the evolution of the lake level to follow the
desiccation of the Large Aral Sea, recovery of the Small Aral
Sea, and filling of the Lake Sarykamysh. To this end, we used
altimetric time series from several sources (Hydroweb, USDA
Reservoir Database, Integrated Satellite Altimetry Data Base,
and others), and performed an intercomparison of available
observations. The time series of the water level for the Aral Sea
and Sarykamysh Lake derived from the four considered
sources showed different data quality. For ESA River and
Lake, the majority of target points are mislocated, and for
other points either time series are too short or the results are
unrealistic. The Hydroweb and USDA RDB time series demon-
strated the highest quality, and were, in general, well
correlated with each other. The ISADB time series also
correspond well to the above time series, but there are cases
where the monthly values are strongly affected by outliers,
and as a result, the ISADB data do not perform significantly
better than those Hydroweb or USDA RDB.

The altimetry data show a continuous decrease of the
Large Aral Sea level, modulated by seasonal and interannual
signals. Since the spring of 1995, a fast decrease of the sea
level was observed until the summer of 2002, with the rates
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of the sea level drop reaching 95 cm/year, on average. The
level drop then continued at a smaller rate of 13.5 cm/year.
Using a reference point directly measured in-situ during the
sea expedition in November 2002 we can reconstruct the
absolute value of the sea level on 9 January 2007 that was
equal to 29.42 m. This is the most recent measurement made
by Jason-1 at the time of preparation of this paper.

The level of the Small Aral Sea has been largely affected by
operations of the Kokaral dam. After a severe storm of 22 April
1999 that destroyed the dam, by September 1999 the sea level
decreased by 2.5 m due to a continuous sink of sea water
towards the Large Aral Sea. In August 2005, a new solid dam
was built and this resulted in steady and rapid increase of sea
level since September 2005 at the rate of 92.4 cm/year,
leading to a significant recovery of the Small Aral Sea.

The Sarykamysh Lake has been progressively increasing in
size since 1992, reaching its maximum level at the beginning of
2000. In the next two years, a decrease of about 1 m in the lake
level was observed. Since the end of 2002, the lake experienced
a continuous increase of the lake level at a rate of up to 0.7 m/
year. By December 2006, the Sarykamysh Lake attained its
uppermost level, which is about 1 m higher than that of 2000.

Using the data from 4 altimetric retrackers for ENVISAT,
we estimated how the presence of ice could affect the
altimeter range measures. We showed that for the ice-
covered sea, Ocean retracker constantly yields much higher
levels values than those derived from any of the ice-adapted
retrackers, with the differences reaching 40-45 cm. Thus, for
ENVISAT, it is obviously better to use other retrackers than
Ocean when the ice cover is present. In order to homogenise
the sea level time series for the open water and ice-covered
sea, we suggest to subtract 40-45 cm from sea level measures
from T/P, Jason-1, and GFO (all of which use the Ocean
retracker) when the Aral Sea is ice-covered.
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