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Abstract. This study is devoted to the analysis of the storm surges and wind waves in the Caspian Sea for the period 8 

from 1979 to 2017-2020. The models used are the circulation model ADCIRC and the wave model WAVEWATCH III with 9 

wind and pressure forcing from the NCEP/CFSR reanalysis. The modeling is performed on the unstructured grid with spacing 10 

to 300-700 m in the coastal zone. Mean and extreme values of surges, wave parameters, and storm activity are provided.  11 

The maximum significant wave height for the whole period amounts to 8.2 m. The average long-term SWH does not 12 

exceed 1.1 m. No significant trend in the storm activity was found. 13 

The maximum surges height amounts to 2.7 m. Analysis of the interannual variability of the surges occurrence showed 14 

that 7-10 surges with a height of more than 1 meter were obtained per year and the total duration all these surges was 20-30 15 

days per year. 16 

Assessment of the risk of coastal flooding was carried out by calculating the extreme values of the Sea for different 17 

return periods 5, 10, 25, 50, and 100 years. The extreme sea level values in the northern part of the Caspian Sea for the return 18 

period 100 years is close to 3 m and the areas with big surges are located along the eastern and western coasts.  19 

Based on climatic scenarios of CMIP5, a forecast is made for the recurrence of storm wind waves in the 21st century. 20 

A statistically significant increase of storm waves recurrence in future was found, but it is not dramatically growing. 21 

 22 
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  25 

1 Introduction 26 

The investigation of specific features of surges and waves in oceans and seas is an important problem. Data on mean 27 

and extreme characteristics of level and waves are needed for navigation, marine works, construction of offshore and coastal 28 

facilities, exploration and extraction of minerals, coast protection, etc.  29 

Currently, the basic method for studying level and wave parameters in oceans and seas is the mathematical modeling. 30 

This is caused by the deficiency of instrumental observations data with the high spatial resolution and rather a long series are 31 

most often absent. 32 

The Caspian Sea is a fully enclosed inland water body with a maximum depth to 1025 m. The northern part of the 33 

Caspian Sea is shallow (the depth is not more than 20 m), hence, the wave development is limited there. It also means that 34 

almost the entire coast is subject to the influence of non-periodic anemobaric-surges oscillation level.  In the deeper central 35 

and southern parts of the Caspian Sea, a significant role in the wave development is played by the meridional stretching of the 36 

basin; therefore, the wave development at the western and eastern wind directions is limited by a short fetch (Baidin 1986). 37 

Caspian is the inconstancy of its level, the amplitude of which varied within 4 meters during the period of instrumental 38 

observations (Bolgov et al., 2007). Most researchers explain this phenomenon by changes in climatic conditions on which 39 

overlap anthropogenic factors. 40 
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Surges are mainly generated by the action of the tangential wind stress, but also to a lesser extent as a result of changes 41 

in atmospheric pressure. In this work, the term setup is used to indicate rises of water. A fall of water below the normal level 42 

is called setdown. 43 

Earlier studies focused on statistical analysis and modeling of surges along the Volga river (Skriptunov 1958; 44 

Gershtansky 1973). However, in recent decades, the entire territory of the Caspian Sea has been covered. In the Laboratory of 45 

Marine Applied Research of the Hydrometeorological Center of Russia, has been developed and operates within the framework 46 

of operational technology a method of hydrodynamic prediction of sea level and currents in the Caspian Sea (Zil'bershtein et 47 

al., 2001, Verbitskaya et al., 2002, Nesterov et al., 2018). 48 

The most recent studies of storm surges in the different water areas are based on the circulation models and wave 49 

models, which are used as a coupled version or separately (Bhaskaran et al., 2013; Wang et al., 2021). The unstructured 50 

computational grids provide a good result for high-resolution modeling in shallow coastal areas [Dietrich et al., 2012; Federico 51 

et al., 2021). Therefore, we decided to use the ADCIRC and unstructured grid for the Caspian Sea.  52 

Some papers present the results of wind wave studies for the Caspian Sea (Ambrosimov and Ambrosimov 2008; 53 

Lopatuhin et al. 2003; Gippius et al. 2016; Yaitskaya 2017; Gholamreza et al. 2017). However, the wave climate is 54 

insufficiently researched. Among the papers dealing with the analysis of long series of wave hindcast, the paper (Lopatuhin et 55 

al., 2003) should be noted, where the detailed tables of the repeatability of waves height depending on wind direction and 56 

season are plotted using the WAVEWATCH III model and NCEP/NCAR reanalysis data. In this case, the grid spacing 57 

corresponded to input data on the wind (~ 1.8°). Paper (Yaitskaya, 2017) demonstrated wave climate changes in the second 58 

half of the 20th century–the beginning of the 21st century and also used the NCEP/NCAR reanalysis with the resolution of 59 

2.5° and the SWAN wave model to simulate the wave climate. The authors of (Golshani et al., 2005) used the MIKE 21 SW 60 

model and ERA-40 reanalysis with the spacing of ~1.25°. The authors of that paper modified the coefficients of whitecapping 61 

and wave breaking based on the comparison of simulation and observational data that reduced modeling errors for specific 62 

points and for a certain time period.  63 

Kudryavtseva et al. (2016) showed the main features of the wave climate in the Caspian Sea for the period 2002–64 

2013 based on altimetry data (Kudryavtseva et al., 2016).  65 

It is known that the results of analysis and forecasting of waves cardinally depend on the quality of input wind data. 66 

Unfortunately, wind errors from the reanalysis are unevenly distributed in space and in time that does not allow using the fixed 67 

coefficients to increase the accuracy of wave simulation (Van Vledder and Adem, 2015). 68 

Data of NCEP/NCAR reanalysis considerably underestimate wind speed that is proved by the results presented in 69 

(Efimov et al. 2004; Medvedeva et al. 2015; Van Vledder and Adem, 2015). The low correlation coefficient (0.7) obtained 70 

during the assessment of the skill of wave simulation based on this reanalysis was also confirmed for the Caspian Sea 71 

(Yaitskaya 2017). Some papers (Van Vledder and Adem, 2015; Myslenkov et al., 2015; Medvedeva et al., 2016) demonstrate 72 

that the use of the data of the new-generation reanalysis (for example, NCEP/CFSR or ERA-Interim) leads to the considerable 73 

improvement of wave simulation quality. Thus, the earlier data on the Caspian Sea wave climate based on the low-resolution 74 

reanalyses should be specified. The most modern analysis of waves in the Caspian Sea is presented in (Bruneau and Toumi, 75 

2016), where the authors used the ensemble of models (ROMS, WRF, SWAN). However, the authors of (Bruneau and Toumi, 76 

2016) provided a hindcast only for three years, and such length of the series is insufficient for the analysis of mean and extreme 77 

characteristics. 78 

Some publications are dealing with the hindcast and climate projections of the frequency of occurrence of synoptic 79 

conditions which cause severe hydrometeorological events including storm waves (Kislov et al., 2016; Surkova et al., 2013). 80 

However, these papers also used wind data from the NCEP/NCAR reanalysis. The papers (Rusu and Onea, 2013) provide the 81 

wave energy analysis in the Caspian Sea. 82 
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The papers (Ivkina and Galaeva, 2017; Strukov et al., 2013; Zamani et al., 2009) describing the systems of operational 83 

analysis and forecasting of waves in the Caspian Sea should be noted. These papers present simulation skill scores; however, 84 

the analysis of mean wave characteristics for a long time period is absent. 85 

The task of forecasting storm waves is extremely important since their fluctuations lead to changes in marine 86 

ecosystems, the operating conditions of coastal facilities, and shipping. Not only the short-term forecast for the coming hours 87 

and days is important, but also the climate. This is the basis for developing a climate change adaptation and mitigation strategy 88 

(IPCC, 2012; IPCC, 2019). 89 

Atmospheric circulation is one of the main factors forming wind field structure and its intensity. In this work, patterns 90 

of atmospheric circulation are revealed and classified for storm cases in the Caspian Sea using the seal level pressure data for 91 

the present climate and climate projection. 92 

The main objective of the present paper is to determine the mean and extreme parameters of wind waves and storm 93 

surges in the Caspian Sea. Calculations were performed using the circulation model ADCIRC and the WAVEWATCH III 94 

spectral wave model and data of the NCEP/CFSR/CFSv2 reanalysis. 95 

 96 

2 Data and methods 97 

2.1 ADCIRC model setup 98 

In order to estimate interannual and seasonal changes of wind-surges fluctuations in the Caspian Sea, the ADvanced 99 

CIRCulation model was used (Luettich et al. 1992; Luettich and Westerink 2004). ADCIRC is a numerical model for 100 

calculating water circulation and sea level fluctuations that solve the complete equations of motion for a moving fluid on a 101 

rotating earth.  102 

The model equations have been formulated using the hydrostatic pressure and Boussinesq approximations. It uses a 103 

finite element method for discretization by spatial variables, which allows the use the unstructured grids. The approximation 104 

in time is carried out by the finite difference method. It takes into account such parameters as Coriolis force, atmospheric 105 

pressure, wind stress, tidal potential, and bottom friction. In the model, you can set the properties of the underlying surface. 106 

ADCIRC also includes flooding and drying of low-lying areas, as well as river flow. 107 

There are two options for using the ADCIRC model: as a two-dimensional depth-integrated model (2DDI), and as a 108 

three-dimensional model (3D). In this work, we used a two-dimensional model. Exceeding the level is obtained by solving the 109 

depth-integrated continuity equation in the Generalized Wave-Continuity Equation form (GWCE) (Westerink et al. 1994). 110 

Velocity obtained from the solutions of momentum equations. All non-linear terms are preserved. The ADCIRC architecture 111 

successfully allows to use this model complex in parallel computing. ADCIRC can be run with either a Cartesian or a spherical 112 

coordinate system. The initial equations of the 2DDI ADCIRC model are: 113 
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 114 

where x, y and t are horizontal grid points and time; H = h + η is total water depth; η is surface elevation; h is 115 

bathymetric depth; U and V are depth-integration currents in the x- and y-directions, respectively; Qx = UH and Qy = VH are 116 

fluxes per unit width; f is the Coriolis parameter; g is gravitational acceleration; Pa is atmospheric pressure at the surface; ρ0 is 117 

the reference density of water; (τsx,wind, τsy,wind) and (τsx,wave, τsy,wave) are surface stresses due to winds and waves, respectively; τbx 118 

and τby are bottom stresses; Mx and My are horizontal eddy viscosity; Dx and Dy are momentum dispersion terms; τ0 is a 119 

numerical parameter that optimizes the phase propagation properties. 120 

Calculations were performed on the unstructured grid based on the bathymetric data of detailed navigation maps of 121 

the Department of Navigation and Oceanography (https://navysoft.ru/). On this maps the depth was presented relative to the 122 

sea level of –28 m (Baltic Level System), taking into account flooding and drying of the coastal land.  For the ADCIRC model 123 

the grid consisted of 71523 points (Fig. 1). The grid spacing varied from 10 km in the open sea to 500 m in the coastal zone 124 

(Fig. 1). The computational grid was created using the Aquaveo Surface-water Modeling System (SMS 11.0) application. The 125 

similar computational grids used for the wave and surge modeling in the other seas of the Russian Federation proved their 126 

efficiency (Ivanova et al., 2015; Medvedeva et al. 2016; Myslenkov et al. 2017).  127 

As the input data were used the fields of surface wind (at a height of 10 meters) and the atmospheric pressure of the 128 

NCEP (National Centers for Environmental Prediction) CFSR (Climate Forecast System Reanalysis) reanalysis. The 129 

NCEP/CFSR reanalysis is a modern product of the National Centers for Environmental Prediction, implemented in 2010. The 130 

CFSR is a global atmosphere–ocean–land–sea ice system with high resolution that provides the best estimate of the state of 131 

these interconnected systems. Data covering the period from 1979 to 2010 have a 1-hour time interval and a spatial resolution 132 

of ∼ 0.3° × 0.3° (Saha et al., 2010). 133 

For numerical calculations from 2011 to 2017, the NCEP/CFSv2 version (Climate Forecast System Version 2) 134 

reanalysis was used, having a spatial resolution of ∼ 0.2° × 0.2° (Saha et al., 2014). Also, sea ice concentration was set as input 135 

(OSI-450), which is reprocessing the brightness temperature data based on passive microwave radiometer SMMR, SSM/I, and 136 

SSMIS and ECMWF ERA-Interim reanalysis (EUMETSAT). 137 

A separate experiment was carried out using coupled model version ADCIRC+SWAN. We used the following 138 

configuration for SWAN model: GEN3, KOMEN (cds2 = 2.36𝑒 − 5, stpm = 3.02𝑒 − 3), Quadrupl, Triad, Breaking constant 139 

(alfa = 1.0, gamma = 0.73) and Friction Jonswap constant (cf = 0.067). The spectral resolution of the model is 36 directions 140 

(Δθ = 10°), the frequency range includes 36 intervals (from 0.03 to 1.1 Hz). The general time step for the integration of the 141 

full wave equation was 15 minutes. 142 

 143 

 144 

 145 

2.2 Wave model WAVEWATCH III setup 146 

The WAVEWATCH III (WW3) version 6.07 third-generation spectral wave model was used to calculate wind wave 147 

parameters for the Caspian Sea (Tolman 2014). It is known that the energy inflow to waves is provided by wind energy, and 148 

its dissipation is caused by the breaking of wave crests due to the bottom friction or wave breaking at the critical depth. 149 

The model is based on the numerical solution for the equation of spectral wave energy balance:  150 

 151 

(ω, θ, , )
(ω, θ) (ω, θ, , ),

E x t
V E S x t

t


  


             (7) 152 

where ω  and θ  are the frequency and direction of propagation of the spectral component of wave energy; 153 

(ω, θ, , )E x t  is the two-dimensional energy spectrum at the point with the vector coordinate x


 at time moment t ; 154 
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(ω, θ)V  is the group velocity of spectral components; (ω, θ, , )S x t  is the function describing sources and sinks of wave 155 

energy. The energy balance equation is integrated using finite-difference schemes by the geographic grid and the spectrum of 156 

wave parameters.  157 

The authors of the present paper used the ST6 scheme for the wave generation. The nonlinear interactions were 158 

calculated using the DIA (Discrete Interaction Approximation) parameterization being a standard approximation for the 159 

computation of nonlinear interactions in all modern wave models.  160 

The influence of the sea ice on the wave development was considered by the IC0 scheme, where a grid point is 161 

considered as ice-covered if ice concentration is >0.5. 162 

In the shallow coastal zone, the increase in wave height as waves approach the shore and the related wave breaking 163 

after waves reach the critical value of the steepness is taken into consideration besides the wave breaking due to the long wind 164 

effect on the sea surface (it is taken into account in the ST6 scheme). The standard JONSWAP scheme was used to take the 165 

bottom friction into account. The spectral resolution of the model is 36 directions (Δθ = 10°), the frequency range includes 36 166 

intervals (from 0.03 to 0.83 Hz). 167 

Calculations were performed on the unstructured grid which consisted of 15792 points. The grid spacing varied from 168 

10 km in the open sea to 900 m in the coastal zone (Fig. 2).  169 

 170 

 171 

The general time step for the integration of the full wave equation is 30 minutes, the time step for the integration of 172 

functions of sources and sinks of wave energy is 30 s, the time step for the spectral energy transfer and for satisfying the 173 

Courant–Friedrichs–Lewy condition is 900 s.  174 

The wind and ice data were the same as used for ADCIRC model (NCEP/CFSR/CFSv2 and OSI-450). 175 

In the recent 40 years, the Caspian Sea level has considerably varied (Nesterov 2016). Therefore, different levels were 176 

specified in the model for every year to provide more correct calculations. Year average of Caspian Sea level was calculated 177 

by using the data from several gauging stations (Makhachkala, Tyulenii, Peshnoi, and Baku) which collected on 178 

http://www.caspcom.com/. 179 

A similar implementation of the WAVEWATCH III model was successfully used by the authors for studying wave 180 

parameters in the other Russian Seas (Myslenkov et al., 2018; Myslenkov et al., 2021). 181 

As a model output, we got the wind wave fields for every three hours from 1979 to 2020 (total 42 years). We tested 182 

the data with a time step of 1 hour and 3 hours and did not reveal a significant change in the extremes (no more than 0.1 m). 183 

The model results include the SWH (4√𝑚0, where m0 is the zero-order moment of the wave spectrum, approximately SWH 184 

is the mean value from 1/3 of the highest waves), the wave propagation direction, the mean wave period (WP) Tm02=(2𝜋√𝜎2̅̅ ̅), 185 

and mean wavelength (WL)= (2𝜋𝑘−1̅̅ ̅̅ ̅). These data were used to compute maximum and average long-term values as well as 186 

extreme characteristics. 187 

The storm activity analysis was held according to the Peak Over Threshold (POT) method, which is widely used (De 188 

Leo et al., 2020; Myslenkov et al., 2021). The essence of the POT method is to find an extreme values of some sample that 189 

exceeds a certain threshold value. We used POT previously for the Barents and Kara Seas wave analysis (Myslenkov et al., 190 

2021). The number of storm waves with different SWH from 2 to 5 m was calculated for each year in the whole Caspian Sea. 191 

The calculation procedure included the following steps: if at least one node in the investigated sea area had the SWH exceeding 192 

for example a 2 m (or a different threshold from 2 to 5 m), then such event was attributed to the storm case with SWH threshold 193 

2 m. This event continued until the SWH was not less than the threshold at all nodes of the investigated area. Further, if the 194 

SWH threshold exceeded in one of the nodes again, then this event was added to the following case. A period of at least 9 195 

hours passed between two storm cases for eliminating the possible errors. This technique has an in-accuracy associated with 196 
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storms running in a row or from different directions at the same time. However, such cases are rare. The proposed algorithm 197 

works correctly; it was validated by a visual analysis conducted for several years. 198 

 199 

2.4 Future Climate data and methods 200 

Mathematical models are effective tools for predicting the state of the climate system. However, even using the most 201 

advanced climate models, only indicators that are based on average values of climatic variables related to large territories or 202 

accumulated amounts are confidently predicted (with sufficient accuracy for practical use). Specific problems arise in 203 

predicting extreme events. In this paper, one of them is considered – the storm waves. A necessary (but not sufficient) condition 204 

for the development of the storm is a high wind speed, but its direct model forecast has a lower quality than the forecast of the 205 

atmospheric pressure field that forms the surface wind field. 206 

Climate projection of weather hazards needs their classification. There are two fundamental approaches to 207 

investigating the link between the large-scale circulation and environmental variables (Cannon et al., 2002; Demuzere, 2011; 208 

Yarnal, 1993). In the framework of the first one, so-called the “circulation – to environment” approach (Demuzere, 2011), 209 

arrangement of the circulation data of interest (e.g. sea level pressure, geopotential height, etc.) is carried out to group them 210 

into circulation types (CTs) according to a selected methodology (clustering, principal component analysis (PCA), regression, 211 

etc.). Then, one looks for relations of CTs with the local-scale environmental variable (e.g. storm waves). On the contrary, the 212 

“environment – to circulation” approach is based on the classification of the circulation data for certain criteria of the 213 

environmental variable, so that composite maps of the circulation variable can be derived for a specific environmental 214 

condition. Both approaches are widely used in various fields of atmospheric sciences. The first one was successfully 215 

implemented in the framework of the COST733 action (http://cost733.met.no) entitled “The harmonization and application of 216 

weather types classifications for European regions”, an extensive review of existing classification methods and those used in 217 

COST733 is performed by Huth et al. (2008). In this study, we used the second “environment – to circulation” approach for 218 

storm events in the Caspian Sea.  219 

The classifications of atmospheric circulation are very useful tools in climate change research; for the reconstruction 220 

of the past climate, analysis of variability of the present climate, and in the estimates of future climate. The practical application 221 

is to produce climate projection and for a more specific purposes, for example, for storm waves frequency in the future, as it 222 

was done in this study. 223 

The wave height of 3 m and more is chosen as a criterion of the storm day. According to   this data the storm calendar 224 

was created. For these days sea level pressure (SLP) fields are used to classify circulation types. Sea level pressure daily data 225 

was taken from reanalysis NCEP/CFSR (Saha et al., 2010; 2014) for 1979-2017. Then, on the base of SLP fields, atmospheric 226 

circulation patterns were obtained by cluster analysis (k-means approach (e.g., Hartigan, Wong, 1978) preprocessed by 227 

Empirical Orthogonal Function (EOF) analysis (e.g., Preisendorfer, 1988) to reveal few leading modes determining the most 228 

part of the variance. These techniques of EOF decomposition and k -means cluster analysis together or in combinations with 229 

other techniques are widely used in circulation types classifications (Corte-Real et al., 1999; Cannon et al., 2002; Solman, 230 

2003; Stahl, 2006; Cassou, 2010; Philipp et al., 2010; Santos et al., 2011, etc.). 231 

At the first stage of classification, for every storm case from the calendar, it was prepared a dataset consisting of 30 232 

daily Sea Level Pressure (SLP) grids – 15 days before and after storm day. After EOF decomposition of daily SLP grids, the 233 

first three eigenvectors explaining more than 70% of the variability were retained (Surkova et al., 2013), thus, filtering high-234 

frequency perturbations (SLP-EOF fields).  235 

SLP-EOF fields for storm days (according to the storm calendar of the sea) were used as input variables to classify 236 

circulation patterns. Definition of circulation types was carried out using the k-mean cluster analysis. The k -means algorithm 237 

starts with a preset number of clusters k and then moves objects between clusters with the goal of, first, minimizing the variance 238 

within clusters and, second, maximizing the variance between clusters. Cluster centroids (ensemble mean of cluster members) 239 
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were constructed for each circulation type by averaging the SLP grids of all days that belonged to the same circulation type. 240 

The dependence of assigning SLP field to a certain cluster on the area size was checked: we started from initial territory 0–241 

90E, 30–80N and reduced it gradually until it was comparable with the sea size. It almost did not influence the result of sorting. 242 

Finally, we left area 0–90 E, 30–80 N for centroids construction to have a full large-scale synoptic view of the circulation 243 

pattern. 244 

Then daily SLP data of CSFR Reanalysis for the period 1979–2017 was sorted considering previously derived 245 

circulation patterns. As one of the distance measures (Huth et al., 2008; Brinkmann, 2000; Lund, 1963), space correlation was 246 

used between model data and reanalysis SLP-EOF fields for days from the storm calendar. To eliminate ‘noise’ on the 247 

boundaries of a rather large initial domain (0–90E, 30–80N) but to save individual features of the SLP field, a correlation was 248 

estimated for 30–70E, 30–70N for the Caspian Sea.  The spatial scale of the smaller domains is comparable with the size of 249 

such typical mid-latitude synoptic structures as cyclones and anticyclones governing surface winds and therefore storm waves.   250 

Next, the spatial correlation was calculated for storm days and CMIP5 models for Historical climate experiments and 251 

for RCP8.5 scenario of the future climate (Moss et al., 2010). We used data of the following models: ACCESS1.0, bcc-csm1-252 

1, BNU-ESM, CanESM2, CCSM4, CESM1-BGC, CESM1-CAM5, CMCC-CESM, CMCC-CMS, CNRM-CM5, CSIRO-253 

Mk3.6.0, GFDL-CM3, GFDL-ESM2G, GISS-2-H, GISS-E2-R, HadGEM2-CC, HadGEM2-ES, INMCM4, IPSL-CM5A-LR, 254 

IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MIROC5, MPI-ESM-LR, MPI-ESM-MR, MRI-255 

CGCM3, MRI-ESM1, NorESM1-M.  Before the correlation procedure, all models data were interpolated on the reanalysis 256 

grid. 257 

 258 

3 Results and discussion 259 

3.1 Storm surges 260 

To assess the quality of the ADCIRC model, the obtained model level results were compared with the level 261 

measurements on the weather stations Tuleniy Island and Makhachkala (with a time step of 6 hours) from 2003 to 2017. The 262 

correlation coefficient for the Tuleniy Island varied between 0.79 – 0.88 (Fig. 3), for Makhachkala – 0.67 – 0.79. The mean 263 

value of the root-mean-square error was about 0.11 m for the Tuleniy, and 0.06 m for the Makhachkala. If we exclude 264 

fluctuations in sea level with an amplitude of less than 10 cm, the correlation values increase to 0.94. The quality of the 265 

modeled data allows estimating the regular and extreme characteristics of the storm surges. A more detailed description of 266 

statistical analysis was given in (Pavlova et al. 2020). 267 

 268 

 269 

 270 

At the next stage, we carried out a special experiment with coupled ADCIRC + SWAN models to understand the 271 

contribution of wind wave setup in storm surges. We have performed calculations for several of the strongest surges. Coupled 272 

ADCIRC + SWAN experiments showed that the average contribution of wave setup to the height of the surge does not exceed 273 

5 cm. Two examples of surges are shown in Fig. 4. In further analysis, we used the results of the single ADCIRC model 274 

configuration and did not take into account the wind wave setup, since it is very small. 275 

 276 

 277 

The main task of this work was to analyze the interannual and spatial distribution of storm surges for the period 1979-278 

2017. The distribution of the maximum surge heights for the Caspian Sea for the modeling period (1979–2017) is shown in 279 

Figure 5. Analysis spatial distribution of the maximum surges height showed that in the central part of the Caspian Sea maximal 280 

surges height do not exceed the 0.3 m. In the south part of the Sea, maximal surges height do not exceed the 0.8-0.9 m and is 281 

located in the southeast. In the northern part of the Caspian Sea, there are two areas of maxima. The first area is in the 282 
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northwestern part along the coast near the Volga river, and the second in the east, where surges reached 2.5 and 2.7 m, 283 

respectively (Fig. 5).  284 

The depth in the northern part of the Caspian Sea is not more than 20 m and this part is semi-closed, thus it is probably 285 

the main reason for the strong surges in this area. 286 

 287 

The next step of our research was an analysis of the main synoptic situations which lead to the formation of storm 288 

surges. By the term storm surge, we mean the deviation of the sea level from the average annual level by a certain amount. 289 

This analysis is based on a model output sea level data from 1979 to 2017 in all points of the computational grid. The storm 290 

surge was calculated using POT method. We found all cases when the surge was more than 1 m and analyzed the synoptic 291 

situation which leads to these surges. 292 

Three main synoptic situations have identified that lead to the formation of surges of more than 1 meter: 293 

1) For the formation of surge on the west coast, a strong anticyclone is formed north of the Caspian Sea, which comes 294 

either from the Asian maximum or from the north. At the same time, a cyclone is formed west of the Caspian Sea (in most 295 

cases over European territory). 296 

2) The opposite situation is formed for the formation of the sea level decline. That is a strong cyclone forms to the 297 

north of the Caspian, and an anticyclone in the west. 298 

3) The formation of a cyclone directly above the Caspian Sea, which moves to its northern part and forms a set-down 299 

of the sea level on the west coast. 300 

One of the important tasks in the study of storm surges is to identify the contribution of the main factors to the surge 301 

development. To estimate the contribution of wind stress and atmospheric pressure to the formation of setup and setdown sea 302 

level, we made numerical experiments where the circulation model is forced only by the wind or atmospheric pressure. In both 303 

cases, ice fields were taken into account in calculations. As a result of comparing sea level according to different experiments 304 

was obtained that wind forcing is responsible for the largest changes in water level due to surge 92 – 100 % of total surge 305 

height and the atmospheric pressure induced 0 – 8 % in different synoptic situations. We understand that there are nonlinear 306 

and resonant effects under the simultaneous influence of pressure and wind, however, even the analysis showed that the 307 

contribution of wind is certainly much greater. 308 

The number of surges events per year was calculated in the Caspian Sea according to the POT method (the technique 309 

is described in Section 2.2 and it was the same for surges and wind wave events). The storm surges events was calculated with 310 

different thresholds 0.5 and 1 m. Setup and setdown events are calculated and analyzed separately.  311 

If we analyze the whole sea the average number of surges are 7-10 surges per year with a height of more than 1 meter 312 

and a total duration of all surges in total to 20-30 days per year. Figure 6 shows an example of the distribution of the number 313 

of surges for 1981.  314 

 315 

For a more detailed analysis of surges number in the north part of the Caspian Sea, 6 points along the coast were 316 

selected. The depth in those points is more than 1 meter (at sea level - 28 m BS): 1 and 2 - in the west, 3 - in the north, 4 and 317 

5 - in the east, 6 - in the southeast (Fig. 7).  318 

  319 

The number of surges (setup and setdown events) for each year for 6 different points is shown on Figure 8. From 320 

1979 to 2005-2008 there is a long-term significant trend to reduce the number of surges in all points. For example, in the 1 321 

point the number of surges with a threshold 0.5 m reduced from ~25 to 15 cases (Fig. 8). The significance of trends was 322 

assessed by the F-test. The F-statistic is the standard test statistic for testing the statistical significance test of the linear model. 323 

We have applied the F-test statistics of the analysis of variance (ANOVA) approach, which based on the null-hypothesis that 324 
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the means of a given set sample of normally distributed populations, all having the same standard deviation, are equal. Trends 325 

for all points except point 2 are significant at the level p = 0.05.  326 

 327 

 328 

 After 2005-2008 the rise of the number of surges was obtained in all points (Fig. 8). If we consider the changes in 329 

the long-term average annual Caspian Sea level fluctuations, we can see the sea level rise from 1978 to 1995, and sustained 330 

reduction from 2005 to 2017 (Fig. 9). These fluctuations are associated with climate change (Nesterov 2016). We can see a 331 

slight negative correlation between sea level and the number of surges. Since the surges are observed mainly in the northern 332 

part of the Caspian Sea, they are formed by winds of the southern direction.  On the other hand, with a southern wind, there is 333 

usually less precipitation, less humidity, and more evaporation. Thus, with an increase in the recurrence of southern winds and 334 

storm surges, we can see the reduction of sea level due to climate changes in a water balance. 335 

 336 

The number of surges of more than 0.5 meters from 1979 to 2017 on the west coast varies from 10 to 36 and from 12 337 

to 41 in the east (Fig.8). In the north, the values do not exceed 26. In case of surges of more than 1 meter, the maximum number 338 

of surges of up to 15 cases per year. 339 

The number of setdown over 1 meter is on average more than the number of setup. During 39 years the total number 340 

of setup for the 1 point was 140, 2 point – 109, 3 point – 40, 4 point – 177, 5 point – 234, 6 point – 32. The number of setdown 341 

for the 1 point was 241, 2 point – 144, 3 point – 109, 4 point – 245, 5 point – 303, 6 point – 9. 342 

A more detailed examination of the intra-annual variability indicates that on the west coast maximum number of 343 

surges occur in January and February, while on the north and east coast - in February and March. The minimum number of 344 

surges is observed in the summer. 345 

On the western coast, at points 1 and 2, surge heights of more than 2 m were observed 2 times during the study period. 346 

The maximum was reached on February 17, 1981 with a value of 2.14 m, and on March 30, 2015 - 2.4 m. In the north, at point 347 

3, the maximum surge was 1.77 m and was observed on April 10, 1979. On the east coast, at points 4 and 5, surge heights of 348 

more than 2 m were observed 9 and 6 times, respectively. At the same time, the largest surge at point 4 was observed on 349 

January 12, 1990, and reached 2.25 m, and at point 5 it was observed on February 1, 1981, with values of 2.71 m. In the 350 

southeast at point 6, the maximum surge height was 1.77 m and was observed on February 3, 1981. 351 

In this work, to assess the risk of coastal flooding, the extreme sea level values were calculated for different return 352 

periods: 5, 10, 25, 50, and 100 years.  353 

In accordance with the National Standard of the Russian Federation (GOST R 58112-2018), the regime distributions 354 

of the total sea level heights belong to the type of exponential distributions, and, therefore, the Gumbel distribution is used to 355 

determine the extreme characteristics: 356 

𝐹(𝑉) = 𝑒−𝑒
−

𝑉−𝐴
𝐵 , 357 

parameters A, B can be determined from a ranked sample of N annual maximum heights of the total level using the least squares 358 

method: 359 

𝑅𝑖 = − ln [− ln (1 −
𝑖

𝑁
)],  i = 1, N; 360 

𝐴 =
∑ 𝑉𝑖 ∑ 𝑅𝑖

2
𝑖𝑖 − ∑ 𝑉𝑖𝑅𝑖 ∑ 𝑅𝑖𝑖𝑖

𝑁 ∑ 𝑅𝑖
2 − (∑ 𝑅𝑖𝑖 )2

𝑖

, 𝐵 =
𝑁 ∑ 𝑉𝑖𝑅𝑖𝑖 − ∑ 𝑉𝑖 ∑ 𝑅𝑖𝑖𝑖

𝑁 ∑ 𝑅𝑖
2 − (∑ 𝑅𝑖𝑖 )2

𝑖

. 361 

After determining the parameters A and B, VT values possible once in T years, are determined as quantiles (1 −
1

𝑇
) ∙362 

100% probability distribution defined by F(V), 363 

𝑉𝑇 = 𝐴 − 𝐵 ∙ ln [− ln (1 −
1

𝑇
)]. 364 
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V. Langbein established the relationship between the period of the frequency and number of values used in the sample 365 

that exceeds a certain value of the statistical variable: 366 

Т' = 1/[1 – ехр (−m'/N)], где N - is the total number of data. 367 

Figure 10 shows a graph of extreme sea level values for different return periods 5, 10, 25, 50, and 100 years. The 368 

minimum extreme values are observed at points 3 and 6 in the north and southeast, and the maximum - at points 4 and 5 in the 369 

east. This is due to the prevailing winds causing the largest surges on the western and eastern coasts, while the wave of level 370 

rise passes along the northern and southeastern coasts. On the east coast, the level with a return period 100 years corresponds 371 

to 2.9 m, and on the west – 2.6 m. 372 

Figure 11 shows the extreme sea level values in the northern part of the Caspian Sea for the return periods 10 and 100 373 

years. The maximum value for a return period 100 years is close to 3 m and the areas with big surges are located along the 374 

eastern and western coasts. 375 

 376 

 377 

3.2 Extreme wind waves  378 

At the first stage of the wind wave climate studying, the quality of wave model results was assessed (due to the 379 

absence of digital data of direct measurements, observational data from (Ambrosimov and Ambrosimov 2008) were used). 380 

The results of the comparison of model and observational data for the wave heights of 3% probability of exceedance for the 381 

point located in the Central Caspian Sea are presented in Fig. 12a. Visually, the simulation quality may be assessed as 382 

satisfactory. The model simulates well the phase of the storm beginning; the model does not simulate storm peaks very 383 

accurately, but no systematic underestimation or overestimation of data is observed. Hindcasts were also compared with AltiKa 384 

altimeter data (rads.tudelft.nl). The significant wave height (SWH) at 34 990 points for the period of 2013 to 2016 was used 385 

(Fig. 12b). The correlation coefficient was 0.918, the root-mean-square error, 0.28 m, and the BIAS, 0.07 m Scatter Index 386 

0.29. Such skill of simulation generally corresponds to the modern realizations of wave models (Nesterov 2013; Strukov et al. 387 

2013; Myslenkov et al.; Van Vledder and Adem 2015). 388 

 389 

According to section 3.1 the strong storm surges are observed in the northern part of the Caspian Sea so that the sea 390 

level can vary by 0.5–1.5 m during several days. The water depth is changing which can take effect the wave parameters. To 391 

estimate the effect of strong surges on the wave simulation for the northern part of the Caspian Sea, a special numerical 392 

experiment was performed. For October 1984, when the strong storm surge was registered, waves were simulated using data 393 

on the average annual sea level, and with the sea level increased by 1.5 m. The analysis of obtained data revealed that in the 394 

part of the northern part of the Caspian Sea where the depth is more than 7 m and waves with the maximum height (>2 m) are 395 

observed, the depth increase does not affect the wave height. Evidently, the main factor limiting the wave growth in this area 396 

of the Caspian Sea is a short fetch. In the areas where the sea depth is less than 2–3 m, its increase led to the wave height 397 

growth by 5–10%. Therefore, the effect of surges on mean and extreme characteristics of waves is not considered in the present 398 

paper. 399 

The results of model calculations for the period of 1979 to 2020 were statistically processed. Figure 13 a, b presents 400 

the long-term mean and maximum SWH (13% probability of exceedance) over the whole simulation period. The multiyear 401 

mean wave height in the central part of the Caspian Sea reaches 1.1 m.  The maximum value of wave height is 8.2 m, which 402 

is observed in the central part of the Caspian Sea. In the south part of the Caspian Sea, the local maximum SWH is equal to 403 

6.9 m near the coast of Iran. The wave development in the northern part of the Caspian Sea is essentially limited due to the 404 

short fetch, small depth, and ice presence; therefore, the maximum wave height is 2.7 m. Maximum values for the mean wave 405 

period are 7.6, 7.1, and 4 s for the central, south, and north parts of the Caspian Sea, respectively. Maximum values of the 406 

mean wavelength are typical of the central part of the Caspian Sea and amount to 163 m. 407 
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According to the data of wave climate book (Lopatoukhin et al., 2003), the maximum height of 3% probability waves 408 

(which can be observed in the Caspian Sea once in 50 years), is 7 m. In our results, we have a maximum value of SWH 8.2 m, 409 

which can be transformed to 10.8 m of 3% probability of exceedance. Probably, the use of NCEP/NCAR reanalysis data on 410 

the wind by the authors of (2003) for calculations considerably underestimated the wave height. In our previous results we get 411 

the maximal SWH about 8.9 m (Myslenkov et al., 2018), but it was old ST1 scheme for WW3 model with the same wind data.  412 

 413 

Figures 14. a-h presents the maps of the distribution of the long-term mean and maximal SWH for different seasons. 414 

For this purpose, maximum values for winter (December–February), spring (March–May), summer (June– August), and 415 

autumn (September–November) were selected from the whole series of SWH. Maximum waves are observed in winter in the 416 

Central Caspian Sea closer to the Absheron Peninsula. A similar situation approximately in the same region is typical of 417 

autumn, when the wave height is 7.2 m. In summer, the height of waves with such probability does not exceed 5.7 m. 418 

Maximum values of the long-term mean SWH is observed in winter in the Central Caspian Sea and it does not exceed 419 

1.4 m. In summer long-term mean Maximum value of mean SWH is 0.8-0.84 m.  420 

 421 

The number of storm events per year was calculated in the whole Caspian Sea according to the POT method (the 422 

technique is described in Section 2.2). The events have different SWH thresholds from 2 to 5 m. Next, we will call these storm 423 

events with a different wave height simply as a storm. At first, we analyzed the number of storms for each year (Fig. 15), 424 

which is called the recurrence of a storm. Cases of storms with the SWH ≥ 2 m were observed about ~90-110 times per year, 425 

with maxima in 1998 and 2009. The number of storms with the SWH ≥ 3 m is about ~40-60 times. The storms with a SWH 426 

threshold 5 m are about 1-8 times per year. The local maximum number of storms simultaneously for different threshold SWH 427 

≥2-4 m was in 1998. Other maxima are observed either for one threshold or for another. A local maximum number of storms 428 

with SWH thresholds 3 and 4 m was noted in 1995. The minimum number of storms for several SWH thresholds were noted 429 

in 2000. A linear positive trend in the number of storms is observed for almost all SWH thresholds. An increase in storm 430 

recurrence was observed for cases with thresholds 3 m from 40 to 51 cases for all period 1979 to 2020. But all trends are weak 431 

and insignificant. 432 

It is worth noting that there is high interannual variability in the number of storms. The average variance is about 8% 433 

from year to year for storms with an SWH threshold 2 m and 60% for SWH thresholds 5 m.  434 

The most interesting feature is the significant linear trend for the storms with SWH threshold ≥ 3 m from 2003 to 435 

2016 (Fig. 15). An increase for this period was obtained from 30 to 65 and very well consistent with an increase in the number 436 

of surges of more than 0.5 meters which was also obtained for the period from 2005-2008 to 2016. 437 

  438 

 439 

 440 

3.3 Future climate projections 441 

For the situations of storm waves events, the typization of the surface atmospheric pressure fields was performed 442 

using the cluster analysis method. Three main types were identified (Fig. 16). These types by genetically and circulation 443 

features are consistent with the five synoptic types developed earlier (Madat-zade, 1954, 1959) and five types of wind fields 444 

(Koshinskiy, 1975). However, three types identified in this work are more generalized. 445 

The first type of circulation pattern is characterized by the development of a powerful anticyclone in the east of the 446 

European part of Russia, the Middle Urals, and Western Siberia. Cyclonic activity is forced out to the north and to the 447 

Mediterranean Sea. The southern periphery of the anticyclone determines the wind regime over the Caspian. Almost half of 448 

the storm cases are attributed to the second type. Its distinguishing features are the extensive cyclonic region over the Arctic, 449 

cyclones over the Middle East and Iran, two large anticyclones with centers over southeastern Europe and Mongolia. Between 450 
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anticyclones over Central Asia, there is a low-pressure jumper, which extends to the Caspian. The third type has some 451 

similarities with the second type, but it is distinguished by a less pronounced anticyclone over Europe and a pronounced region 452 

of reduced pressure over Central Asia. In this case, increased cyclonic activity contributes to the development of high wind 453 

speeds above the sea. In percentage terms, type II and type III dominate Fig. 16). 454 

 455 

Figure 17 shows the long-term dynamics of the anomalies of the general (accumulated) decades of repeatability of 456 

synoptic situations, analogs of which in today's climate are accompanied by storm waves (with a SWH threshold ≥ 3 m). The 457 

results obtained from the ensemble of climate models indicate that when the most unfavorable climatic scenario RCP8.5 is 458 

implemented during the 21st century, a gradual increase in the frequency of occurrence of such situations is possible. Most of 459 

the scenarios give an increase in synoptic situations leading to storms. In he present climate, the number of storms with the 460 

SWH threshold ≥ 3 m is 40-60 cases and if we will get the positive anomaly 10-12 cases per 10 years it is not dramatically 461 

growing. 462 

 463 

 464 

4 Discussions and Conclusions 465 

This article presents new information about storm surges, wind waves, and their recurrence in the Caspian Sea based 466 

on the results of numerical modeling. Long-term calculations were performed using the ADCIRC and WAVEWATCH III 467 

models. 468 

The storm surges maximum is 2.7 m and it was observed in the northern part of the Sea for the modeling period 469 

(1979–2017). The northern part of the Caspian Sea is shallow and semi-closed, thus it is probably the main reason for the 470 

strong surges in this area. 471 

The contribution of the wind stress in sea level fluctuations due the surge is 92 – 100 % and the contribution of the 472 

atmospheric pressure is 0 – 8 % in different synoptic situations. 473 

The number of surges events per year was calculated according to the POT method for the whole Sea or for the 474 

different points in the northern part of the Caspian Sea. There are 7-10 surges per year (on average) with a height of more than 475 

1 meter for the whole sea. Based on analysis of the number of surges in the different points we obtained that from 1979 to 476 

2005-2008 there is a long-term significant trend to reduce the number of surges in all points. After 2005-2008 the rise of the 477 

number of surges was obtained in all points. A slight negative correlation between the average annual sea level and the number 478 

of surges obtained. The number of surges on the east coast is greater than on the west for the northern part of the sea.  479 

The extreme sea levels for different return periods (5, 10, 25, 50, and 100 years) were calculated. The extreme sea 480 

level values in the northern part of the Caspian Sea for the return period 100 years is close to 3 m and the areas with big surges 481 

are located along the eastern and western coasts. 482 

The mean SWH for the entire sea varies from 0.7 to 1.1 m. The SWH maximum is 8.2 m and it was observed in the 483 

central part of the Caspian Sea. Analysis of the SWH maxima for different seasons showed that the SWH does not exceed 5.7 484 

m in Summer. 485 

The storm recurrence with the SWH ≥ 2 m was observed about ~90-110 times per year, with maxima in 1998 and 486 

2009. The number of storms with the SWH ≥ 3 m is about ~40-60 times. The storm recurrence with SWH ≥5 m is about 1-8 487 

times per year. The local maximum number of storms simultaneously for different threshold SWH ≥2-4 m was in 1998. A 488 

linear positive insignificant trend in the number of storms is observed for almost all SWH thresholds.  489 

The significant linear trend for the storm recurrence with the SWH threshold ≥ 3 m from 2003 to 2016 is very well 490 

consistent with an increase in the number of surges of more than 0.5 meters which was also obtained for period since 2005-491 

2008 to 2016. 492 
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Synoptic patterns of storm waves (SWH 3 м) situations are classified for the modern climate and projection of their 493 

frequency on the base of CMIP5 scenario RCP8.5 showed a statistically significant increase of these situations, but it is not 494 

dramatically growing. 495 

However, there are several discussion points in the obtained results. The first point is a quality assessment of the 496 

circulation and wave models for the extremely high surges or waves. Unfortunately, the authors do not have full-scale direct 497 

measurement of sea level and wave height data in the Caspian Sea. We have the maximum value of sea level 1.4 m from direct 498 

measurements. We calculated the RMSE around 0.1 m for sea level from the ADCIRC model. What will be the quality of the 499 

model for a surge height of more than 2-2.5 m?  Unfortunately, we do not know this, and the solution to this problem could be 500 

long-term sea level monitoring, which is currently not very active in the northern part of the Caspian Sea or the data is not in 501 

open access. 502 

In the case of quality assessment of the wave model we have the maximum SWH 5.5 m from direct measurements 503 

and maximum SWH 4.8 m from satellite data. An additional problem is that the presence in measurement data of 1-2 cases of 504 

storms with SWH 5-6 m height or a surge with the height of 1.2-1.4 m is completely insufficient for statistically acceptable 505 

quality assessments for this range. 506 

In our previous results, we get the maximal SWH o about 8.9 m (Myslenkov et al., 2018), but we used the old ST1 507 

scheme for WW3 model. The quality assessment of the previous version of calculations based on the same satellite data showed 508 

exactly the same quality of the model for the whole range of SWH. However, we found that the ST1 scheme provide 509 

overestimates the SWH more than 4-5 m (Fig. 18) and we decide to use ST6 scheme which provides the same quality at the 510 

whole range and slightly better quality in high waves (Fig. 12). However, we are not sure that the modeling of extreme waves 511 

has been successful since there are very few measurement data for the high wave range. 512 

 513 

The same goes for the calculation of surge heights, especially extreme events with return periods 50 or 100 years. 514 

Because the distribution function is highly dependent on the values of extreme surges. If you slightly change the maximum 515 

surge height (which is provided by long-term modeling), then the distribution function will change. 516 

 517 
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 695 

Figure 1. The computational unstructured grid for ADCIRC model and the map of the Caspian Sea depth. 696 
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 697 

Figure 2. The computational unstructured grid for the WAVEWATCH III model and the map of the Caspian Sea depth. 698 
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 699 

Figure. 3. Sea level scatter diagram for 2009 (a) and 2015 (b) on the Tuleniy Island. 700 

 701 

 702 

Figure 4. Sea level at Tuleniy station for surge 12-16 March 1995 (a) and 27 March to 1 April 2015 (b) (blue line – ADCIRC 703 

+ SWAN, black – ADCIRC, red – measurement data). 704 

a b 
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 705 

Figure 5. Distribution of the maximum surge heights for period 1979 – 2017. 706 

 707 

 708 

Figure 6. Number of surges more than 1 meter in 1981. 709 

Surge height, m 
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 710 

Figure 7. Points for detailed analysis of number of surges in the northern part of the Caspian Sea. 711 

 712 

 713 

 714 

 715 

Figure 8. Number of surges per year at points 1-6. 716 

 717 
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 718 

Figure 9. The Caspian Sea mean annual level fluctuations for period 1900-2017. 719 

 720 

 721 

Figure 10. Extreme sea level values at points 1–6 for the return periods 5, 10, 25, 50 and 100 years. 722 

 723 

 724 
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 725 

 726 

Figure 11. Extreme sea level values for the return periods 10 (a) and 100 (b) years. 727 

 728 

 729 
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 730 

Figure 12. The wave height of 3% probability of exceedance according to model results and direct measurements data in 731 

the point of 42°45.7’ N, 49°41.6’ E (a). Scatter plot of SWH derived from satellite and model data (b). N is the number of points per 732 

0.05 × 0.05 m square. 733 

b 
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 734 

Figure 13. The long-term mean SWH (a), the maximum SWH (b) for period 1979 to 2020. 735 

a b 
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738 

 739 

Figure 14.  The long-term mean SWH (a, c, e, g) and maximum SWH (b, d, f, h) for different seasons. 740 

e f 

g h 
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 741 

Figure 15. The number of storms with different SWH thresholds per year and its linear trends for 1979 to 2020. 742 
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 743 

Figure 16. Anomalies of the surface pressure field, hPa, for each type of circulation from mean annual (1961-1990). 744 

 745 
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      746 

 747 

Figure 17. Dynamics of anomaly per 10 years from the average for the period 1961-1990 the number of storm situations 748 

for the ensemble of CMIP5 models according to the data of the Historical experiments (1950-2005) and RCP8.5 (2006-2100).  The 749 

black line is the line trend and dotted black line its 95% confidence interval. Gray fill - intermodel spread of values. 750 

 751 

 752 

Figure 18. Scatter plot of SWH derived from satellite and model data based on previous model configuration (Myslenkov 753 

et al., 2018). 754 
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