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Reasearch highlights:

• 1. Decadal process of the TOPEX/Poseidon (T/P) satellite altimetry

data set over the Caspian Sea.

• 2. Presenting the point-wise and pass-wise approaches to monitor an

inland water body such as the Caspian Sea using satellite altimetry

observations.

• 3. Presenting the least squares spectral analysis approach as a reliable

tool to analyze the sea level variations.

• 4. Compute the tidal and the T/P’s orbital frequencies within the

Caspian Sea.

• 5. Discovering the influence of the Volga River’s frequencies on the

level variations of the Caspian Sea.
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Abstract

The Caspian Sea is an economical resource, that supports the population

of five countries (Iran, Russia, Kazakhstan, Turkmenistan and Azerbaijan),

and regulates the region’s climate. It has displayed considerable fluctuations

in its water level during the past few years, necessitating its monitoring.

Knowledge of such fluctuation is vital for understanding the local hydro-

logical cycle, the region’s climate, supporting flood management plans, and

construction activities within the sea and along its shore-lines. The average

water level variation of the Caspian Sea, is however, rather complicated and

non-periodic as indicated by long-term space-borne and terrestrial records.

These variations have been mostly influenced by changes in water inflow rates

due to changes in the agricultural policies of neighboring countries. The aim
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of this paper is to evaluate the temporal variations in the level of the Caspian

Sea using 400 cycles of the complete TOPEX/Poseidon satellite altimetry

data for the period 1993 to 2003. Use is also made of the Anzali Port tide

gauge data for the period 1982 to 2003, and 5 years of monthly discharge

data from the river Volga. The study employs least squares spectral analysis

(LSSA) to find the most significant frequencies and the mean value of the

observed variations. The results indicate a long-term (12.5-years period) and

that on average, the Caspian Sea’s level rose at a rate of about 15 cm/year

from 1993 to 1995, while from 1995 to 2003, there was an average decline

of nearly 6 cm/year. Cross-correlation of the Volga’s power spectrum with

the powers of the northern-most, middle and southern-most points within

the Caspian Sea were respectively 0.63, 0.51 and 0.4 of zero-lag correlation,

indicating the influence of Volga River on the level of the Caspian Sea, which

may be useful for further predictions. Comparing point-wise and pass-wise

modes of fluctuation analysis, our results show that the point-wise approach

could be the most suitable method for the preliminary monitoring of this in-

land water resource as it gives accurate local fluctuations that are not visible

in pass-wise analyses.

Keywords: Caspian Sea level, water resource, topex/poseidon, water

management, least squares spectral analysis.

1. Introduction1

The Caspian Sea (Fig. 1), situated between latitudes 37◦N and 47◦N and2

longitudes 45◦E and 54◦E is the world’s largest inland water body with an3

area of about 400,000 km2, stretching approximately 1,200 km long in the4
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north-south direction (e.g., Dumont (1998); Rodionov (1994)). Its width5

ranges from 435 km to a minimum of 196 km, while its length is divided into6

three sub-basins (the most northern, the middle, and the southern parts).7

Most of the northern Caspian is shallow, with an average depth of 4m. The8

average depth increases southwards with it being about 800m around the9

central and approximately 1 km in the southern Caspian (Dumont et al.10

(2004)). The Caspian Sea has no connection to the world’s oceans and its11

surface level is around -26.5m below Mean Sea Level (msl).12

Economically, it is vital for sturgeon production, oil and gas resources13

(e.g., Dumont (1998)). The variability in salinity, depth, and climate over14

the sub-basins give it a unique attribute compared to other major inland15

water bodies, such as Lake Victoria in East Africa (e.g., Awange & Ong’ang’a16

(2006)). For instance, Dumont (1998) states that within these three sub-17

basins, the north behaves like a temperate shallow lake, the central a climatic18

basin, and the south a meromictic lake (i.e., with layers of water that do not19

mix), comparable to the Black Sea.20

However, the Caspian Sea displayed considerable fluctuations in its water21

levels, which have been the subject to several studies (e.g., Rodionov (1994);22

Kosarev & Yablonskaya (1994); Swenson & Wahr (2007)). Ignatov et al.23

(1993), for example, explained the cause of these fluctuations to be possibly24

climatic, and that it is dependent on the water budget of its basin (precip-25

itation and river discharge minus water loss by evaporation). Short-term26

wind-induced fluctuations are known to cause a rise of up to 4 m, although27

the average fluctuation is about one meter. Other causes include barometric28

pressure, tidal variations (often less than 1 m), and seasonal rises induced29
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by high rates of water flow during spring water in the rivers (lesser effect).30

Indeed, fluctuations of inland water bodies are sensitive to climate change31

and serve as one of its indicators, as was demonstrated in the case of Lake32

Victoria in East Africa, e.g., by Awange et al. (2008).33

On the one hand, the Caspian Sea level changes play a vital role in in-34

dicating regional climate change given its three micro-climatic basins. Its35

flooding on the other hand could lead to environmental and economic dam-36

age as was the case following its sudden rise in 1978 (Ignatov et al. (1993);37

Cazenave et al. (1997)). Moreover, Caspian Sea fluctuations have been38

shown, e.g., by Leontiev et al. (1997, in Ignatov et al. 1993) to be cyclic39

over 30-50 years, thereby prompting Ignatov et al. (1993) to warn that if40

the cyclic pattern is true, a further rise of its water level should be expected41

in the near future. Knowledge of the fluctuation of its water level, therefore,42

is not only vital as an indicator of the changing climate, but also to inform43

environmental flood management programs, thus necessitating the need for44

continuous monitoring of variations in its level.45

Long-term (century-scale) fluctuations of Caspian Sea have been recon-46

structed from archaeological, geographical, and historical data. The task47

has been compounded by its sheer size, which makes determining its aver-48

age water level more complicated. Long-term records show that the aver-49

age level has varied considerably over the last fifty years, and many stud-50

ies have been undertaken to attempt to predict mean water-level variations51

(e.g., Georgievskiy (2001, and references therein)). Monitoring variations in52

the water level of inland water bodies the size of the Caspian Sea requires53

an accuracy and completeness of geographical data coverage that challenges54
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conventional measurement capabilities such as tide gauges.55

To meet this challenge, in recent years, space-based remote sensing has56

provided essential new information. One example is the topex/poseidon57

(t/p) mission, a satellite altimetry approach which was designed to pre-58

cisely monitor absolute sea level variations (e.g., Minster et al. (1995);59

Nerem (1995)), but also found application in monitoring inland lake level60

changes (e.g., Birkett (1994, 1995)). t/p was applied, e.g., by Cazenave et61

al. (1997) to monitor the Caspian Sea level from January 1993 until August62

1996 (i.e., 3.5 years), from which a fall in its level was shown. Kostianoy &63

Lebedev (2006) studied the level fluctuation using nine points located on64

the t/p’s cross-tracks. Swenson & Wahr (2007) used a different satellite65

altimetry, Jason, together with the GRACE (Gravity Recovery And Climate66

Experiment) products to analyze the water storage variation of the Caspian67

Sea from mid 2002 to 2006, and provided a means by which indirect satellite68

data could be validated.69

In this study, we extend the previous work of Cazenave et al. (1997) and70

Kostianoy & Lebedev (2006) by employing a complete dataset of the t/p71

mission spanning a decade from 1993 to 2003 to monitor temporal variations72

of the Caspian Sea level with the aim of analyzing the characteristics of its73

frequencies. To achieve this, the study consist of the following parts:74

(1) Pass-wise analysis to obtain a synthesis of the Caspian water level75

changes and a global impact of its variations.76

(2) Least Squares Spectral Analysis (lssa) of point-wise Sea Surface Height77

(ssh) residuals’ time-series to detect the significant frequencies of vari-78

ability. This is achieved through (i) generating point-wise time-series79
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from t/p repeated cycles located within the Caspian Sea (over 260 time80

series with reliable observations are generated), (ii) trend analysis of81

the over 30 years (1982 to 2006) in-situ tide gauge data of Anzali port82

to establish a suitable trend of the Caspian Sea’s water level, (iii) anal-83

ysis of the residual observations to detect available minor frequencies,84

(iv) analysis of the t/p satellite’s orbital frequencies in order to point85

out the interfering frequencies in the ssh time-series, and (v) analysis86

of the Volga River discharge in order to show its correlation with the87

Caspian Sea’s level fluctuations using 5 years monthly Volga discharge88

data.89

In the next section, we briefly describe the Caspian Sea. The data used90

in the study is presented in Section 3, while Section 4 outlines the analy-91

sis methods, and the results presented and discussed in Section 5. Finally,92

Section 6 summarizes the major findings.93

2. The Caspian Sea94

Caspian Sea (Fig. 1) is supplied mainly by discharge from rivers and95

precipitation. Its water budget is completed by being drained predominantly96

through evaporation and a minor outlet to Kara-Bobaz Gulf. The largest of97

these rivers is the Volga, which drains an area of 1,400,000 km2 and runs into98

the north-western part of the Caspian, contributing more than 80% of the99

total inflow (Dumont (1998)). The Volga River, together with Kura, Terek,100

Ural and Sulak, supply over 90% of the inflowing freshwater to the Caspian101

Sea. The Iranian rivers and smaller streams on the north-eastern part of the102

country supply the remaining 10%, since there are no permanent inflows on103
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the eastern side (e.g., Kazakhstan and Turkmenistan regions) (TDA (2002)).104

The Sea’s salinity averages about 12.8 psu, which is almost three times105

lower than what is normally found in the open oceans, especially in the106

northern Caspian, where there is a large inflow of fresh water from the Volga107

and Ural rivers. Ice forms in the northern portions of the Caspian in early108

November and reaches its maximum southern extent by January or February109

(Kosarev & Yablonskaya (1994)).110

The climatic conditions of the Caspian Sea are influenced by cold Arctic111

air, moist sea air masses forming over the Atlantic ocean, dry continental112

air masses from Kazakhstan, and warm air masses coming from the Mediter-113

ranean Sea and Iran. According to Rodionov (1994), three types of the114

atmospheric circulation over Russia exist. Among them, the meridian type,115

which is characterized by stable high pressure over European Russia, result-116

ing in cold winters and hot cloudless summers, is most common and has been117

more dominant than usual over the Caspian Sea in recent years.118

Extreme temperature conditions contribute to the changing Caspian Sea119

level. In most locations, general tides, surges and waves combine to define120

the maximum conditions of the water levels. Since tides and storms and121

related surges and waves differ in nature, a probabilistic approach including122

combined statistics of tides and storms, has been used to monitor the vari-123

ations (von Storch & Woth (2008)). Studies (e.g. Ignatov et al. (1993);124

Cazenave et al. (1997)) show that, the largest uncertainty for the Caspian125

Sea is that of its average water level, which by itself is not subject to a sta-126

tistical distribution, but is rather more related to a trend. Hence, combining127

joint probability analysis of the parameters is not possible. It appears that128
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the very large variations in its water level are due to natural oscillations of129

various components that make up the region’s water balance.130

FIGURE 1

3. Data131

Three datasets were used in this study. These are (i) derived water levels132

from t/p satellite altimetry mission, (ii) water levels from tide gauge in-situ133

measurements provided by the Iranian Caspian Environmental Study Center,134

and (iii) 5 years Volga River monthly discharge data.135

The altimetry data are processed at the Jet Propulsion Laboratory (JPL),136

USA and cover repeated t/p mission cycles 11 to 400, spanning more than137

10 years. The t/p mission has offered a great potential with an accuracy of138

4 cm having so far been achieved for inland seas, lakes and reservoirs (see139

e.g., Birkett (1995); Hwang et al. (2005); Medina et al. (2008)).140

3.1. TOPEX/Poseidon (t/p) altimetry data141

The launching of the t/p mission on 10th August 1992 opened a new142

era for understanding global ocean dynamics by making precise and accurate143

observations of sea-level variation. The satellite covers the Earth from 66 ◦
N to144

66 ◦
Swhich includes most of the ice-free oceans. The t/p satellite orbited at145

an altitude of 1,336 km above the reference ellipsoid (a mathematical figure146

approximating the mean sea level) and measured the distance between the147

satellite and the Earth’s sea surface with an accuracy of 4 cm (e.g., Birkett148

(1995)). Each t/p cycle includes 254 passes, where 127 are ascending and 127149
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descending. In most of them, eight ground tracks pass through the Caspian150

Sea with reliable altimetry, as shown in Fig. (1).151

To obtain the ssh of the Caspian Sea during the more than ten years of152

our study period (1993-2003), the entire dataset obtained from the beginning153

of the t/p mission to the 400th cycle in the form of Merged Geophysical154

Data Record (mgdr) are used. Since cycles 1 to 10 do not contain reliable155

information, as such, they are omitted and the analysis is carried out from156

the 11th cycle, which has adequate data as a reference cycle.157

In general, each mgdr file incorporates improved orbits (e.g., Nerem et158

al. (1993)) that yield satellite heights from a reference ellipsoid. The main159

data of the mgdr is the altimetric ranges measured at the Ku and C bands.160

In this study, the Ku band range data are used, which is recommended for161

most applications (e.g., Benada (1997)). The range provided in mgdr are162

already corrected for instrumental effects such as drifts. However, it must163

be corrected for the atmospheric errors (e.g., ionospheric and tropospheric164

effects), which affect the radar pulse as it passes through the atmosphere,165

and the nature of the reflecting sea surface. The corrected range is calculated166

from the following equation (Benada (1997)):167

ρc = ρ+∆w +∆d+∆I +∆IB +∆E +∆PT +∆CM, (1)

where ρc and ρ are the corrected and measured range values respectively,168

∆w, ∆d and ∆I are the wet troposphere, dry troposphere and ionosphere169

corrections, respectively. Electromagnetic bias and inverse barometer errors170

are corrected by the terms ∆E and ∆IB, respectively. Corrections due to171

temporal variations in the used coordinate system, i.e., the geocentric pole172
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tide and center of gravity motions, are given by the terms ∆PT and ∆CM ,173

respectively. All of the correction parameters in Eq. (1) are included in the174

provided mgdr data, and were used to correct the measured ranges.175

Since this study aims at monitoring the instantaneous sea level and deter-176

mine the significant frequencies using the point-wise approach discussed in177

Section. 5.2, we did not correct the data for tidal effects. However, the tidal178

coefficients are derived from LSSA once each time series has been computed179

and used to compute tidal frequencies that are removed. Once the data has180

been corrected according to Eq. (1), the instantaneous ellipsoidal height of181

sea surface (ssh) is computed by the difference:182

ssh(φ, λ, t) = Hsat(φ, λ, t)− ρc(φ, λ, t), (2)

where Hsat(φ, λ, t) is the altitude of the satellite at a given location and time183

measured from the reference ellipsoid provided in mgdr dataset.184

3.2. Tide-gauge data185

This study used daily tide gauge records of the Anzali port tide gauge186

station (Fig. 1) from 1982 to 2007 to find the long-term trend of the level187

variations in the Caspian Sea. Then this trend is used for detrending the ssh188

data. Sea-level recording has a relatively long history in Bandar-e Anzali (a189

harbour town on the Caspian Sea, in the Iranian province of Gilan). The190

Anzali tide gauge is one of the stations with quite a long time series, being191

carried out for the past 50 years on a daily basis (Bird (2010)). The gauge192

station is located in the south-eastern part of the Caspian Sea at 37.47 ◦
N and193

49.46 ◦
E . Tide-gauge data records have been widely used to monitor sea level194
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changes (Gil & de Toro (2005)). Gil & de Toro (2005) states that recording195

sea-level changes at a fixed location for a suitable period of time can be used196

to determine the sea surface harmonic oscillation generated by harmonic197

forces via the harmonic analysis scheme. Therefore, obtaining frequencies198

from gauge observations is also a reliable method of evaluating the frequencies199

resulting from the spectral analysis of space-borne sea surface height (ssh).200

3.3. Volga River data201

Traditionally, the Volga River basin is subdivided into three parts ac-202

cording to the general climatic background characteristics: northern (from203

northern margins down to approximately the latitude of Saratov), the cen-204

tral or middle part of the basin (approximately from Saratov to Volgograd)205

and the southern (approximately from Volgograd to southern margins along206

the Caspian Sea shores and the Kazakhstan border) (Golosov & Belyaev207

(2010)). Since the discharge of the southern basin directly affects the sea208

level of Caspian, here, we used the available monthly discharge data from209

1999 to 2005 measured at the Volgograd hydro-electric power station located210

upstream from where the Volga flows into the Caspian Sea (Fig. 1).211

4. Analysis212

4.1. Time-series spectral analysis213

Spectral analysis is a method of function approximation, which can be214

used to describe natural phenomena. Choosing a suitable norm and base215

functions in a vector space is essential for the appropriate approximation of216

a random function’s behavior. Any priori information dealing with the physi-217

cal behavior of a measured observable should be incorporated in selecting the218
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base functions (Vańıcêk & Krakiwsky (1986)). Sine and cosine base func-219

tions, therefore, are well-suited for modeling sea surface variations due to the220

periodic behavior of the sea surface height variations (e.g. Foster (1996)).221

The least squares estimation technique is frequently used for determinis-222

tic modeling of measurements (Vańıcêk (1969)). For a periodic observable,223

the deterministic part consists of a limited number of periodic components.224

The least squares estimation is employed to decompose any measured ob-225

servable to its components which is equivalent to traditional power spectral226

density determination methods (e.g., Fourier analysis). However, the tradi-227

tional methods are significantly limited in their applications. They always228

require equally spaced data in the argument, which is the most seldom case in229

practice since, observations are usually unequally spaced and scattered (e.g.,230

Vityazev (1996); Rubin (2002)). Therefore, the unequally spaced original231

data should be mapped to an equidistant grid. Depending on the smoothness232

of the original series, the presence of data gaps, and the subjective choice of233

the mapping function, a new set of observations are generated. The problem234

is even more critical if one maps the data by interpolation schemes, which235

also tend to smooth out any high frequency components of the original data236

series. To overcome these limitations and difficulties, Vańıcêk (1969) de-237

veloped a method of spectrum computation on the basis of least squares238

estimation. The method, known as Least Squares Spectral Analysis (LSSA),239

has been widely applied in geosciences (e.g., Wu et al. (1995); Craymer240

(1998)).241

In the method of spectral analysis, measurements are assumed as a vector242

in a Hilbert space. At each step, the orthogonal projection of an n × 1243
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observation vector f onto an m-dimensional subspace S, spanned by m base244

functions, is obtained by (Vańıcêk (1969)):245

p =

m
∑

i=1

ciφi, (3)

where ci are unknown coefficients of the linear combination in terms of the246

basis φi given in Eq. 5. In vector and matrix notation, the representation in247

Eq. 3 becomes248

p = cφ, (4)

where ci and φi are the entries of the column vector c and the matrix φ249

respectively. The least squares estimation of the unknown coefficients are250

therefore given by251

ĉ = (φTφ)−1φT f , (5)

where f is the vector of observations, here, the sea surface heights from t/p252

or tide gauge measurements. Inserting the estimated coefficients ĉi from Eq.253

(5) into Eq. (3) gives the orthogonal projection of the observation vector254

f onto subspace S. Spectral values are computed by performing a second255

orthogonal projection of p back onto f (Fig. 2).256

FIGURE 2

Back-projection of p onto f gives the contribution of subspace S to the257

observations and is obtained by258
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〈f .p〉

‖ f ‖
, (6)

where 〈f .p〉 is the inner product and ‖ f ‖ the length of vector f . This ratio,259

therefore, is defied as the spectral value (e.g., Vańıcêk (1969)), given by260

S(ω) =
〈f .p〉

〈f .f〉
. (7)

S may be described as the amount of the vector f contained in subspace S.261

This value varies between zero and one, which indicates that the observation262

vector is orthogonal to the subspace or completely belongs to it, respectively263

(Wells et al. (1985)).264

4.2. Least Square Spectral Analysis (LSSA)265

Consider a set of real and positive frequencies {ω1, ω2, · · · , ωm}, whose266

spectral values for a given observation vector are to be determined. For267

each frequency ωi, φ
c(ωi) and φs(ωi) are defined as the base functions of the268

corresponding subspace269

φc(ωi) =
(

cosωit1 cosωit2 · · · cosωitn

)T

(8)

φs(ωi) =
(

sinωit1 sinωit2 · · · sinωitn

)T

, (9)

where t1, t2, · · · , tn are the observations times, and could be either equally270

or unequally spaced measurement epochs. The vectors φc(ωi) and φs(ωi)271

construct a design matrix φ(ωi) = [φc(ωi) φs(ωi)]. Multiplying Eq. (5) by272

φ(ωi) leads to273

ĉφ(ωi) = φ(ωi)(φ
Tφ)−1φT f , (10)

14



whose left hand side is p(ωi) in Eq. (4). Replacing p(ωi) in Eq. (7) leads to274

spectral value corresponding to ωi,275

S(ωi) =
fTp(ωi)

fT f
=

fTφ(ωi)(φ
T (ωi)φ(ωi))

−1φT (ωi)f

fT f
. (11)

The set of all these spectral values for all frequencies is called the least squares276

spectrum of the observation vector f ,277

s(ω) = {S(ω1), S(ω1), · · · S(ωm)} . (12)

It is necessary to remark that if ωi is equal to zero, the vector of φs(ωi)278

will also be equal to zero. Thus, it is not a base function of subspace S and279

will be omitted from φ(ωi). In this case, ĉ is replaced by a scalar whose280

estimated value is the mean value of observations.281

4.3. Statistical test282

The significance of the estimated spectral values can be tested statisti-283

cally, thus providing one of the main advantages of the least squares spectral284

analysis. Steeves (1981) showed that the criteria for accepting or rejecting285

the null hypothesis, H0 : S(ωi) = 0, is defined as:286

S(ωi) =



















≤
(

1 + ν
2
Fν,2,α

)

−1
; AcceptH0

>
(

1 + ν
2
Fν,2,α

)

−1
; RejectH0,

(13)

where Fν,2,α is the critical value of Fisher distribution with ν and 2 degrees287

of freedom at a significance level of 1− α. The results of the statistical tests288

provided in this study correspond to a 95% level of confidence (α = 0.05).289
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4.4. Aliasing phenomenon290

According to the Nyquist-Shannon sampling theorem (Shannon (1984)),291

the maximum detectable frequency of a continuous function, which is sam-292

pled equidistantly in n points with spacing ∆t, is293

νmax =
1

2∆t
=

n

2T
=

n

2
ν0, (14)

where T = tn − t1 and ν0 are the length of the observation time-series and294

the fundamental or natural frequency, respectively, and νmax is the Nyquist295

frequency (e.g., Awange et al. (2008)).296

A continuous time series can only be completely reconstructed from sam-297

pled values if the sampling time interval is smaller than 1
2νmax

. Otherwise,298

the period of the component of signal with a frequency of ν aliases to νa.299

Therefore, for t/p satellite altimeter data with a temporal resolution of300

9.915625 days, some of the tidal frequencies with periods less than 10 days301

will be aliased. According to Wang (2004), for an actual tidal frequency νk,302

there is an aliased frequency νk
a such that303

νk
a = |mod

(

νk +
νs
2
, νs

)

−
νs
2
|, (15)

where νs is the sampling frequency of satellite altimetry. The length of the304

observation vector should be long enough so that two close tidal components,305

ν1 and ν2 can be separated. This involves determining the Raylight period306

Tr which is defined as,307

Tr = |
ν1
2π

−
ν2
2π

|, (16)
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where π is equal to 3.14 and ν1 and ν2 are two neighboring frequencies. In308

order to separate the ν1 and ν2, observation period should be larger than the309

Raylight period. Consequently, we are able to determine all the main tidal310

frequencies (except the 18.6 years of the moon) using 3 years of t/p observa-311

tions. Moreover, two marginal Sun semidiurnal and Sun semiannual frequen-312

cies are able to be separated if we use 9 years of t/p observations. There-313

fore, we could expect to sense nearly all tidal components using a decade314

(1993− 2003) of satellite altimetry data (cf. Wang (2004)).315

5. Results and Discussion316

5.1. Pass-wise analysis317

Figure (1, red lines) shows that nearly seven (out of 254) t/p passes318

cross the Caspian Sea. Since each ground track of the t/p satellite tacks319

less than a few minutes to cross the Caspian Sea and also due to negligible320

tidal influence within a few minutes, all observations from each pass can be321

assumed to have been observed simultaneously. One can then obtain a good322

estimate of the mean sea level by computing the mean value of each of these323

passes. In this study, we call this method the pass-wise approach. To obtain324

a better estimation, we have considered all available data from the main six325

passes (16, 31, 57, 92, 133, 168) to infer Caspian Sea water-level changes (see326

Figs. 1 and 3).327

Figure 3 shows the mean values of these six passes during the observation328

period (1993 − 2003), which are interpolated to monthly time step. All329

passes generally show more or less identical pattern in the sea level variations.330

From 1993 until 1995, the sea experienced a rise, after which it shows a331
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declined from 1995 to 2003. Despite the similarity in the whole sea level332

variations, different fluctuations are observed at different locations. Due to333

these difference, a least squares linear regression is employed to derive the334

rate of mean water-level variation for each pass. The linear regression is335

shown by the solid red lines in Fig. 3. On average, the water level rose336

at a rate of about 15 cm/year between 1993 to 1995, whereas the average337

declining rate was nearly 6 cm/year between 1995 to 2003.338

FIGURE 3

5.2. Point-wise analysis339

The sea level variations can also be viewed from another perspective.340

The satellite’s footprints from different cycles are located in close proximity341

since the t/p satellite orbits the Earth in a repeat mode. Consequently,342

one can interpret each altimetry point as a virtual tide gauge where the sea343

surface height is observed every 9.915625 days. From this perspective, satel-344

lite observed sea heights can be independently analyzed for each observation345

location.346

However, t/p does not repeat exactly at the same ground track. Differ-347

ences between tracks are around 1 km (e.g., Hwang et al. (2005)). Therefore,348

it is necessary to map repeated sea level observations of different cycles to349

a reference cycle. While the separation between every two sequential mea-350

surements in one pass is around 5 km, we treat all the observations from351

cycle 011 as the reference points. Then, those observations from other cycles352

that are located within a radius of 3 km to the reference points are consid-353

ered repeated observations. However, the definition of the detected points354
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as time series introduces a problem, that is different cycles have a different355

geoid profile. This effect is called the cross-track geoid gradient and has a356

non-negligible influence on SSH (Benada (1997)). The problem is solved357

by reducing the SSH of the detected points by the geoid difference to the358

reference point. Using the point-wise approach, 260 time series with reliable359

records are computed over three points in the Caspian Sea (i.e., the northern-360

most, middle, and southern-most points in Fig. 1). Figure 4 shows a sample361

time series computed for the middle point in the Caspian Sea.362

FIGURE 4

It is necessary to mention that the computed time series in the point-363

wise approach depicts the behavior of sea level variations only at that single364

position and its surrounding and It cannot be generalized to other locations365

of the sea. Furthermore, due to the variations caused by external factors (e.g.366

the discharge of the Volga River in the north) every location experiences a367

different phase relationship. This will be discussed in details in Section. 5.5.368

5.3. Trend analysis369

Decomposition of the data series to the trends and residuals can be carried370

out only if the analytical model of the trend is stipulated. This means that371

the systematic behavior of the measurements is known with respect to the372

coordinates (in this case, time). It is necessary to remark that the term trend373

is loosely defined in this work as a long-term change in the mean level. A374

difficulty with this definition is deciding what is meant by a long-term, i.e.,375

some climatic phenomena exhibit cyclic variations with a very long period.376
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Nevertheless, in the short term it may still be more meaningful to think377

of such a long-term oscillation as a trend. Chatfield (1989) defines trend378

as comprising all cycle components whose wavelength exceeds the length of379

observed time-series. This definition is adopted for our analysis.380

Defining trend in the Caspian Sea is too complicated. Long-term in-381

situ observations in the Caspian Sea illustrate a nonlinear trend. However,382

Lyubushin et al. (2004), for example, considered a linear form to model the383

trend of Caspian Sea level variations before 1995. Based on the results of384

Figs. (3 and 4), however, it is clear that the behavior of the Caspian Sea385

water level has changed compared to the time before 1995.386

The use of Bandar-e Anzali tide gauge records is therefore essential in387

establishing a nonlinear trend based on the least squares polynomial fit. The388

availability of daily records covering more than 30 years is the main reason389

for selecting this tide gauge for trend modeling (Fig. 5). Our analysis shows390

a polynomial function of degree six is suitable for modeling the trend. The391

order is evaluated by assessing the root mean square (RMS) of the residuals,392

and found that when increasing the order of the polynomial to higher than 6393

did not decrease the RMS significantly. After trend removal, lssa is imple-394

mented to the residuals using Eq. (11), which shows a 0.00022 cycle per day395

(cpd) frequency (≈ 12.5 years), compared to 12.8 years) found by (Lyubushin396

et al. (2004)).397

FIGURE 5

The polynomial trend could only show the very low-frequency variations398

of sea level that are valid for points within the Caspian Sea. Thus, we will399
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use the estimated polynomial trend for detrending ssh observations before400

implementing lssa (e.g., Fig. 5 ).401

5.4. SSH frequencies402

In the point-wise approach, the spectrum of every observed point indepen-403

dently shows the local sea surface behavior. However, the periodic compo-404

nents originate from common sources. Space-borne measured instantaneous405

sea surface height are the differences of satellite height and measured range406

(e.g., Eq. 2). Therefore, major periodic effects on ssh are due to;407

• Seasonal and celestial tidal periodic effect on the measured range, or,408

• Orbital periodic perturbations in the satellite position.409

After removing the polynomial trend of the sample point height records,410

the residual observations are analyzed using lssa (Eq. 11). The achieved411

results for the point which was shown in Fig. 4 are demonstrated in Fig. 6.412

The validity level is derived from implementing the statistical test (Eq. 13).413

FIGURE 6

From the figure, tidal frequencies are clearly highlighted in the power414

spectrum of the signal. Of course, not all frequencies result from water level415

fluctuation. Due to the t/p’s repeat frequency (νs = 9.915965 days), some416

aliased frequencies have emerged in the spectrum. For example, the aliased417

frequency of νM2

a = 0.0161 cpd (≈ 62.107 days) is equivalent to the lunar418

semidiurnal frequency M2 with νM2 = 1.9305 cpd. However, the other peaks,419

i.e., νSA = 0.002738 cpd corresponds to the Sun annual frequency with a420
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period of 365.23 days. A summery of the major tidal frequencies and their421

computed aliased values corresponding to t/p sampling rate are listed in422

Table (1). The results are comparable with those of Eq. (14).423

To explore the effect of non-tidal perturbation forces in the level varia-424

tion signals, we corrected the time series for the seasonal and tidal periodic425

components. This was done by assuming the tidal frequencies listed in Table426

1 as known, then their effects were computed from Eq. (11) and removed427

from the time series. As a result of this correction, short wavelength varia-428

tions are superimposed on a long-term periodic fluctuation. In other words,429

the lssa of the remaining part visualizes the unknown periodic constituents430

of the observed ssh if the omission error is neglected. For instance, Fig. 7431

shows power spectrum of the sample point corresponding to Fig. 4 after432

removing the tidal components. A new peak that was already suppressed433

in total signal spectrum due to the significant effect of the tidal components434

emerges.435

FIGURE 7

This new frequency is entered from the periodic perturbation of the satel-436

lite height since nearly all the periodic tidal components are removed from437

ssh. Spectral analysis of the residual orbital height, i.e., satellite altitude438

minus nominal orbital height minus tidal periodic effect, shows the same439

spectrum for the middle point in Fig. 1 (see Fig. 8A).440

For the sake of completeness, the same analysis have been performed for441

two other satellite position above the Lake Victoria in East Africa (see the442

results in Fig. 8B) and the Atlantic ocean (in Fig. 8C). Their spectra are443
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Table 1: Main tidal components and their aliased frequencies. The first column indicates

the sign of tidal frequencies, the second column the real value of the tidal frequencies

derived from astronomical studies (c.f. Cartwright (1993)), the third column shows the

corresponding real period, fourth column lists the computed frequencies with respect to

t/p sampling rate, and the fifth column is their corresponding aliased periods.

Sign Frequency Period Aliased Frequency Aliased Period

(cpd) (day) (cpd) (day)

SA 0.002738 365.260 0.002738 365.260

SSA 0.005476 182.621 0.005476 182.621

MSM 0.031435 31.812 0.031435 31.812

MM 0.036292 27.555 0.036292 27.555

MSF 0.067726 14.765 0.033125 30.189

MF 0.073202 13.661 0.027649 36.168

Q1 0.893244 1.120 0.014417 69.365

O1 0.929536 1.076 0.021875 45.714

P1 0.997262 1.003 0.011250 88.891

S1 1.000000 1.000 0.008512 117.485

K1 1.002738 0.997 0.005774 17./192

O2 1.859071 0.538 0.043750 22.857

N2 1.895982 0.527 0.020191 49.528

M2 1.932274 0.518 0.016101 62.107

S2 2.000000 0.500 0.017024 58.742

K2 2.005476 0.499 0.011548 86.596

M3 2.898410 0.345 0.026274 38.061

M4 3.864547 0.259 0.032202 31.054

S4 4.000000 0.250 0.034047 29.371

M6 5.796821 0.173 0.048303 20.702

S6 6.000000 0.167 0.049780 20.088

M8 7.729094 0.129 0.036447 27.437
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similar to the spectrum of the middle point above the Caspian Sea. Of course,444

a few more meaningful components are visible in the lake Victoria spectrum445

whose detail interpretation is outside the scope of this paper.446

FIGURE 8

5.5. Relationship to the Volga River447

To study the influence of the Volga River on the water level variations of448

the Caspian Sea, we considered the three same points discussed previously449

(Fig. 1). The time series are derived from the point-wise approach, selected450

from the pass 92 (Fig. 1). Sea surface height power spectrum of these points451

are depicted in Fig. (9). The most northern point shows high fluctuations452

at high frequencies since the Caspian Sea is mostly fed by the Volga River453

discharge. The variations gradually changes to low-frequencies, which more454

or less show the local variations (see Fig. 9 and compare the amplitude of455

the peaks).456

FIGURE 9

Analysis of the Volga River discharge could be very useful for classifying457

the peaks that appeared in the ssh spectrum in Fig. (9). The monthly record458

of the river outflow during 1999−2005 is shown in Fig. (10C), with its power459

given in Fig. (10A). The spectrum shows the annual and semi annual fre-460

quencies are dominant in the discharge of Volga. Removing these two peaks461

leads to an amplification of less prominent components Fig. (10B). After462

removing the annual and semiannual peaks, the frequencies of 0.0068 cycle463
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per day (cpd), 0.0078 cpd, 0.0098 cpd and 0.0112 cpd emerge as the four sig-464

nificant peaks in Fig. (10B).465

FIGURE 10

One can see that the ssh spectrum of the most northern point (Fig.466

9A)is very similar to Volga discharge spectrum (Fig. 10B). Furthermore,467

it is clearly seen that the fluctuation of the sea surface in the north has468

short period. However, the middle and southern parts of the sea experience469

the longer-period effects of the Volga River (Fig. 9B and C). This is also470

confirmed from the computed cross-correlation of the Volga’s power spectrum471

with the powers of Fig. 9. The results indicate 0.63, 0.51 and 0.4 of zero-lag472

correlation for the north, middle, and southern points, respectively.473

To illustrate the effect of the Volga River on the Caspian Sea fluctuations,474

we computed the phase lag of the Volga’s significant frequencies (Fig. 10B)475

from the sea surface height time series as a function of distance from the476

north (Volga entrance). The results are plotted in Fig. 11. The penetration477

of the first three frequencies (0.00068, 0.0078 and 0.0098 (cpd)) appears478

to vary southwards, whereas the phase lag of the 0.0112 cpd signal (Fig.479

11D) is nearly constant in the same direction. Therefore, different locations480

experience the effect of the first three frequencies with a time delay, while the481

last component (0.0112 cpd) is visible simultaneously at different locations.482

FIGURE 11

25



6. Conclusions483

In this paper, we studied the spatial and temporal variations of the484

Caspian Sea’s water level using t/p altimetry measurements. Our results485

show the major impact of the Volga River’s discharge on the Caspian Sea486

level variation. Moreover, comparing pass-wise versus point-wise, our analy-487

sis demonstrates the superiority of the point-wise analysis for this case study488

while the sea level doest not change homogeneously within the water body.489

This is proved with implementing the lssa to the time series of different490

locations of the sea which identified the different frequency structure of the491

fluctuations. A summary of the outcomes of this research are as follows:492

• Analysis of pass-wise time-series shows a phase differences between var-493

ious passes. It seems that these differences are due to the distance of494

the passes to the river of Volga. Changes in the discharge from the495

Volga do not effect the entire sea immediately. Therefore, the locations496

that are closer to the river experience fluctuations in water level sooner497

than the more distant locations. Consequently, it seems that point-wise498

analysis is more suitable for the investigation of the variations in the499

Caspian Sea’s water level and the same may be said for other inland500

water source.501

• Long-term in-situ daily tide-gauge observations in the Anzali port (1982-502

2006) show a non-linear trend in the Caspian Sea containing a periodic503

component with 12.5-years period.504

• The lssa of the ssh residuals time-series shows the presence of signif-505

icant tidal frequencies that are aliased to other frequencies.506
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• The lssa of the satellite orbital heights time-series indicates some sig-507

nificant frequencies, which are also present in the ssh power spectra.508

• Applying the lssa to a 5-year flow record of the Volga River observa-509

tions indicates 5 major frequencies in addition to the annual and semi-510

annual frequencies. Studying the phase distribution of these frequen-511

cies shows that their influences on the Caspian Sea level are location-512

dependent.513

• Annual, semi-annual and seasonal frequencies are clearly visible in the514

Caspian Sea. Moreover, there is a c.a. 0.0009 cpd frequency in both515

ssh and tide-gauge time-series. Interpretation of this frequency is still516

an open question.517
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Figure 1: The Caspian Sea and its sorrounding regions. Figure shows the t/p’s ground-

tracks within the Caspian Sea.
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Figure 2: Geometrical explanation of the Least Squares Spectral Analysis (lssa) (a) The

projection of the observation vector (f) on to two orthogonal components φ
1
, φ

2
(in our

case, the orthogonal components are sine and cosine functions). The projection result is

shown by vector p which now belongs to the subspace S. (b) The second projection of

lssa that leads to the computation of the power spectrum. Vector p is projected back on

to the observation vector f . The ratio of the length of this orthogonal projection to the

length of observation vector f gives the power value as (Eq 6) (Wells et al. (1985)).
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Figure 3: Monthly Caspian Sea water level variations as observed by t/p (see Fig. (1).

The results are derived from the pass-wise approach described in section 5.1 using 6 passes

who had reliable observations within the 400 cycles.
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Figure 4: Point-wise ssh variations of a sample point in the middle Caspian Sea during

1993–2003 (see Fig. 1). The gray line shows the polynomial trend computed from tide

gauge observations.
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Figure 5: Anzali gauge records during 1993–2003 (top), 1982–2006 (middle), 1982–2006

(after detrending, in bottom)
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Figure 6: Power spectrum of the detrended ssh of the sample point’s record (Fig. 4).

In this figure M2 stands for lunar semidurnal frequency and SA is for the Sun annual

frequency.
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Figure 7: The sample point (Fig. 4) ssh spectrum after removing the tidal components
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Figure 8: Power spectrum of satellite height time series at three different sample points

above: A) the Caspian Sea, B) the lake Victoria and C) the Atlantic ocean. The spectra

all shows a similar pattern.

41



Figure 9: Power spectrum of three different points in the Caspian Sea, A) a sample point

located near the Volga River entrance (φ = 44.864 ◦, λ = 48.012 ◦), B) a point in the

middle of the Caspian Sea (φ = 42.286 ◦, λ = 50.164 ◦) and C) a point in the south of the

Caspian Sea (φ = 37.594 ◦, λ = 53.538 ◦).
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Figure 10: The Volga River’s record during (1999-2005) A) Power spectrum of monthly

Volga River discharge in cubic feet per second (cfs), B) Power spectrum of monthly Volga

River flow without annual and semi-annual effects, C) Monthly discharge variations of the

Volga River at the Volgagrad sampling site.
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Figure 11: Effect of the Volga River on the Caspian Sea level fluctuations showing the

southward phase variation of the Volga River discharge related to the: A) 0.0068 cpd, B)

0.0078cpd, C) 0.0098 cpd and D) 0.0112cpd frequencies.
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Table 1:

Sign Frequency Period Aliased Frequency Aliased Period

(cpd) (day) (cpd) (day)

SA 0.002738 365.260 0.002738 365.260

SSA 0.005476 182.621 0.005476 182.621

MSM 0.031435 31.812 0.031435 31.812

MM 0.036292 27.555 0.036292 27.555

MSF 0.067726 14.765 0.033125 30.189

MF 0.073202 13.661 0.027649 36.168

Q1 0.893244 1.120 0.014417 69.365

O1 0.929536 1.076 0.021875 45.714

P1 0.997262 1.003 0.011250 88.891

S1 1.000000 1.000 0.008512 117.485

K1 1.002738 0.997 0.005774 17./192

O2 1.859071 0.538 0.043750 22.857

N2 1.895982 0.527 0.020191 49.528

M2 1.932274 0.518 0.016101 62.107

S2 2.000000 0.500 0.017024 58.742

K2 2.005476 0.499 0.011548 86.596

M3 2.898410 0.345 0.026274 38.061

M4 3.864547 0.259 0.032202 31.054

S4 4.000000 0.250 0.034047 29.371

M6 5.796821 0.173 0.048303 20.702

S6 6.000000 0.167 0.049780 20.088

M8 7.729094 0.129 0.036447 27.437
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