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Abstract

Investigation surges is important for studying patterns of water dynamics in the Northern Caspian. Modeling of wind-surges fluctuations in the Caspian Sea was performed using the model ADCIRC (ADvanced CIRCulation). For numerical experiments was constructed an irregular triangulation computational grid that consists of 71,523 elements with minimum cell size 500 m (off the coast) and maximum – 10 km (in the center of the sea). It was compiled relative to the absolute zero water level for the Caspian Sea equal to  −28 m BS (Baltic System), taking into account flooding and drying of the coastal land. The NCEP/CFSR reanalysis of surface wind at a height of 10 meters and the atmospheric pressure from 1979 to 2017 were used as the input data. Since the Northern Caspian is covered with ice in winter, the sea ice concentration of OSI-450 reprocessing were used. To assess the quality of the model, the obtained model level data were compared with level measurement on weather stations Tuleniy Island and Makhachkala from 2003 to 2017. The correlation coefficient for Tuleniy Island varied within 0.79–0.88, for Makhachkala – 0.67–0.79. The mean value of the root-mean-square error was about 0.11 m for Tuleniy, and 0.06 m for Makhachkala. If we exclude fluctuations in sea level with an amplitude of less than 10 cm, the correlation values increase on average by 0.04. Three main synoptic situations were identified that lead to the formation of surges of more than 1 meter on Tuleniy Island. The contribution of wind to the formation of surge height is predominant (92–100%) compared with the contribution of the horizontal pressure gradient (0–8%). 
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Figure 1. Computational grid.
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Figure 2. Sea level scatter diagram for 2009 (a) and 2015 (b) on Tuleniy.
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Figure 3. The contribution of the horizontal pressure gradient (surges  >1 m). Red square – set up, blue triangle – set down.
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Figure 4. Number of oscillations  >0.5 m from 1979 to 2017 (Tuleniy Island). Red line – set up, blue line – set down.
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Figure 5. Sea level at Tuleniy station for surge 19–23 November 2013 (blue line – measuring, black – modeling (wind, pressure, ice), red – modeling (wind, ice)).
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Figure 6. The calculated sea level in the Northern Caspian at 12:00 21 November 2013.
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Figure 7. Sea level at Tuleniy station for surge 27 March to 1 April 2015 (blue line – measuring, black – modeling (wind, pressure, ice), red – modeling (wind, ice)).
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Figure 8. The calculated sea level in the Northern Caspian at 12:00 30 March 2015.
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Figure 9. Sea level at Tuleniy station for surge 12–16 March 1995 (black line – modeling (wind, pressure, ice), red – modeling (wind, ice)).
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Figure 10. The calculated sea level in the Northern Caspian at 12:00 13 March 1995.
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Table 1. Statistical Analysis of Sea Level Comparisons by Model and Measurement for Tuleniy Island

	Year 	 R 	 BIAS 	 RMSE 

	2003 	 0.85 	  1.73×10−3 	 0.10 

	2004 	 0.85 	  5.44×10−3 	 0.10 

	2005 	 0.83 	  1.12×10−3 	 0.09 

	2006 	 0.81 	  −3.39×10−3 	 0.11 

	2007 	 0.86 	  −0.03×10−3 	 0.10 

	2008 	 0.79 	  −3.62×10−3 	 0.11 

	2009 	 0.87 	  −1.27×10−3 	 0.09 

	2010 	 0.84 	  −2.56×10−3 	 0.11 

	2011 	 0.87 	  −3.64×10−3 	 0.13 

	2012 	 0.81 	  −8.50×10−3 	 0.13 

	2013 	 0.83 	  −0.71×10−3 	 0.13 

	2014 	 0.86 	  −2.87×10−3 	 0.12 

	2015 	 0.88 	  −9.68×10−3 	 0.12 

	2016 	 0.80 	  1.36×10−3 	 0.11 

	2017 	 0.82 	  2.92×10−3 	 0.14 

	mean 	 0.84 	  −1.58×10−3 	 0.11 
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Table 2. Statistical Analysis of sea Level Comparisons by Model and Measurement for Makhachkala

	Year 	 R 	 BIAS 	 RMSE 

	2003 	 0.75 	  3.41×10−3 	 0.06 

	2004 	 0.73 	  5.36×10−3 	 0.06 

	2005 	 0.70 	  2.59×10−3 	 0.06 

	2006 	 0.67 	  4.39×10−3 	 0.06 

	2007 	 0.70 	  3.54×10−3 	 0.07 

	2008 	 0.73 	  6.16×10−3 	 0.06 

	2009 	 0.78 	  4.99×10−3 	 0.06 

	2010 	 0.74 	  3.82×10−3 	 0.07 

	2011 	 0.79 	  6.85×10−3 	 0.06 

	mean 	 0.73 	  4.57×10−3 	 0.06 
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 Storm surge modeling in the Caspian Sea using an unstructured grid

A. V. Pavlova, V. S. Arkhipkin, S. A. Myslenkov

Lomonosov Moscow State University, Faculty of Geography, Department of Oceanology, Moscow, Russia

 Abstract

Investigation surges is important for studying patterns of water dynamics in the Northern Caspian. Modeling of wind-surges fluctuations in the Caspian Sea was performed using the model ADCIRC (ADvanced CIRCulation). For numerical experiments was constructed an irregular triangulation computational grid that consists of 71,523 elements with minimum cell size 500 m (off the coast) and maximum – 10 km (in the center of the sea). It was compiled relative to the absolute zero water level for the Caspian Sea equal to  −28 m BS (Baltic System), taking into account flooding and drying of the coastal land. The NCEP/CFSR reanalysis of surface wind at a height of 10 meters and the atmospheric pressure from 1979 to 2017 were used as the input data. Since the Northern Caspian is covered with ice in winter, the sea ice concentration of OSI-450 reprocessing were used. To assess the quality of the model, the obtained model level data were compared with level measurement on weather stations Tuleniy Island and Makhachkala from 2003 to 2017. The correlation coefficient for Tuleniy Island varied within 0.79–0.88, for Makhachkala – 0.67–0.79. The mean value of the root-mean-square error was about 0.11 m for Tuleniy, and 0.06 m for Makhachkala. If we exclude fluctuations in sea level with an amplitude of less than 10 cm, the correlation values increase on average by 0.04. Three main synoptic situations were identified that lead to the formation of surges of more than 1 meter on Tuleniy Island. The contribution of wind to the formation of surge height is predominant (92–100%) compared with the contribution of the horizontal pressure gradient (0–8%). 

 Introduction

The Caspian Sea is the largest closed reservoir with its hydrological regime and climatic features located in a vast continental depression on the border of Europe and Asia. One of the features of the Caspian is the inconstancy of its level, the amplitude of which varied within 4 meters during the period of instrumental observations [Bolgov et al., 2007]. Most researchers explain this phenomenon by changes in climatic conditions on which overlap anthropogenic factors.

Almost the entire coast of the shallow Northern Caspian is subject to the influence of non-periodic anemobaric-surges oscillation level [Baidin and Kosarev, 1986]. They are mainly generated by the action of the tangential wind stress, but also to a lesser extent as a result of changes in atmospheric pressure [Terziev et al., 1992]. In addition to the main factors, the magnitude of fluctuations is influenced by the depth of the sea, the slopes and bottom topography, the configuration of the coastline, the presence of aquatic vegetation, the ice regime and the amount of runoff [Nesterov, 2016]. 

Studies of surges in the Caspian Sea have a long history. Quite often, the authors limited themselves to summarizing the results by observation level posts. [Apollov, 1935; Fomina, 1967]. So, A. I. Karakash developed a method according to the level post of Makhachkala [Karakash, 1939]. It establishes the relationship between changes in sea level, atmospheric pressure and wind speed over a certain period of time. However, this technique takes place only with a gradual change in pressure and sea level. S. I. Kan admitted that when forecasting the level, the effect of the wind can be replaced by atmospheric pressure gradients [Kan, 1958]. V. Kh. German and N. P. Dovgopol, analyzed the components of the maximum levels of the Caspian Sea for different periods of the level dynamics. They proposed to apply the asymptotic law of the extreme members of the sample (asymptotic law of distribution of prime numbers) to calculate the maximum sea level increments, which was developed by E. I. Gumbel [German and Dovgopol, 1967; Gumbel, 1965]. N. A. Skriptunov and N. D. Gershtansky were engaged in research of wind surge phenomena on the Volga seaside [Gershtansky, 1973; Skriptunov, 1958].

In the Laboratory of Marine Applied Research of the Hydrometeorological Center of Russia, has been developed and operates within the framework of operational technology a method of hydrodynamic prediction of sea level and currents in the Caspian Sea [Nesterov et al., 2018; Verbitskaya et al., 2002; Zil'bershtein et al., 2001]. Forecasts are made using a rectangular computational grid.

In recent decades, a lot of level posts have been closed. Due to the limited number of posts in space and a large step of observation of the level, it is not possible to trace in detail the formation of surge events. Thus, the method of mathematical modeling is used for a more detailed analysis of the spatial-temporal variability.

The aim of the work is to identify patterns of formation wind-surges fluctuations in the Northern Caspian based on the technology of mathematical modeling for the period from 1979 to 2017 using the ADCIRC (ADvanced CIRCulation) model. The verification of the model was carried out on the basis of a comparison of the obtained results with observational data. It is necessary to assess the influence of individual factors, as well as to compare individual simulation results with field data.

 ADCIRC Model

Modeling of wind-surges fluctuations in the Caspian Sea was performed using the model ADCIRC. The model is developed and maintained by a combination of partners [Luettich et al., 1992], (Luettich, R. A., Westerink J. J. (2004), Formulation and numerical implementation of the 2D/3D ADCIRC finite element model version 44.XX. Available at https://adcirc.org/files/2018/11/2004_Luettich. pdf). ADCIRC is a numerical model for calculating water circulation and sea level fluctuations that solve the complete equations of motion for a moving fluid on a rotating earth. Typical ADCIRC applications include the following tasks: prediction of storm surges and floods, modeling tides and wind driven circulation, near shore marine operations, dredging feasibility and material disposal studies.

The model equations have been formulated using the hydrostatic pressure and Boussinesq approximations. It uses a finite element method for discretization by spatial variables, which allows the use the unstructured grids. The approximation in time is carried out by the finite difference method. It takes into account such parameters as Coriolis force, atmospheric pressure, wind stress, tidal potential and bottom friction. In the model, you can set the properties of the underlying surface. ADCIRC also includes flooding and drying of low-lying areas, as well as river flow.

There are two options for using the ADCIRC model: as a two-dimensional depth integrated model (2DDI), and as a three-dimensional model (3D). In this work, we used a two-dimensional model. Exceeding the level is obtained by solving the depth-integrated continuity equation in Generalized Wave-Continuity Equation form (GWCE) [Westerink et al., 1994]. Velocity obtained from the solutions of momentum equations. All non-linear terms are preserved. The ADCIRC architecture successfully allows to use this model complex in parallel computing. ADCIRC can be run with either a Cartesian or a spherical coordinate system. The initial equations of the 2DDI ADCIRC model are:

 ∂U∂t+U∂U∂x+V∂U∂y−fV=
  

	
  −g∂∂x[η+Pagρ0]+τsx−τbxρ0H+Mx−DxH
	(1)	


 	 

 ∂V∂t+U∂V∂x+V∂V∂y−fV=
  

	
  −g∂∂y[η+Pagρ0]+τsy−τbyρ0H+My−DyH
	(2)	


 	 

  

	
  ∂2η∂2t+τ0∂η∂t+∂Jx∂x+∂Jy∂y=0
	(3)	


 	 

 Jx=−Qx∂U∂x−Qy∂U∂y+fQy−
 g2∂η2∂x−Hρ0∂Pa∂x+τsx−τbxρ0+
  

	
  (Mx−Dx)+τ0Qx+U∂η∂t−gH∂η∂x
	(4)	


 	 

 Jy=−Qx∂V∂x−Qy∂V∂y−fQx−
 g2∂η2∂y−Hρ0∂Pa∂y+τsy−τbyρ0+
  

	
  (My−Dy)+τ0Qy+V∂η∂t−gH∂η∂y
	(5)	


 	 

 τsx=τsx,wind+τsx,wave
  

	
  τsy=τsy,wind+τsy,wave
	(6)	


 	 

The terms in (1)–(6) are the following –  x,  y and  t are horizontal grid points and time;  H=h+η is total water depth;  η is surface elevation;  h is bathymetric depth;  U and  V are depth-integration currents in the  x- and  y-directions, respectively;  Qx=UH and  Qy=VH are fluxes per unit width;  f is the Coriolis parameter;  g is gravitational acceleration;  Pa is atmospheric pressure at the surface;  ρ0 is the reference density of water; ( τsx,wind,τsy,wind) and ( τsx,wave,τsy,wave) are surface stresses due to winds and waves, respectively;  τbx and  τby are bottom stresses;  Mx and  My are horizontal eddy viscosity;  Dx and  Dy are momentum dispersion terms;  τ0 is a numerical parameter that optimizes the phase propagation properties.

This model has already been successfully used to simulate surges in the White and Barents Sea [Korablina et al., 2017], as well as in the Sea of Okhotsk [Ivanova et al., 2015].

 Model Setup

	[image: Fig 1]
	Figure 1

  Using the Aquaveo Surface-water Modeling System (SMS 11.0) application, maps were digitized and an irregular triangulation computational grid was constructed (Figure 1). The grid is constructed depending on the number of points on the coastline and consists of 71,523 elements. The minimum cell size was 500 m (off the coast), the maximum – 10 km (in the center of the sea). To create a digital elevation model, marine navigational maps of  1:25,000,  1:100,000,  1:750,000 scale were used. The computational grid was compiled relative to the water level for the Caspian Sea at 28 meters below sea level, taking into account flooding and drying of the coastal land. The use of irregular grid seems to be perspective for computing coastal processes and more accurate representation of small islands.

 

 

 



As the input data were used the fields of surface wind (at a height of 10 meters) and the atmospheric pressure of the NCEP (National Centers for Environmental Prediction) CFSR (Climate Forecast System Reanalysis) reanalysis. The NCEP/CFSR reanalysis is a modern product of the National Centers for Environmental Prediction, implemented in 2010. The CFSR is a global atmosphere–ocean–land–sea ice system with high resolution that provides the best estimate of the state of these interconnected systems. Data covering the period from 1979 to 2010 have a 1-hour time interval and a spatial resolution of  ∼0.3°×0.3° [Saha et al., 2010]. For numerical calculations from 2011 to 2017, the NCEP/CFSv2 version (Climate Forecast System Version 2) reanalysis was used, having a spatial resolution of  ∼0.2°×0.2° [Saha et al., 2014]. Also, sea ice concentration was set as input (OSI-450), which is reprocessing the brightness temperature data based on passive microwave radiometer SMMR, SSM/I and SSMIS and ECMWF ERA-Interim reanalysis (EUMETSAT Ocean and Sea Ice Satellite Application Facility. Global sea ice concentration climate data record 1979–2015 (v2.0, 2017), [Online]. Norwegian and Danish Meteorological Institutes. http://osisaf.met.no/docs/osisaf_cdop3_ss2_ pum_sea-ice-conc-climate-data-record_v2p0.pdf). The data covers the period from 1979 to 2017 with a daily interval and a spatial resolution of  ∼0.2°×0.2°. Data output occurs every hour.

 Results

	[image: Fig 2]
	Figure 2

  To assess the quality of the model, the obtained model level data were compared with level measurement on weather stations Tuleniy Island and Makhachkala (with time step of 6 hour) from 2003 to 2017 (Figure 2). Comparison was carried out after the removal of low-frequency fluctuations of the sea level (periods longer than 30 days). Due to the presence of gaps in field observations, digital filters could not be used to remove these fluctuations. To solve this problem, polynomials of the seventh order were computed, using Chebyshev coefficients. Then a hypothesis about the equality of variances was tested, based on the  F-distribution.
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	Table 2

  A statistical sea level analysis was conducted for Tuleniy Island for the period from 2003 to 2017 (Table 1) and Makhachkala from 2003 to 2011 (Table 2). The correlation coefficient (comparison of model and field data) for Tuleniy varied within 0.79–0.88, for Makhachkala – 0.67–0.79. The mean value of the root-mean-square error was about 0.11 m for Tuleniy, and 0.06 m for Makhachkala. If we exclude fluctuations in sea level with an amplitude of less than 10 cm, the correlation values increase on average by 0.04. For example, in 2007, the correlation value is 0.86, and excluding fluctuations is 0.91. These results make it possible to say that, firstly, the model adequately describes the obtained level change data, and secondly, ADCIRC reproduces surges very well.

Three main synoptic situations were identified that lead to the formation of surges of more than 1 meter on Tuleniy Island:

	 For the formation of surge on the west coast, a strong anticyclone is formed north of the Caspian Sea, which comes either from the Asian maximum or from the north. At the same time, a cyclone is formed west of the Caspian Sea (in most cases over European territory). 
	 The opposite situation is formed for the formation of the sea level decline. That is, a strong cyclone forms to the north of the Caspian, and an anticyclone in the west. 
	 The formation of a cyclone directly above the Caspian Sea, which moves to its northern part and forms a set-down of the sea level on the west coast. 
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  To estimate the contribution of wind stress and atmospheric pressure to the formation of set up and set down sea level, separate experiments were conducted only with wind and atmospheric pressure and only with wind. In both cases, ice was also counted. It was revealed that the wind contribution to the formation of surge height is predominant (92–100%) compared with the contribution of the horizontal pressure gradient (0–8%) in different synoptic situations (Figure 3). A positive contribution means that the level has increased due to pressure, and vice versa.
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  From 1979 to 2008 there is a long-term tendency to reduce the number of cases of formation wind-surges level fluctuations (Figure 4). Since 2008, the opposite trend has been observed. This tendency is valid not only for all fluctuations with an amplitude of more than 0.5 m, but also for 0.2, 0.4, 0.6 and 0.8 m. During the year at the Tuleniy Island, both the number and the height of set down water level more than set up.

The largest in magnitude, wind-surges level fluctuations at the Tuleniy were observed in February 1981 – the level set down was 1.8 m, and the level set up was 1.5 m.
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  A surge analysis was conducted on 19–23 November 2013 (Figure 5 and Figure 6). During this period, an anticyclone was formed, which moved eastward over the Northern Caspian. At the same time, a cyclone was formed over Europe. On 19 November the north wind was observed, which on 20 November changed its direction to the south-east, and on the 23rd to the east. Wind speed reached 15 m/s.

Figure 5 shows the time course of the sea level at Tuleniy. Results indicate very good agreement between the model and instrumental data, where the maximum sea level was 1 m. The pressure contribution reached 5%.

Figure 6 shows the spatial distribution of the calculated sea level in the northern part of the Caspian Sea at 12 a.m. on 21 November 2013. The maximum values of the level at the northwestern coast reached 2.5 m. In the east coast there was a decrease in sea level of up to 1 m. The simulated flooded area was 15 km.
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  Also, an analysis was conducted to surge conditions from 27 March to 1 April 2015 (Figure 7 and Figure 8). During this period, a strong anticyclone was formed north of the Caspian Sea, and an area of low pressure over Europe. The east wind was predominantly observed at speeds up to 17 m/s.

Figure 7 shows the time course of the sea level at Tuleniy, where there is a good agreement between the model and instrumental data. The sea level at the station reached 1.3 m. During the surge, two peaks were modeled. At the first peak, a negative pressure contribution of up to 1% was observed, and at the second, a positive contribution of up to 1.5%.

Figure 8 shows the spatial distribution of the calculated sea level in the northern part of the Caspian Sea at 12 a.m. on 30 March 2015. The maximum values of the surge at the western coast reached 3 m. Along the eastern coast, the sea level has decreased to 3 m. The area that was flooded as a result of modeling was 15 km.
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  The surge analysis was carried out for the conditions of the storm 12–16 March 1995, which had the most disastrous consequences after the surge in 1952 (Figure 9 and Figure 10). 

During the surge, there was a sharp increase in horizontal pressure gradients over the North Caspian due to the displacement of the strong anticyclone from the north and the deepening of the cyclone over the Black Sea. In the northern part of the Caspian Sea, there was a strong east-northeast (12–13 March) and east (from 14 March) winds with speeds of up to 20 m/s. During the storm, a current with a general direction to the west-south-west with speeds up to 1 m/s was formed.

On 15 March wind intensification was observed, due to which two peaks were formed in sea level at Tuleniy (Figure 9). The maximum sea level at the station was 1.3 m. There was a negative pressure contribution of up to 8%.

The duration of the wind in conjunction with large pressure gradients and direction of currents caused a catastrophic surge, the maximum values of which reached 2 m on the northwestern coast of the North Caspian. At the same time, a catastrophic sea level decline of up to 4.5 m was observed on the east coast. The simulated land flood bandwidth reaches 25 km.

The effect of ice conditions should be considered in each case separately. Due to different meteorological conditions and ice concentration, different responses can be observed. In most cases, the presence of ice leads to a decrease in sea level fluctuations.

 Conclusions

Verification of the ADCIRC model, implemented on the original irregular grid, covering the entire Caspian Sea, showed that the level fluctuations calculated using the ADCIRC model reliably describe the observed level changes in space and time. The use of a triangulation grid made it possible to increase the density of nodes in the coastal zone of the Northern Caspian with a minimum step of 500 m, which leads to a more accurate description of the wind-surges fluctuations.

The developed method for isolating surges by eliminating long-period oscillations (a period of more than 35–40 days) from the general sea level made it possible to calculate the statistical characteristics of surges for a long period from 1979 to 2017 in the studied area.

Several basic synoptic situations have been identified, in which surges of more than 1 meter form along the western coast of the Northern Caspian. During the year, both the number and the height of water level set down at Tuleniy are more than surges.

The long-term tendency to reduce the number of cases of formation wind-surge oscillations from 1979 to 2008 is noted. Since 2008, the opposite trend has been observed.

The contribution of wind to the formation of surge height is predominant compared with the contribution of the horizontal pressure gradient.
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