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Problems of the Caspian Sea level prediction

Z. K. Abuzyarov, Hydrometcenter of Russia 

This report gives a brief reiew of methods for prediction of the Caspian Sea level fluctuation. These methods are used at the Hydrometeocentre of Russia.

1. Introduction

The Caspian Sea, the world largest inland body of water, is of great importance to the economies of give countries of five countries sharing its coasts namely: Russia, Azerbaijan, Kazakhstan, Turkmenistan and Iran.

At present, the mean sea area is about 393 thousand sq.m. The maximum length from North to South is about 1200km, the width is 165-450km, the largest depth is 1025 m.

The main feature of the Caspian Sea dinami is significant fluctuation of its level, which can be considered permanent natural disaster leads to several adverse and ecological effects.

Besides, the region is subject of active endo-geodinamics with intensive resent movements, destructive earthquakes etc. The expansion of the sea from North to South makes it necessary to study its hydrometeorological regime. The geometric rates of the sea (area, depth, length and width) permanently change along with its period level fluctuation. According to on geomorphological  and hydrometeorological  conditions the Caspian sea is divided into three parts: North shallow water with depth at 4-5 m; middle, deep-sea part with depth of 6000 700m, and, South, the largest part of sea. (Fig.1).

At present the main model for determination the long-term fluctuation of the Caspian sea level is the water balance for closed seas, such as Caspian Sea, and their hydrometeorological regime, is close dependence of the balance on the continental runoff.

Social-economical and ecological consequences of the Caspian Sea level fluctuations were so large so preparation of measures for prevention and mitigation of their actions became one of cardinal state problems. Sharp decrease of the sea level by about 2 m (from 26.0 m to 27.8 abs.m.) in 1929-1940 drained a territory of about 25 thousand sq.km. By the 1977 the sea level decreased by more then 1.2 m and reached the lowest position for the last five centures –29.0 abs.m.  In a low-lying NE part of the Caspian Sea the coastal line by 120-140 km.
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In order to stabilize the Caspian level in 1950-1960 such large engineering-geographical projects as a re-routing of water of Northern (the Kama, the N. Dvina, the Pechora) and Siberian, (the Ob, the Irtish) rivers, separating of the Nothern Caspian Sea with a huge dike, blocking of water flow to the gulf Kara-Bogaz-Gol were proposed. All these measures were designed based on the prediction of continuing level decrease up to 2000 and further in the XXI century.

However, this prediction based only on pure hydrometeorological and antropogenic data was not proved successful and since 1978 an unexpected quick the sea level rise began which amounted 2.5 m in 1995. It caused new social-economical and ecological problems. A huge territory of about 35-36 thousand sq. km was flooded. The coastal line of the North  Caspian Sea advanced in some places by 25-30 km. Vast coastal territories became regions of ecological disasters.

The heads of the hydro meteorological services of all Caspian States, concerned with the emergency created by the deterioration of the hydrometeorological observation network and the environmental monitoring network, and recognising their responsibility for dealing with this problem, decided in September 1994, with active support of the World Meteorological Organisation (WMO), to establish a Co-ordinating Committee on Hydrometeorology and Monitoring of Pollution in the Caspian Sea. In order to rectify the dire situation in these areas an Integrated Programme on Hydrometeorology and Monitoring of Environment in Caspian Sea Region (CASPAS) was carried out.

Activities under the CASPAS Programme were directed to solving the following main tasks:

1. Restoration and further development of the network of marine, coastal and delta observation stations and posts, the secular and standard section network, the ship station network, the network for inter-State exchange of observational data and information on environmental pollution, and observation of the sea from the air and space;

2. Establishment of a special subsystem for the collection of information from the observation network, and for its processing, storage and dissemination;

3. Development of a system for forecasting elements of the hydrometeorological regime (including the sea level) with a lead time ranging from several days to several years;

4. Determination of the impact of the sea level changes and economic activities on the hydrometeorological regime and on pollution of the waters in the open sea, the coastal zone or river deltas.

Considerable long-term changes of the Caspian Sea level occurred in the last century. Their impact on population of riparian countries was very important. However, most of them were poorly predicted. Explanation of the mean sea level change is still beyond the capabilities of modern science. There have been many scientific discussions, but so far there has been no satisfactory solution to the problem.

Recently the issues of sea level prediction for ranges from several days up to years became even more important because annual mean sea level started to rise steadily. The 2.5 m rise of the water level between 1978 and 1995 led to flooding of vast land areas, causing serious damage and severe economic difficulties for thousands of people dwelling in the coastal zone. Since the tendency of the sea level to rise is likely to persist, the issue is getting more and more critical. The explanation of the rise of the water level in the opinion of most scientific and other specialist is related to the global climate change.

High mean level of the Caspian Sea increases the probability of devastating storm surges, which tend to be especially dangerous along the northern Caspian Sea coasts of Dagestan, Kalmykia, Astrakhan Region and Kazakhstan. During the seventies the mean level of the Caspian Sea (MLCS) was low and threshold catastrophic surge height was equal to 2 m. At present devastating storm surges are getting more frequent because storm surge elevation of 1m and even less has become catastrophic. This requires huge investments aimed at protection of industrial areas, cities, towns, and villages. Such situation makes Caspian mean sea level predictions for various ranges very valuable because they help avoiding great economic losses.

In conditions of permanently changing sea level there is a need for upgrading and improvement of prediction methods including those for short ranges and for 1-year in advance. Prediction techniques for longer ranges are required as well.

2. Prediction of annual cycles of Caspian Sea level

Feasibility of the MLCS prediction was first shown by G.P.Kalinin. His method was used with success for the period when river outflow was determined by natural forces only. In contemporary conditions due to existence of hydropower plants, reservoirs, and due to seasonal water resource management, the water inflow to Caspian Sea was disturbed greatly. This is why G.P.Kalinin, K.I.Smirnova, and O. I.Sheremetevskaya developed in sixties // a method to predict monthly and annual mean Caspian Sea levels for conditions of river discharge management. This method is still used operationally at the Hydrometcentre of Russia.

The method is based upon approximate solution of water balance equation for the Caspian Sea. This equation reads:
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Here                     is MLCS change due to water balance constituents occurring during 

time period ∆t, ∑QS, QKBG, QB are sums of discharges of Volga, Kura, Ural, Terek, Sultak, Samur rivers, rivers of the Iran coast, and small boulders, discharge to Kara-Bogaz-Gol Bay, and water exchange cross the sea bottom, E-p is effective evaporation minus 

                     Hσ
precipitation, ―  is level variation due to changes of water density, S is water area 

                      Δt
corresponding to current mean sea level.

Current level is determined using the formula

Ht=Ho+ ΔH

where Ho is initial MLCS value, ΔH is MLCS change.

The most important source term in the water balance equation is surface inflow of river water, while the most important sink term is due difference “evaporation-precipitation”. Basic annual variations of MLCS due to river inflow and effective evaporation act as a background to which small amplitude effects are added due to water density changes, outflow, outflow to Kara-Bogaz-Gol, and exchange across the bottom.

The forecast procedure consists of the following steps. Total surface inflow of rivers is governed to a large degree by water management measures and is assumed to be given. It is evaluate using data on expected discharges at hydropower plants on the Volga and Kura rivers and on the predicted outflow volume of other rivers. This value divided by sea area gives value of sea level change. At the next step this total sea annual level change is used to calculate annual variation of sea level changes for given region regions of the sea. The calculation proceeds from northern to southern areas. In doing so the following relations are used:

ΔH=( ΔHI-1+2 ΔHI+ ΔH​​​I-1)/4

(for Makhachkala and Fort Shevchenko), and 

ΔH=(2 ΔHI-1+ΔHI+ ΔH​​​I+1)/4

(for Baku, Island Zhiloy, Kuuli-Mayak, Kara-Bogaz-Gol, and Krasnovodsk).

Fig. 3 Comparison of the method results (dashed) with observed (solid) level of Caspian Sea
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In the above equations (i) refers to month number. It is seen that for northern areas (see equation (3)) the biggest weight is given to data for last month, while for southern areas the biggest weight is given to the last but one month, which reflects the characteristic time needed for the surface elevation to propagate to these locations. With the sea level in April taken as initial condition, the expression (2) allows one to get monthly mean levels. Annual mean sea level is predicted as average over four observed values for January-April and eight predicted values for May-December.

In the Beginning of August there is an opportunity to update the forecast taking into consideration actual water consumption of hydropower plants and new, more accurate, prediction of river transports for July-September. The mean sea level in July is taken as initial condition for this updated forecast. However, it is done very rarely. The prediction described above give in general sufficiently correct information on expected annual variation of MLCS. Fig.3 comparison of observed and predicted MLCS for 1954-1998. In the average 85% of forecasts were correct. Main source of forecast errors is related to inaccuracies in “evaporation-precipitation” data. It is possible conclude that the method of prediction MLCS annual cycle is rather reliable.

Official long range forecast is issued once in a year in April after long range forecast of corresponding rivers discharge for April-June is made available and schedule of water passes at after bays of hydropower plants on rivers Volga and Kura is determined. The forecasts are delivered to interested national organisations in the form of the Hydrometcentre Bulletin. They are used for the development of program measures to protect the in-undated area and in the course of its implementation.

3. The possibility for MLCS prediction for 5 and 18 years ahead.

Being practically useful, time MLCS prediction for one year ahead only is not sufficiently long to meet needs of all users. For example, some design organisations are interested in MLCS prediction for several years or even dozens of years ahead. Accordingly, a number of attempts to develop MLCS prediction method were made at Hydrometcentre of Russia and at other national research institutes. However, no one of them turned out to be acceptable and usable for long term design of marine constructions.

An attempt to predict MLCS for 5-6 years ahead was undertaken in forties by N.A. Belinsky and Kalinin /1/. It was based upon non-synchronised relations between MLCS and parameters describing past atmospheric processes over the North Atlantic. The authors revealed cyclic oscillations in cyclonic and anticyclonic activity with period this method was the only one, which was practically used.

The approach was further developed by K.I.Smirnova /5/. Her analisis of MLCS series brought a conclusion that there were two periods of MLCS variatiions equal, respectively, to 5 and 18 years. Corresponding relations between MLCS and indexes by Belinsky of atmospheric circulation over North Atlantic and Eurasia are characterized by correlation coefficient of 0,80 for 5-year prediction and 0,95 for 18-year prediction. MLCS forecast for 5 years has been issued officially since 1951. Many years’ skill scores were satisfactory. 77% of forecasts for 32-year long period from 1951 till 1982 were correct. However, at middle 70-s the forecast quality started to deteriorate and its issue was terminated.

MLCS forecast for 18 years ahead prepared by K.I. Smirnova in 1972 is the most accurate in comparison with other forecasts. It corresponds to a deep minimum of the MLCS in 1975-1978. Predicted minimum is shifted by 3 years in time and is deeper by 13 cm than its observed value.

As known, the prognostic equations based on statistical data processing initial data loose their forecasting skill as time passes. Therefore the method by Kalinin-Smirnova was recently modified at the Hydrometeocentre by Z.K. Abuziarov. The attent method is based on a relationship between sea level and atmospheric pressure fields.

For the joint analysis it is convenient represent the MLCS and atmospheric pressure fields in analytical form by natural orthogonal functions co-ordinates x,y. Then the serie coefficients are used as arguments the prognostic equations. Such approach makes it possible to take into account the development of the atmospheric processes in space and time.

Before constructing the relationships between MLCS and to indexes of atmospheric circulation, the high frequency waves with periods less than 5 years and low-frequency waves (secular fluctuations) were extracted from initial time series. Then the smoothing procedure was applied. After that the different statistical parameters (periodograms, autocorrelation and spectral functions and so on) were calculated and analysed.
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Fig. 4. Autocorrelation function for MCSL
The smoothed time series of the predictantt (sea level) and predictors (index of atmospheric circulation) are quasi-periodic and have some shifts with respect of each other. The shift can be determined by means autocorrelation. The example of autocorrelation function for MLCS is shown on fig. 4. It is seen that curve passes the time scale at points corresponding to 5,12 and18 years.

Predictions at such time scales are no longer related to the analysis and consideration of hydrometeorological parameters in the Caspian Sea catchment area basin. They should be connected to large-scale prosses research, which may characterize the climate changes over large territory, say, a hemisphere. The response of MLCS to changes atmospheric circulation is not simultaneous but has same lag, i.e. strongest anomaly forms during long time by different atmospheric processes. The MLCS lag relatively atmospheric processes can be understood, as time needed by MLCS to adjust to changes in atmospheric processes. The adaptation time is varying from one year to several years and is probably connected to continuity and periodicity processes.

Synoptic charts of anomalous atmospheric pressure and MLCS were used for 1900-1998 as initial data for the construction of prognostic equations. The annual changes of the sea level are defined by formula

ΔH=HI-HI-1

Where HI is the sea level for the current year and HI-1 is the sea level the previous year. Then then running five-year mean of the sea level is calculated.

For Makhachkala the linear equations were constructed by the method of least squares using computers as follow:

                                                                       n          τ          ―

H*t+∆t=ao+ (∑ ak ∑ (Bj-B))

                                                                                                              k=1      j=1

                             T                    ―

where H*= ∑ (ΔHj- ΔH) denote the integral value of the annual changes of the MLCS; ak- 

                            j=1
denote regression coefficient for atmospheric pressure taken Bj for the moment t, ao is the free term, Δt is the forecast range (Δt=5 or 18 years).

The obtain correlation coefficients vary from 0.90 for prediction for 18 year ahead. The calculations of prognostic MLCS using obtained equations have given satisfactory results. They are within the limits of the accuracy, which is possible to obtain from initial data. Comparison of calculated the integral sum of calculated annual level sea increases with the actual ones showed a satisfactory coincidence (fig.5)
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The forecast of the Caspian Sea level to 18 year ahead, calculated by equation (6) exhibits increasing of the sea level to 2013 with a little fluctuation (26.20-m abs). After that it is expected to decrease to –26.60 m abs. According to our estimates the Caspian sea level during 18 years will not be higher than –26.0 m.abs. Fig.6

The above discribed deterministic relationships confirm the preva- iling opinion among specialists about dependency of the Caspian Sea level on hydrometeorological processes. Using the prognostic relationships and data on the atmospheric circulation we can predict changes of the Sea level in time.

4. Short range forecasts of storm surges.

Storm surges are most frequent for cases of eastern, south-eastern and southern winds stronger than 10 m/s. during last 110 years there have been mine catastrophic storm surges with height more than 2 m. The most strong surges were observed in 1877, 25-27th 1910, 11th November 1925, 10-13th November 1952, 19-20th November 1960, 28-29th December 1981, 29-30th October 1987, 12-16th march 1995. The most negative surges (more 1m) in the Northwest coast of Caspy were observed in October 1957, January 1960, January 1964, october0december 1977 and October 1978. The storm surges more frequency is observed in autumn-winter period and due to by strong and state Southeast, east winds (for West Coast Sea) and Northwest and west wind (for East Coast Sea). The winter presence shore ice decrease effect of storm surge. The drifting ice, which is observed in the warm winter practically non-stop to propagation surge wave.

Usual storm surges reaching dangerous levels may happen from four to six times yearly. During strong storm surges significant flooding may penetrate up to 50 km inland, while some water may propagate up to 70 km.

Height and duration of storm surge depend on combination of wind force and its direction relatively the coastal line, on storm duration, sea depth, and bottom relief.

To hindcast and forecast storm surges a complex approach is adopted at the Hydrometeocentre of Russia, in which analysis of storm surge favourable situation is made using synoptic maps and after that the storm surge is computed numerically.The outline of the method looks as follows. Firstly, surface meteorological forecast maps are analyzed and a possibility for a storm surge to occur is explored. If the analysis supports the possibility, corresponding warning is issued.

Fig.7. Comparison of the method results (dashed) with observed (solid) level of Caspian Sea for Lagan and Tuleny during the storm surge 12-16 march 1995
After that the storm surge is simulated numerically for the whole period when it is considered possible. For this purpose a two-dimensional model is used based on shallow water theory equation //. Average sea level for last ten days before the forecast is taken as initial condition. Wind information is taken from a regional meteorological forecast model, which has been used at the Hydrometcentre of Russia since 1989. It provides meteorological forecast for 36 hours ahead with time step of 2 minutes and mesh size of 75 km. Such resolution allows one to use the model for prediction of relatively rapid (in time and space) changes of surge heights occurring within rather limited area of Northern Caspian Sea. Fig.7 gives an example of comparison of observed sea level and its value computed with the hydrodynamic model for a case of one of the strongest devastating surges. It occurred from 12th to 16th of March 1995. Corresponding warning was issued by the Hydrometcentre of Russia 3 days in advance. During the event hourly level observations were taken at gauges located at Lagan and on island Tuleny. Good correspondence is seen between the observed and simulated curves. Computed levels for Lagan happened to be a little lower than observed, while they were higher than observed for Tuleny. Computed maximal level for Lagan was equal to observed maximum (185sm), but real maximum occurred earlier then it was predicted. For island Tuleny computed maximal level was equal to 106 sm, and observed was equal to 90 sm. Main source of errors is related to inaccuracies of meteorological forecast due to coarse resolution of atmospheric model. Another source of errors is inherent to interpolation of computed values from grid nodes to points of observation.

The model in use for prediction of storm surge is capable to compute storm surge heigh only. At the same time it would be very important for practical purposes to predict also area of storm surges flooding including length of its penetration inland, area of land covered with water, and its extend along the coast. An urgent task would also be determination of flooding pattern shape because this very information is used operationally by decision-makers.

There are several methods to evaluate the flooding zone geometry. They all require extensive work of preparing topographical maps with height contours shown at each 0.25-0.5 m. Another way would be determination of cross sections relating flooding area and extend of inland penetration to sea level height. More extensive approach is based on conduct of aerial photography surveys and air reconnaissance. They require a lot of topographic baseline information as well. Taking all that into consideration a simple approach was proposed at the Hydrometcentre of Russia for tentative evaluations. Namely, determination of flooded area bounds is made using high resolution (about 1 km) satellite imagery relatively the water boundary position during calm meteorological conditions.
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