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Summary. The Caspian Sea is the largest closed reservoir in the world. In the absence of a
direct connection with the world ocean, the closed Caspian Sea is characterized by significant
secular changes, inter-annual and seasonal variability in the level. In the work, according to
observations of radar altimetry of ENVISAT, Jason 1 and Jason 2 satellites, seasonal variations in
the level of the Caspian Sea, as well as features of their amplitude distribution, also the phases of
their appearance over the entire sea area, are investigated. According to a special method, the
average annual values of the amplitude and the occurrence phase of seasonal fluctuations of water
level for various areas of the sea area were calculated using pre-determined satellite tracks. The
influence of the Volga River flow on the amplitude and phase of seasonal variations in the various
areas of the Caspian Sea level has been studied. Studies have shown that the amplitude of seasonal
fluctuations in sea level of the North Caspian Sea is greater than in the Middle and South Caspian.
They also differ in direction from east to west. The earliest phases of the sea level amplitudes were
recorded in the Northern Caspian, below the Volga delta (in May), and in the rest of the sea —
much later (June-July). It has been established that the influence of the Volga River flow is most
sensitive in the northern part of the sea, and towards the south its influence gradually decreases,
and other factors start to prevail (evaporation, precipitation). The paper discusses the reasons for

this difference.

© 2018 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

One of the main factors affecting to seasonal
fluctuations of the Caspian Sea level is river water
input (Volga, Ural, Kura, Terek, etc.). The Volga
provides 78-82% of the total river input to the
Caspian Sea (I'mapoMeTeopoNIOTHS ¥ THIPOXUMHUS
mopeit, 1990). Even though other rivers have some
slightly different physical-geographical conditions,
the intra-annual variations of the surface waters
flowing to the sea, in general correspond to intra-
annual river inflow of the Volga River. High water
period with maximal discharge of the VVolga River is
observed in May and June (Fig. 1).

In order to analyze the spatial and temporal
distribution of seasonal sea water level fluctuations
and the influence of the river flow of the Volga
River on this distribution, it is necessary to create
spatial and temporal distribution maps of the sea
level amplitude and phases of its occurrence for the

whole surface of the Caspian Sea. However, it is
impossible to solve this problem according to the in-
situ observations, because they cover only coastal
regions. Thus, for this purpose it is more expedient
to use remote sensing data, which are much
attractive in case when contact measurements cannot
be conducted because of geographic, political or
economic reasons (Troitskaya et al., 2011).

Since the launch of Topex/Poseidon in 1992
many studies have shown the high potential of radar
altimetry for the monitoring of lake height variations
(Birkett, 1995; Coe and Birkett, 2004; Aladin et al.,
2005; Crétaux et al.,, 2005; Hwang et al., 2005;
Crétaux and Birkett, 2006; Crétaux et al., 2009;
Crétaux et al., 2011b; Hwang et al., 2011; Lee et al.,
2011; Gao et al.,, 2012; Zheng and Bastiaanssen,
2013; Arsen et al., 2015; Chen et al., 2017). The
main advantages of this remote sensing method is
global coverage and high penetrating ability of radio
waves through the atmosphere and clouds. This
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allows to perform investigation practically in all
weather conditions, as well as in condition of the
presence of sufficiently high aerosol concentrations
in the air (Troitskaya et al., 2011). For the Caspian
Sea satellite radar altimetry data were successfully
used since Topex/Poseidon launch in 1993 (Kouraev
et al., 2011). However, taking into account the
temporal variability of the water regime of the
Caspian Sea, it is of great interest to study sea level
amplitude and phase distribution using recent data of
Jason 2. It should be taken into consideration that
the satellites of the Jason series have an advantage in
the frequency of data repetition, and the ENVISAT
satellite is preferable regarding the density of track
distribution over the sea’s water area. The accuracy
of measuring by Jason satellites over the oceans is
2 cm (Fu et al., 2001), but the error in calculating the
altitude of the sea surface in relation to the reference
ellipsoid reaches 4.2 cm (Chelton et al., 2001). The
accuracy of measurements by ENVISAT vary
depending on target size (Arsen et al., 2015) and is
generally 4-5 cm for big open water bodies (Crétaux
etal., 2011a; Lebedev et al., 2005).

Used material and research methodology

The satellite altimetry observation data of EN-
VISAT (2002-2009) GDR v2, Jason 1 (2002-2009)
GDR-C and Jason 2 (2008-2013) GDR-D data used
in this work were obtained from Centre of Topogra-
phy of the Oceans and the Hydrosphere
(ctoh.legos.obs-mip.fr) and processed in collabora-
tion with LEGOS/ECHOS research group
(Www.legos.obs-mip.fr).

The Caspian Sea surface intersects with 8 Jason
1-2-3 tracks (016, 031, 057, 092, 107, 133, 168, 209
and 244). Four of them are ascending, and 4
descending (Fig. 2). The revisit time for each of
these tracks is about 10 (9.9156) days. The longest
track (092) is about 1000 km long and crosses the
sea from Iranian coast in the South to the southern
boundary of the Volga Delta (territory of the
Russian Federation) in the North. The Caspian Sea
intersects with 25 tracks of the ENVISAT satellite as
well. Of these, 14 are ascending, and 11 are
descending. The revisit time for each of these tracks
was about 35 days. The gaps between ENVISAT
tracks are smaller then that of Jason 1, Jason 2 which
allow us to retrieve more information about the
distribution of seasonal sea-level amplitudes and
their phases of occurrence throughout the water area.

In order to identify the annual maximum
amplitudes and their phases of occurrence in the
entire water area of the Caspian Sea, an integrated
research along the corresponding tracks, consisting
of three stages was carried out.
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In the first stage, satellite data for the Jason 1,
Jason 2 and ENVISAT were geographically delim-
ited. For each track for each satellite the sea level
was calculated using LEGOS processing chain
which was described by Cretaux et al., 2011a. The
sea level is calculated as follows:

SSH = altitude — corrected range,

where SSH is the sea surface height, altitude is the
satellite orbit, and corrected range is the measured
range with atmospheric path delay and geophysical
corrections. The expression for the sea level
anomaly is as follows:

SLA = SSH — MSS,

where SLA is the sea level anomaly, and MSS is the
mean sea surface.

In an open sea and in the ocean, estimation of
sea level is usually done with averaged 1 Hz data.
For the Caspian Sea the averaging of the sea level
was carried out over 10 km strips. Outliners inside
each patch were filtered using a 3-sigma test.

At the second stage of the study the spatial and
temporal distribution of sea level is analyzed. For
each satellite for each track, the 10 km averaged sea
level time series are used to determine annual mean,
annual maximum and minimum values of the sea
level anomalies and phase (the day of the year of
their occurrence). Here, the definition of the ampli-
tude is considered as half of the difference between
the maximum and minimum level anomalies, ob-
served in one year. For each 10 km patch the aver-
age multi-annual amplitudes and the phases were
also calculated.

Finally, after the completion of the first and
second stages of the studies, based on satellite
altimetry observations data maps of the distribution
of the mean annual maximum amplitudes and the
phases of their occurrence throughout the all water
area were created using ArcGIS 10.3 (Fig. 2 and 3).

Results and discussions

Fig. 1 reflects monthly distribution of the Volga
River water discharge based on in-situ observation
data, conducted from measurement point Verkhnee
Lebyazhye during 2002-2013. As seen, the value of
the river flow begins to grow in March and reaches
the maximum in May. Despite the fact that the
maximum water discharge in Volga is observed in
May, the spatial variability of the amplitude and
phases of sea level observations indicate the
complexity of these changes (Fig. 2 and 3).
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According to the data taken from Jason 1 and
Jason 2 satellites for the 2002-2013 period of
observations, the largest amplitudes (43-48 cm) of
seasonal sea level changes (Fig. 2a) were observed in
the eastern part of the North Caspian (track 133) from

June 25 to July 5 (Fig.

2b). In the Northern Caspian,

south to the Volga Delta (tracks 57 and 168), relatively

high values (33-38 cm)

50

0

of amplitude in the sea level

Water flow, km*/month

1 2 3 4 5 6

were also observed (Fig. 2a) from mid-May to early
June (Fig. 2b). The relatively bigger values of the
seasonal sea level fluctuations amplitude, can be
explained by the enormous influence of the flow from
the Volga and Ural rivers, as well as such factors as the
shallow waters, the nature of surface currents and,
partially, the effect of relatively light fresh water that
enters the sea with rivers discharge.
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Figure 1. The histogram of intra-annual average water flow discharge of the Volga River based on the observation data for 2002-2013
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Figure 2. Distribution maps for tracks of annual level amplitudes in the Caspian Sea (a) and the phases of their occurrence (b) based
on the data of the altimetry observations of the Jason 1, Jason 2 satellites for 2002-2013
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Figure 3. Maps of distribution for tracks of annual level amplitudes (a) in the Caspian Sea and the phases of their occurrence (b)
based on the data of the altimetry observations of the ENVISAT satellite for 2002-2013

It should be noted that the results obtained here
are slightly different from those obtained with the
help of Topex/Poseidon data (Kouraev et al., 2011),
where the available seasonal amplitude values are
smaller, and observation phases of them are bigger.
However, the comparison with the data of ground in-
situ stations (Abuzyarov, 2011) shows that the
values of amplitudes and phases of observation,
obtained in this study are much closer to the real
values. This, incidentally, is also noticeable from the
graphs of sea level evolution basing on data of
ground and satellite observations.

In the Middle Caspian, the sea level amplitude is
relatively lower than in the Northern Caspian. Along
the track 092 in the deep-water areas, it varies around
28-33 cm (Fig. 2a). This result has a good agreement
with the observation data from the coastal region
stations (Abuzyarov, 2011). In the relatively northern
part of the deep-water area, the phases of occurrence
of the sea level amplitudes are observed from June 25
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to July 5, and in the southern part — in July 5-15 (Fig.
2b). The amplitude phases to the east of track number
92 are related to an earlier period, whereas to the west
— on the opposite (tracks 133 and 209). If we compare
with the bottom topography map, it can be concluded
that in the shallow water areas of the Middle Caspian,
seasonal amplitudes of the level are observed at an
earlier time than in the deep waters. The reason is
apparently because of warming of the sea water
which causes the evaporation to increase, which
prevents a further rise in sea level due to the flows of
the Volga and other rivers.

In the Southern Caspian (tracks 31, 92, 209),
the values of the sea level amplitude are generally
getting lower values (23-28 cm) than in Northern
and Middle Caspian regions, and only in the
western part, where the Kura River flows into the
sea (track 16), as well as surrounding areas it
reaches the value of 28-31 cm. In the western part
of the Southern Caspian, the water level and the
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amplitude of its fluctuation is slightly bigger
compared to the eastern part (Fig. 2a). This can be
explained by relatively huge river flow and huge
amount of atmospheric precipitation in the
western part. The phases of the occurrence of sea
level amplitudes in the eastern territories are
observed earlier than in the western areas (Fig.
2b). The reason for that probably lies in the fact
that in Southern Caspian region the impact of the
Volga River decreases and unlike western
territories the amount of precipitation here is low,
whereas evaporation is high. In other words, rapid
evaporation in the eastern part of the sea leads to
an earlier formation of the amplitude.

Maps of distributions of seasonal amplitudes
and phases of their occurrence, obtained with the
help of the altimetry observation data from the
ENVISAT satellite, are shown in Fig. 3, where it
can be seen that the nature of these distributions is
generally similar to those obtained from the Jason
1, Jason 2 satellites (Fig. 2). However, the differ-
ence lies in the fact that the amplitudes obtained
from ENVISAT data turned out to be relatively
smaller, and the phases, on the contrary, are bigger
than for the Jason 1, Jason 2 satellites. This can be
explained by a much longer period of track repeti-
tion of the ENVISAT satellite (35 days) compared
to Jason 1, Jason 2 (10 days). Longer track repeti-
tion period leads to a bigger error in establishing
correct values of the amplitude of the level and the
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OCOBEHHOCTH CE30HHBIX UI3MEHEHWUH YPOBHS KACIIMMCKOI'O MOPSI

Cadapos I.C.%, Kpero XK.-®.2, Mamenos P.M.., Apcen A.5, Cadapos C.I'.!
Uncemumym eoepagpuu HAHA
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Pesrome. Kacniniickoe Mope SBIISIETCS CaMbIM OOJIBIIIMM 3aKPBITBIM BOJOEMOM BO BCEM MHpE. B OTCYTCTBHHM HENOCPEACTBEHHOM
CBSI3U C MHPOBBIM OKEaHOM 3aMKHYTOMY KacrmiickoMy MOpPIO CBOMCTBEHHBI 3HAUUTEIIbHBIE BEKOBBIC, MEKIOOBBIC M CE30HHBIC H3-
MeHEHHUs ypoBHA. B paboTe mo maHHBIM HaOMIOACHUI paguoIOKaMOHHONW anbTuMeTpun ciiyTHUKOB ENVISAT, Jason 1 u Jason 2
paccMaTpHBalOTCs Ce30HHBIE KojeOaHus ypoBHA Kacmuiickoro mMopsi, 0COOEHHOCTH pacmpeleNieHnsl NX aMIUIUTYABL, a Takke (asbl
TIOSIBJICHUS 110 BCeW akBaTopuu Mopst. 1o crenuansHOi MeTouKe pacCUNTaHbl CPEIHET0I0BBIE 3HAUCHUS aMIDTUTYABI U (a3l MOsB-
JICHUsI CE30HHBIX KOJIeOaHUH ypOBHS BOJBI [UIS Pa3lIMYHBIX PaOHOB aKBaTOPHH MODS IO 3apaHee yYCTaHOBJICHHBIM CITyTHHKOBBIM
TpekaM. l3ydueHo BimsiHHE cTOKa pekH Boira Ha amrumTyny u ¢asy ce30HHBIX KoyieOaHUIl ypOBHS pa3iM4HBIX paioHoB Kacnmii-
ckoro mopst. McenenoBanust nmokasany, yto B CeBepHoM Kacmiy 3HaYeHHE aMIUTUTY 16! CE30HHBIX KOJIeOaHUil ypoBHS Mopst OoubIie,
yeM B CpenreM u tOxxHoM Kacnmm. OHE Taxoke OTIMYArOTCS B HAIIPaBICHUH C BOCTOKA Ha 3amai. Camble paHHHE (a3bl aMILTATY
ypoBHs Mops 3adukcupoBansl B CeBepHoM Kacnuu, Hike 1enbThl Boury (B Mae), a B OCTaJIBHBIX 4acTsAX MOPS — 3HAUMTENIBHO M03-
ke (MIOHB-MIONB). Y CTAHOBJICHO, YTO BIMSHHE CTOKA PeKH Boira Hanbosee 4yBCTBUTEIBHO B CEBEPHON YacTH MOpsl, a B HalpasJiie-
HHMH K IOTYy OHO IIOCTEHECHHO yMEHbIIAETCs, U HauMHaeT mpeobianarh BosjeiicTBue Apyrux (GakTopoB (McHapeHue, aTMochepHbIe
ocajku). B pabote 00Cy X Iar0TCss MPUYUHBI TAKOTO PA3THYHSL.

Knrwuesvie cnosa: Kacnuiickoe mope, Bonea pexa, cnymuuxosas anemumempus, mpek, Jason 1-2, ENVISAT, amnaumyoa,
dasa, yposenb mops

XOZOR DONIZININ MOVSUMI SOViYYD DOYISILMOLORININ XUSUSIYYOTLORI
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Xiilasa. Malum oldugu kimi, Xozor donizi diinyanin on boyiik gapali su hovzesidir. Diinya okeani ilo birbasa olagesi olmayan
qapali Xozar danizi shamiyystli saviyys doyisilmalori (asrlik, illorarast vo movsiimi) ilo xarakterizo olunur. Magalo Xozor donizi
Soviyyesinin movsiimi soviyys toroddiidloring, homginin onlarin amplituda vo bagvermo fazalarinin foza-zaman paylanmasinin
todgigins hasr olunmugdur. Tadgigatda Envisat, Jason 1 u Jason 2 peyklarinin radar altimetriya mslumtlarindan istifads olunub.
Miivafiq peyk treklori tizro Xozor donizi akvatoriyasinin miixtalif orazilorindo moévsiimi soviyys toraddiidlorinin orta goxillik
amplitudalari vo onlarin fazalari miiayysnlasdirilmis, hamginin Volqa gay1 aximimin onlara miimkiin tosiri aragdirilmigdir. Tadgigatin
naticalorine osason miiayyanlogdirilmisdir ki, Simali Xozords doniz soviyyesinin movsiimi dayismolorinin amplitudalar: Coanubi
Xozora nisbaton daha boyiikdiir. Belo bir forq denizin sorq vo gorb orazilori iigiin do mévecuddur. Danizin saviyys doyisilmo
amplitudalarinin an erkon fazalar1 may ayinda Simali Xozordo, Volqa ¢aymin deltasindan asagida, denizin galan hissalarinds iss -
nozaragarpacaq derocads sonra - iyun-iyul aylarinda qeyde alinir. Beloliklo, gostorilmisdir ki, donizin simal orazilori Volga cay1
aximina daha hossasdir vo Conuba dogru bu tasir tadricon azalir vo digar amillar istiinliik toskil etmays baglayir (buxarlanma,
atmosfer yagintilar1). Todgigatda alinan naticalorin sobablori mogalodo miizakirs olunur.

Acar sézlar: Xozor donizi, Volga ¢ayi, peyk altimetriyasi, trek, Jason 1-2, ENVISAT, amplitude, faza, daniz saviyyasi
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