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The Potential Role of Kara Bogaz Gol Bay in Mitigating Caspian Sea Level Rise

Dr Robin Wardlaw

1. Introduction

The role and history of Kara Bogaz Gol bay in the water balance of the Caspian Sea is well known, and has been investigated in various recent studies (e.g. Golubtsov, 1999, Wardlaw, 2000, SHI, 2000).  The potential of regulating flows to Kara Bogaz Gol Bay as a means of regulating Caspian Sea levels has not however been reported.  In this paper exploratory analyses are presented that indicate that regulation of Caspian Sea levels could be beneficial.

The studies described are based on the monthly water balance model of the Caspian Sea developed by Wardlaw (1999, 2000).  The model has been extended to include the water balance of Kara Bogaz Gol Bay, and to output relevant components of that balance.   This has required additional input data for the model in the form of potential evaporation from and precipitation on Kara Bogaz Gol Bay.

2. Kara Bogaz Gol Bay Evaporation and Rainfall

An evaluation of evaporation from Kara Bogaz Gol Bay has recently been reported by Golubtsov and Lee (2000).  They presented estimates of monthly evaporation for the period 1920 to 1935 derived from a water balance approach and reported by Shyshov (1938).  The mean annual evaporation for this period was estimated to be 1225 mm. The water balance was based on water level records, measured inflows and precipitation for three stations around the sea.  The estimates should therefore be quite accurate, although will be influenced by the accuracy of the elevation – area characteristics used. Golubtsov and Lee also computed evaporation for the period 1995 – 1998 using water balance methods and estimated the average annual evaporation for this period to be 1270 mm.  In reviewing the Goubtsov and Lee report, Georgievskiy (2001) presented a revised elevation area curve for the Kara Bogaz Gol prepared by Lavrov, and provided through personal communication. This curve attributes slightly greater area at higher elevations, and is shown along with the Kaznimosk curve in Figure 1.  Calculations of sea evaporation by Lavrov for the 1995 – 1998 period reprtedly gave an average annual evaporation of 1280 mm.  The indications are therefore that mean annual evaporation from the Kara Bogaz Gol is likely to be in the range of 1225 to 1280 mm at higher elevations. 

Mineralisation is understood to be significant in controlling evaporation from Kara Bogaz Gol Bay at lower elevations when the density and salinity of waters in the bay is very much higher.  Water balance studies carried out by Bortnikov (1991) and discusssed by Georgievskiy (2001) indicate significant reductions in evaporation at lower bay levels following periods of lower inflows.  A summary of his estimates of bay evaporation, based on water balance components, is given in Table 1 below.  These estimates are significantly lower than those of Shyshov (1938), Golubtsov and Lee (2000) and Lavrov, which relate to periods of higher bay levels.  In modelling the water balance of Kara Bogaz Gol Bay, these variations in evaporation must be taken into account.

Table 1

Variations in Kara Bogaz Gol Bay evaporation rates (after Bortnikov, 1991)

	Time Period
	Inflow (km3/year)
	Evaporation (mm/year)

	1931 – 40
	12.12
	1024

	1941 – 50
	11.65
	1014

	1951 – 60
	10.16
	994

	1961 – 70
	9.22
	1048

	1971 - 79
	6.28
	779
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Rainfall in the vicinity of the Kara Bogaz Gol is observed at the Kara Bogaz Gol meteorological station.  Monthly rainfall records exist for this location since 1921 and have few missing values.  The long term average annual rainfall is 96 mm.  The long term average annual rainfall over the Caspian is 221 mm.

Figure 1
Elevation area characteristics of the Kara Bogaz Gol Bay 

3. Modelling the Kara Bogaz Gol Bay Water Balance

The Kara Bogaz Gol Bay water balance has been incorporated in the Caspian Sea monthly water balance model.  The inputs to the balance are monthly evaporation, rainfall and inflows from the Caspian Sea.  Because of an incomplete data sets of Kara Bogaz Gol Bay water levels at Kaznimosk, evaporation has been estimated on the basis of Caspian Sea Evaporation, corrected for seasonal distribution, and adjusted to account for the variations in evaporation noted in Table 1.  The ratio of mean monthy Kara Bogaz Gol evaporation estimated by Shyshov (1938) to the implied mean monthly evaporation from the Caspian water balance model has been used with the implied monthly Caspian evaporation to determine a reference evaporation data set for Kara Bogaz Gol Bay.  In the model, further adjustments are made by period of record to account for the variations noted in Table 1.   This is not an ideal approach, and it would be preferable to try and develop a relationship between evaporation, water level and salinity, in order to account for the effects of mineralisation.   This should form part of future investigations.  The monthly factors applied to monthly Caspian sea evaporation are given in Table 2 below.

Table 2

Factors applied to Caspian Sea evaporation to estimate Kara Bogaz Gol evaporation

	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	0.60
	0.64
	0.89
	1.31
	1.80
	1.78
	1.80
	1.47
	1.14
	0.96
	0.83
	0.67


The above factors result in an average annual evaporation from Kara Bogaz Gol Bay of 1225 mm.  The additional time period correction factors are simply the values given in Table 1 divided by 1225.

Elevation area characteristics for the Kara Bogaz Gol have been taken from Georgievskiy (2001), based on his communication with Lavrov and are as shown in Figure 1.  

Inflows to Kara Bogaz Gol Bay can be dealt with in the model in one of three ways:

i) With an historic data set of inflows that was used in setting up the original monthly water balance model (Wardlaw, 2000).

ii) With a  rating curve based on Caspian Sea levels that can be used to compute inflows under different rating relationships.

iii) In an operational mode can be used in which inflows can be specified above certain threshold sea levels.  This is on the assumption that a regulator exists between the Caspian Sea and Kara Bogaz Gol Bay.

The adequacy of the model has been tested by simulating Kara Bogaz Gol Bay water levels on the basis of the historic inflows from the Caspian Sea.  The results of this simulation are shown in Figure 2.  The indication from Figure 2 is that the model incorporates a reasonable representation of input parameters.  An additional evaporation adjustment was incorporated for the 1980s, and this could perhaps be fine tuned a little.  The simulation of the rise in Kara Bogaz Gol Bay levels, and of the peak level is good.  The over simulation in the 1970s is probably the result of the rather crude approach to evaporation adjustment.

4. Assessing the Potential Use of Kara Bogaz Gol Bay to Regulate Caspian Sea Levels

A number of experiments have been carried out with the water balance model to determine if Kara Bogaz Gol Bay has any significant potential in artificially regulating Caspian Sea Levels.  Figure 3 shows simulated Caspian Sea levels and simulated Kara Bogaz Gol water levels, based on inflows to Kara Bogaz Gol Bay calculated from the rating curve thought to apply in the period 1946 to 1982, prior to closure of the Kara Bogaz Gol inlet.  With the historic rating, Kara Bogaz Gol Bay levels do not fall as low as occurred in the 1980’s, and nor do the reach the peak levels that occurred in the late 1990’s. 
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Figure 2
Simulated Caspian Sea and Kara Bogaz Gol Bay levels under historic conditions
[image: image3.png]VUL 1





Figure 3
Simulated Caspian Sea and Kara Bogaz Gol levels with Kara Bogaz Gol inflows controlled by the 1946 – 82 rating

Evaporation from Kara Bogaz Gol Bay has not been increased in the 1980s and 90s, and is at the same rates as in the 1970s.  There is almost no difference in the peak Caspian Sea levels presented in Figures 2 and 3, indicating that the peak levels observed in 1995 could have occurred were a stable rating maintained on the inlet to the Kara Bogaz Gol in the post 1982 period.  The rating is, however, unlikely to be appropriate at higher Caspian Sea levels.  SHI (2000) give a good chronology of the morphological changes in the inlet to Kara Bogaz Gol Bay.  They indicate that in the 1930’s when sea levels were high, differences in level between the Caspian Sea and Kara Bogaz Gol Bay were of the order of 0.40 m, and annual discharge of the order of 25 – 27 km3.  As Caspian sea levels fell, inflows to Kara Bogaz Gol Bay reduced, and the rate of evaporation from the Kara Bogaz Gol exceeded the rate of inflow, resulting in higher differential heads between the two water bodies, and leading to the establishment of a natural hydraulic control in the channel that was not influenced by Kara Bogaz Gol Bay level.  Had Kara Bogaz Gol Bay not been dammed, then the rating that applied at low Caspian levels would not have applied when the sea levels rose in the 1980s.  In this respect Figure 3 is therefore a little misleading.

It is understood that the inlet to Kara Bogaz Gol Bay has now stabilised, and differential heads are again of the order of 0.4 m.  What needs to be known now is what peak levels would have occurred in the Caspian Sea in 1995 had the present channel been in existence, and what maximum levels would have occurred were the inlet regulated artificially ?  The latter question is more easily addressed than the former.

Figure 4 shows a simulation of Caspian Sea and Kara Bogaz Gol Bay levels on the basis that artificial regulation of inflows is possible.  The model has been operated to revert to the historical rating when Caspian levels are falling in three consecutive years below –28.0 m, and to permit discharge to Kara Bogaz Gol of 2.25 km3/month when levels have risen in three consecutive years and are above –28.5 m.  When Kara Bogaz Gol Bay levels are above –29 m, evaporation is permitted at higher rates of the order of 1225 mm/year.
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Figure 3
Influence of artificial regulation on Caspian Sea levels and on Kara Bogaz Gol Bay levels

The regulation regime adopted results in peak Caspian Sea levels in 1995 that are about 0.4 m lower than those actually recorded.  The impact of regulation on Caspian levels is more obvious from Figure 5 which compares the Caspian levels from Figures 2 – 4.  Clearly artificial regulation could have significant flood mitigation benefits.  In order to test sensitivity to evaporation rates from Kara Bogaz Gol Bay, the threshold level for the switch to higher rates was increased from –29 m to –28 m.  With this change the maximum level was reduced by 0.35 m.
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Figure 5
Influence of Kara Bogaz Gol regulation on Caspian Sea Level

The influence of regulation has been tested further through simulations in which historic inflows to the Caspian Sea were increased by 5%, but evaporation left unchanged.  Runs were carried out using the rating curve for inflows into Kara Bogaz Gol up until 1992 when the inlet channel was reopened.  Historic inflows were used after 1992.  The results are presented in Figure 6.  The indications are that with increased inflows, the influence of regulation on peak levels is again of the order of 0.4 m.  
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Figure 6
Influence of Kara Bogaz Gol regulation with increased inflows

5. Achieving Regulation

Regulation of inflows to Kara Bogaz Gol Bay would probably best be achieved with a gated structure.  A structure with undershot gates would be capable of passing a wide range of flow at the same differential head.  If the Kara Bogaz Gol is to be used effectively, it is necessary to maximise potential evaporation from the Bay early in the period of water level rise in the Caspian Sea.  This could not be achieved with any kind of fixed weir.

A photograph of the bridge across the inlet channel to Kara Bogaz Gol Bay is shown in Figure 7.  The required regulation structure would be large, but structures of larger dimensions exist on the River Indus for example.  The design would be much simpler than that required for a barrage on a major river, as no flood flows would have to be passed.  The maximum discharge through the structure would be of the order of 850 m3/s.
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  Figure 7
Bridge across the inlet to Kara Bogaz Gol Bay

6. Conclusions and Further Investigation

The modelling experiments carried out have indicated that had regulation been practised historically, peak water levels in the 1990s could have been reduced by about 0.4 m.  Such a reduction in levels could clearly have significant regional benefits with regard to coastal flood mitigation.  It should be appreciated however, that much of the benefit is gained through getting water out of the Caspian early in a sea level rise episode. The results presented in this paper are believed to provide sufficient justification for carrying out feasibility level investigations for a regulation structure on the inlet to Kara Bogaz Gol Bay.  A brief outline of the requirements for further investigations is given below. 

a) Establish hydraulic characteristics of the current inflow channel.

It is unknown if a rating relationship has been established for the current inflow channel to Kara Bogaz Gol Bay.  Even if one has, however, it will not extend over the full range of historic Caspian Sea levels.  To prepare such a rating will require the application of a computational hydraulic model to simulate operation of the channel over the full range of Caspian Sea levels and levels in Kara Bogaz Gol Bay.   It is unknown if adequate hydrographic survey of the channel currently exits to permit a model to be constructed.  If it does not exist or is in insufficient detail, then hydrographic survey will be required.  Model calibration will be possible with existing flow records and existing upstream and downstream water level records.

It will be necessary to consider morphological conditions in the channel also.  It is understood that when Caspian Sea levels declined in the late 1930s, some erosion of the inlet channel took place (SHI, 2000).  The likelihood of any future changes to the channel should be established.

Once the hydraulic characteristics of the channel are fully established, these can be used with a water balance model to synthesise how Kara Bogaz Gol Bay would have operated historically, had the current channel been in existence.  This operation will form the baseline against which the operation of alternative regulating regimes can be assessed. 

b) Improving evaporation estimates

It is important that a model be developed of the evaporation process in Kara Bogaz Gol Bay over the full range of water levels experienced historically.  It may be that the result is semi-empirical relationship through which adjustments can be made to potential evaporation on the basis of water level and salinity, perhaps requiring that the water balance incorporate a salt balance also.

c) Establish the engineering feasibility of regulation structure

Engineering studies are required to establish the engineering feasibility of a regulation structure.  Of particular importance will be foundation conditions and construction requirements.  Good cost estimates will be required also as these will be used in assessing the potential benefits of the structure.

A key consideration will be the hydraulic performance of alternative structures under a range of upstream and downstream water levels.  It is likely that these will be evaluated iteratively in conjunction with the water balance model.  In assessing hydraulic performance, it will be necessary to hydraulically model the operation of the structure in the inlet channel, establishing a range of operating curves for the structures.

d) Developing regulation policies and rules

Regulation policies and rules will be evaluated using a water balance model.  It is expected that this will be based on simulation modelling, following an approach similar to that outlined in this report.  Particular attention should be given to considering prolonged high sea levels, as the potential benefits of regulation may diminish under such circumstances.

e) Establishing the benefits of regulation

If regulation can reduce maximum Caspian Sea levels by as much as 0.4 m, as indicated here, there will be benefits through reduced flood mitigation costs in riparian states.  There is a need therefore for cost estimates and estimates of potential flood damages with and without regulation.  Determining the costs and benefits of riparian flood mitigation measures is an activity best carried out by the riparian states themselves.  Some will already have cost estimates for providing flood mitigation at various background sea levels.  These cost estimates, and estimates of potential flood damages at a range of background sea levels could be brought together to establish the full benefits of regulation.
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