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EXECUTIVE SUMMARY

During 1999, a review of evaporation studies and evaporation calculation methods was carried out for the Caspian Sea. The work was carried out during two one week visits to the TACIS office at KAZNIIMOSK in Almaty, followed up with additional work in the UK.

The initial review of existing evaporation studies showed a wide range of methods of presenting evaporation data, including evaporation expressed in units of cubic kilometres of water per year, evaporation minus precipitation, energy equivalent units of evaporation and as the imbalance in the water balance equation. These estimates were based on several studies and data sets and could not  be used in a comparative way.

An independent calculation of evaporation using climate data sets over a long time period (1930-1990)  was carried out. A coherent data set published by the Intergovernmental Panel on Climate Control was used together with wind velocity data obtained from Prof G Panin. The evaporation estimates are based on the Penman-type approach which ignore heat storage in the Sea and which also required a scaling coefficient for open pan evaporation to large lake evaporation.

The Penman-type estimates were compared with existing estimates from SHI and SOI in Moscow.  A pan to lake scaling coefficient of 0.7 produced a good agreement between annual totals  of Penman and SHI/SOI estimates.

Previous studies have indicated low evaporation after 1970 (900mm/year compared with 980mm/year). This is reflected in some of the Penman type estimates, especially for the western coast of the  Caspian Sea around Makhachkala. An investigation of the climate data shows a significant reduction in wind speed at this site after 1970 which may account for some of the reduction in evaporation.

The evaporation data have been passed to Dr Wardlaw to be included in a water balance simulation of the Volga-Caspian system.

The effects of increased evaporation over the Volga basin due to global warming was made using the Penman-Monteith/FAO-CROPWAT methodology. A study at  a site in the central Volga area indicates that an increase in average air temperature of +3 degrees, whilst maintaining the same moisture content (vapour pressure), wind speed and sunshine data  will result in an increase in annual potential evapotranspiration  from 591 mm/year to 759mm/year -approximately 28% more than at present.

Recommendations for further work include a study of the quality of some of the climatic data sets used, their use in more advanced evaporation estimation equations and the use of satellite borne surface temperature observations over the sea surface.

1. Review of existing evaporation studies.

A variety of reports and publications were assembled during the study. Studies of evaporation from the Caspian Sea have been carried out over many years by several workers. The approaches user have been varied, including estimation of evaporation from meteorological equations and the use of evaporation as the “missing value” in water balance calculations. To further complicate the situation, results of these studies have been presented in various formats e.g. evaporation in mm/year depth, or in cubic Km/year volume, Watts per square meter and as “evaporation minus seas precipitation”.

Mamadov (1996) summarised evaporation estimates  in cm/year depth in TABLE 1. The long term average for the various studies is between 910 and 1019 mm/year. An unpublished oil industry report presented maps of the spatial variation in evaporation over the Sea (FIGURE 1 and FIGURE 2), but does not indicate the method used to calculate/estimate the figures presented. The IOC Workshop report 108 presented  evaporation in the form of “conventional evaporation”, to which precipitation must be added (TABLE 2)

Several studies indicate variation in evaporative losses over time, but caution must be taking in comparing these results especially if they relate to the surface area of the sea, which will affect the volume evaporated for a given depth. Similarly, the opening/closing of the Kara Bogaz Gol inlet on the east coast of the Sea may affect the area able to contribute to water loss due to evaporation.

Gorgietski and Panin have both made long term studies of evaporation from the Caspian sea using vapour flux formulations. Their results are shown in FIGURE 3. In both cases the annual evaporation rate is about 970mm/year before 1970 and drops to about 920mm/year after 1970. Gorgiestsy made a study of the climatic variables which affect evaporation (FIGURE 4), indicating a general reduction in wind velocity and air temperature together with increased relative humidity and cloudiness between 1935 and 1982.
2. Computing Evaporation at coastal stations 1930-1990, Penman approach

In this study an independent set of estimates for evaporative demand was carried out using a coherent and consistent climatic data set provided by the Intergovernmental Panel on Climate Change. The data were supplied on CD by the Climate Research Unit of the University of East Anglia, UK.

The method used was to calculate evaporative demand using the well understood Penman method at 24 coastal sites on the Caspian Sea on a monthly basis between 1930 and 1990. No data were available for the offshore regions of the sea. The Penman method was used to estimate evaporation from a shallow water body where heat storage is minimal (e.g. an evaporation pan). The results were scaled with a pan to large lake coefficient of 0.7 as suggested by Linsley Kohler and Paulhus (1988). The Penman estimates may not represent the absolute amount of evaporation occurring, but they will serve to identify

· long term changes in climatic variables that control evaporation (air temperature, air humidity, sunshine/cloudiness and wind velocity)

· regional variability of evaporation (by calculating evaporation at 24 sites evenly spaced around the coastline of the Sea)

The 24 sites use to calculate evaporation are shown in FIGURE 5. Two ship borne sites where Prof Panin has climatic data are also shown on this map.

variable
period available
units
source
notes

Air temperature
1930-1995
deg C
UEA database, some data from KAZNIIMOSK and FAO CLIMWAT database
24 stations

Humidity
1930-1995
hPa
UEA database
24 stations

Cloudiness
1930-1995
okta
UEA database
24 stations. Used to estimate sunshine hours

Wind speed
1930-1987 or

1940-1987
m/s at 10m
Prof. Panin and some data from KAZNIIMOSK
6 stations only, interpolated between other stations

Solar Radiation
 monthly
W/m2
Tables
24 stations

Day length
 monthly
hours
Tables
24 stations







These data were used to calculate open water evaporation from a small lake/pan using a version of the Penman equation with the surface albedo set to 0.05. These estimates were made for each of the 24 sites for the period 1930 to 1987. The calculations stopped in 1987 due to lack of wind speed data. A few sites also were missing wind speed data before 1940 so long term averages were substituted in these cases (specifically nodes numbered 3,5,7,9).

Tables of computed daily evaporation in mm were produced for each of the 24 nodes. These  are shown in Appendix 1. FIGURES 6 to 8 show example tables for nodes 2 (far south  Caspian Sea), 16 (mid/north west coast) and 23 (far north). The main table in Figures 6-8 shows monthly evaporation in mm/month for a shallow water surface, together with annual totals of shallow water evaporation “ETW” and estimates of deep lake evaporation ETW*0.7). the graphs show a time series plot of ETW and ETW*0.7 from 1930 to 1987 and the seasonal variation in ETW on a month by month basis.

It is noticeable that almost every node shows a long term decline in the annual total of evaporation, typically between -1mm/year to -2mm/year. Node 16 also illustrated the impact of the lower wind velocity data found on the west coast of the sea.

A separate exercise was carried out to assess the sensitivity of the Penman equation to errors in the input data, A base set of data for Rasht in Iran was selected and ETW was calculated by adjusting mean air temperatures by 1 and 2 degrees, reducing sunshine by 10% and 20% and by varying wind speed. These are shown in FIGURE 9. The report by Gorgietski  of SHI in Moscow indicated the following trends in climate for the Caspian between 1930 and 1995: Wind velocity -16.3%, Air Temperature  -1.5%, humidity (hPa) +2.5%, cloudiness +4.5%. These changes were entered into the spreadsheet for the Rasht station and indicated a reduction in annual evaporation  of 12.8%.

It should be noted that the Penman estimates are not the most appropriate method to calculate deep water evaporation, so the se results should be used as indicative only. The use of a global shallow water to deep lake coefficient of 0.7 permits only a scaling of results for  comparative purposes. Also the impact of large scale heat storage between summer and winter will have a significant impact on the energy available for evaporation, and this is discussed in the next section. 

3. A comparison with Evaporation calculations from Professor G Panin

Prof Panin from Moscow provided tables of computed lake evaporation for the Caspian Sea at 6 coastal sites and two sets of ship borne observations. The calculation of evaporation is based on wind speed, temperature and humidity of the water surface and a layer above the water. These data were converted from W/m2 to mm/month. The data covered the period 1830-1986.

3.1. Land based observations

The following climate stations were used by Prof Panin to estimate monthly evaporation.

station name
period of evaporation values (W/m2)

Astara
1930-1988

Ft Shevchenco
1929-1987

Kuli (site not precisely defined)
1929-1989

Mackhachkala
1929-1987

Orguchinski
1929-1989

Bektash
1940-1987




The data were analysed and plotted as time series (annual evaporation vs time) and as monthly graphs (evaporation n in mm/month) for each of the six sites, FIGURES 10,11,12,13,14,15. The monthly plots of evaporation show a high degree of variability, as the calculation method depends on the differences between air and sea surface temperatures.

The effect of heat storage in the sea is clearly apparent at Kuli, Makhackala and Bektash, where the peak evapoaration occurs in months 9 and 10 (September/October) and the lowest evaporation occurs in May/June. this is considered to be a much more realistic distribution than the monthly values shown in the Penman estimates in Appendix 1.

the time series plots of annual evaporation show somewhat high totals in the period before 1940; this may possibly be a data problem and should be investigated further. All sites show a long term fall in annual total evaporation, with the 1960’s showing below average evaporation losses, comparable to the observed rise in sea levels at that time. An investigation of the climate data shows that the wind speeds at these sites has a negative trend (FIGURE 16). 

3.2. Sea based observations

Two sets of ship borne data were used by Prof Panin to estimate monthly evaporation far offshore in the central areas on the sea. The sites where data were available are shown on the map  in FIGURE 5. Table 2 lists the annual totals of ship borne evaporation estimates alongside the Penman ETW*0.7 estimates for the 24 coastal nodes.

Time series graphs of annual evaporation from the coastal sites and  ship borne observations where available are shown in FIGURES  17,18,19,20. These figures have grouped the stations into “Far South Caspian” , “South Caspian”, “Middle Caspian” and “Far North Caspian” regions. 

3.3. Initial comments on the results obtained.

The “Southern Caspian” results show that the ship borne observations have a greater year-to year variability, with a significant fall around 1975. 

At this stage only short comments will be made as the computed results require checking and validation. However the following points can be identified.

a) The Penman ETW values are based on an equation assuming that the water surface does not store significant amounts of heat. This is not the case in the Caspian Sea. As a result, the annual totals of Penman evaporation are around 1200-1300 mm/year, compared with values of about 1000 mm/year quoted in the literature. The use of a  global pan to lake coefficient, although crude,  appears to be the of the correct scale to reduce the Penman values closer to 1000 mm/year. This will require further investigation.

b) The heat storage effects of the Caspian Sea imply that the seasonal values (month to month) of the Penman results should be treated with caution.

c) Trends in annual evaporation using the Penman values are negative, (approximately -2mm/year) at 18 of the 24 sites were it was calculated. In the other cases, it is felt that the trend is either zero or unduly affected by the use of long term average wind speed data prior to 1930. In a few cases the negative trend is greater, but this may be a result of reduced wind speed at one site. This is apparent at nodes 10,12,14,16, which use the wind speed data at Makhachkala. This data set shows a continuous fall in monthly wind speeds, especially after 1975. This should be investigated further.

d) Evaporation results from data provided by Prof Panin also show a negative trend in time, falling from above 1000 mm/year in the 1930’s to around 600 mm/year in the 1980’s. There is considerable year to year variation in annual totals of evaporation, and at a few sites, very low annual totals (<450 mm/year) appear. These should be investigated further as the results may be due to missing data.

e) Monthly evaporation values from Prof Panin’s data set show a greater spread of peak values than those in the Penman values. Some sites (Astara, Orgunchinski in the South Caspian) show peak evaporation in July/August, whilst others show a peak in October/November (Bektash,Kuli in the South East Caspian). Other sites show a less clear annual pattern (e.g. Ft Shevchenko).  More interestingly, the minimum evaporation at Bektash and Kuli is calculated for June and July, when the air temperatures are high. Significant heat storage mechanisms may be causing these results and require further investigation.

f) FIGURES 17-20  compare land and ship based estimates. In FIGURE 18 The “Southern Caspian” results show that the ship borne observations have a greater year-to year variability, with a significant fall in evaporation around 1975. Note also that the west coast nodes 8 and 6 show lower annual totals than the east cost nodes &7,9).

g) FIGURE 19 compares the “Middle Caspian” coastal estimates with another ship based data set. Again the ship based data shows greater variability and a sharp fall in evaporation around 1975. Also, the west coast nods show a significant drop in evaporation (nodes 10,12,14), which may be due to significantly lower wind speeds recorded at Makhachkala.

h) An analysis of the river catchment water balance by Dr Wardlaw indicates a pattern of “implied” evaporation with a peak in September and a minimum value in June, with an outlier in May. (FIGURE 21). These values were obtained as residuals from a water balance calculation.

4. Impacts of global warming on evapotranspiration from the Volga catchment

Changes in climate in the catchments draining into the Caspian Sea will have a major impact on the volume of water delivered and hence the sea levels. To investigate this impact a single site was chosen in the Volga catchment and evapotranspiration estimates were made using the existing climate data (1970-1990) and a predicted scenario where global warming raises the average air temperature by plus 3 degrees Celsius.

A site in the Volga basin at 55degrees N 50 degrees East was chosen. Long term averages of monthly air temperature, humidity and sunshine hours were derived from the IPCC climate CD for the period 1970-1990, together with average rainfall data. Wind velocity data were not available so an estimate of 2m/s was used. 

These data were then used to estimate Reference Crop Evapotranspiration (ETo) using the FAO recommended Penman - Monteith equation. This variable estimates potential evapotranspiration from a short green crop such as an extensive grass surface with a good water supply. The results are shown in TABLE 4, indicating an average  ETo  of 1.62 mm/day or 591 mm/year. The climatic data were then modified to account for projected global warming. Average air temperatures were increased by 3 degrees C. The remaining climatic variables  were left unchanged, although the relative humidity data were adjusted to maintain the same vapour pressure  content in the atmosphere. The increase in temperature causes in increase in ETo from 1.62 mm/day to 2.08 mm/day or  from 591mm/year to 759 mm/year. (See TABLE 5 and FIGURES 22 and 23)

The impact of these changes on irrigated crops was then calculated. The UN/FAO program CROPWAT for WINDOWS was used to simulate a typical grain crop (Spring Wheat) planted in May on a medium textured soil. The increase in air temperature is reflected in the increased ETo during the growing season (rising from 456mm to 542mm) and the irrigation requirements “Irr Req” (rising from 158mm/season to 216 mm/season). (TABLES 6 and 7). A simulation of predicted soil moisture deficits is shown in FIGURES  24,25 shows that for this crop/soil type combination, the current climate requires a single growing-season irrigation event of  80mm, whilst with global warming, two such irrigations will be required. (Note that the soil is assumed to be at field capacity at planting in both cases).

Note that these estimates have been made with the assumption that all other climatic variables remain constant, including rainfall, and it should be noted that the latest GCM models for climate change indicate that the Volga catchment may receive higher rainfall than at present.

5. Suggested further actions

· Validate existing data sets used in the Penman calculations - especially wind speed data.
· verify trends in climatic variables stored in the UEA database

· identify which method, if any, can be used to make the Penman estimates applicable to the Caspian Sea

· produce improved estimates of evaporation using sea and air surface temperature data (sea surface temperatures are available from Prof Panin)

· compare results to identify acceptable method of estimating evaporation.

· use data collected by satellite based observations of climate and sea/air temperatures in the far offshore regions of the Caspian Sea. Satellite data for surface temperature and cloud cover are available from NOAA - see for example the Internet site 

HTTP://WWW.METEO.INFOSPACE.RU/CASPIAN/. Copies of some of these pages are shown in Appendix 2.

· work needs to be carried out on changes in evapotranspiration in the catchments that feed all the main rivers draining into the Sea. These estimates will by necessity have to be of potential evapotranspiration. The possible influence of changes in areas irrigated on catchment evaporation will have to be investigated using the CROPWAT model.

· collaboration with other investigators active in this area e.g.the INCO project “Hydrological and hydrodynamic studies and predictions of the Caspian Sea water level rise - impacts of climate factors and man’s activities” - se Appendix 3 for details of this project.
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Table 1 : Summary of  evaporation studies in the Caspian Seas (Mamadov,1996)

Figure 1: Evaporation map of Caspian Sea (Oil industry report, anon)

Figure 2 : Rainfall map of Caspian Sea (Oil industry report, anon)

Figure 3 : Annual evaporation estimates (Gorgietsky,1999)

Figure 4 : Trends in climatic data (Gorgiensky, 1999)

Figure 5 : Location of 24 coastal Nodes for Penman estimates

Figure 6 : Monthly Penman ETW estimates , Node 2

Figure 7 : Monthly Penman ETW estimates , Node 16

Figure 8 : Monthly Penman ETW estimates , Node 23

Figure 9 : Sensitivity analysis of Penman equation to climate variables

Figure 10 : Panin evaporation estimates at Orguchinski

Figure 11 : Panin evaporation estimates at Fort Sevchenko

Figure 12 : Panin evaporation estimates at Kuli

Figure 13 : Panin evaporation estimates at Makhachkala

Figure 14 : Panin evaporation estimates at Bektash

Figure 15 : Panin evaporation estimates at Astara

Figure 16 : Wind velocity data 1929-1989

Table 3 : Summary of Panin and Penman estimates of evaporation 1930-1987

Figure 17 : Penman estimates for “far south” Caspian 1930-1987

Figure 18 : Penman and Panin ship estimates for “southern” Caspian 1930-1987

Figure 19 : Penman and Panin ship estimates for “middle” Caspian 1930-1987

Figure 20 : Penman estimates for “far north” Caspian 1930-1987

Figure 21 ; Implied evaporation from Wardlaw water Balance model.

Table 4 : Climate and Eto data for central Volga catchment 1970-1990

Table 5 : Climate and ETo data for central Volga catchment with +3o global warming

Figure 22 : Reference Evapotranspiration, central Volga, 1970-1990

Figure 23 : Reference Evapotranspiration, central Volga, with +3o global warming

Table 6 :Irrigation needs, for wheat,  central Volga 1970-1990

Table 7 :Irrigation needs, for wheat,  central Volga with +3o global warming

Figure 24 : Soil moisture simulation, central Volga 1970-1990 climate

Figure 24 : Soil moisture simulation, central Volga with +3o global warming

APPENDIX 1 

Penman monthly evaporation estimates for 24 coastal nodes 1930-1990. See Figure 5 for location of sites

APPENDIX 2

Example sea surface temperature satellite image available from the Internet

APPENDIX 3 - INCO Caspian Sea  project web pages

Table  2 : IOC waterbalance table for Caspian Sea
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