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Fig. 1. Location map of study area
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Estimation of Evaporation Losses in Arid Areas: A Case Study of Kailana and Takhatsagar, Jodhpur, Rajasthan, India
Abstract
Kailana and Takhatsagar reservoirs are two key water bodies in Jodhpur, Rajasthan (India), serving as the principal raw water storage sources for the city’s water supply. This study quantifies evaporation losses from these reservoirs and evaluates their implications for water management in an arid environment. Kailana and Takhatsagar have storage capacities of 4.81 Mm³ and 6.52 Mm³, respectively. Their primary source of inflow is the Rajeev Gandhi Lift Canal (RGLC), supplemented by limited runoff from surrounding hills during rainfall events. An evaporation estimation model was developed using relevant meteorological parameters to assess daily evaporation losses. Because evaporation is strongly influenced by the exposed water surface area, depth–area relationships were also established for both reservoirs to improve estimation accuracy. The results indicate pronounced seasonal variability in evaporation, ranging from a minimum of 2.73 mm day⁻¹ in winter to a maximum of 13.76 mm day⁻¹ during summer. At full supply level, the combined average evaporation loss from both reservoirs is approximately 9,733.6 m³ day⁻¹. Recent studies suggest that evaporation from Indian reservoirs has increased by about 5.9% per decade between 1985 and 2018 due to climate change and expanding reservoir surface areas, intensifying water stress in arid regions such as Rajasthan. The model developed in this study provides a practical tool for incorporating evaporation losses into reservoir water budgeting and for supporting long-term water resource planning.
Keywords: Evaporation, Arid, Reservoir, water management, Kailana 
1.0 Introduction
Evaporation includes the loss of water from free water surfaces, land surfaces, soils, and various man-made surfaces. In tropical countries such as India, evaporation losses are generally high because of intense solar radiation, a large number of sunshine days, high wind speeds, and prolonged rainless periods. Several studies conducted in India indicate that the annual evaporation losses from reservoirs in arid and semi-arid regions vary between about 1.5 m and 3.0 m (NIH, 1994). Consequently, evaporation has acquired increasing importance in water resources planning, particularly in arid and water-scarce regions (Hernández-Pérez et al., 2020). Evaporation from a reservoir can become a major water management concern, especially when the reservoir is shallow or designed to store water for a specific use over extended periods (Nevermann et al., 2024). Therefore, for efficient management of available water resources, reasonably accurate estimates of weekly or daily evaporation are essential. Such estimates generally require either detailed instrumentation at the reservoir site or careful application of locally available physical and climatic data.

Evaporation from lakes and reservoirs is commonly estimated using pan evaporation data, where pan measurements are adjusted by an appropriate coefficient to estimate actual evaporation (Kohler et al., 1955; Mustonen and McGinness, 1968; Rodrigues et al., 2024). The coefficient depends on seasonal conditions, geographic location, and the type of evaporation pan used. Alternatively, evaporation can be estimated from meteorological parameters using energy-based or combined energy and aerodynamic evapotranspiration models. In the mass-transfer approach, evaporation is estimated using wind speed, vapor pressure deficit, and an empirical calibration coefficient (Hostetler and Bartlein, 1990; Shuttleworth, 1993, Allen et al., 2020). However, most of these methods require elaborate instrumentation, large volumes of high-quality data, and trained technical personnel, which are often not readily available.

Recent analyses further highlight the growing influence of climate change in arid regions, where rising temperatures and altered precipitation patterns are expected to substantially increase evaporation rates (Al-Hasani et al., 2025). For example, machine-learning-based projections suggest that evaporation could increase by as much as 85.9% under high-emission scenarios by the end of the twenty-first century (Al-Hasani et al., 2025). In Rajasthan, evaporation from major lakes such as Sambhar and Jaisamand has been estimated using modified Penman–Monteith models, revealing annual water losses exceeding 131 million m³ in large reservoirs, thereby emphasizing the urgency for improved management and adaptive strategies (Akhtar et al., 2025). In this context, the present study aims to develop a simple and reliable model for the daily estimation of evaporation from two important water bodies of Jodhpur located in an arid environment and to incorporate these estimates into the daily hydrological reporting system for improved water management.
2.0
Materials and Methods
Description of study area

The study has been conducted for Jodhpur (26o18’ N latitude and 73o1’E longitude at 224 m from M.S.L.) in state of Rajasthan (India). As per agro-climatic zone classification, Jodhpur lies under arid zone. In the study of 30 years (1995-2025) meteorological data of the observatory located about 8 km away from the water bodies were used for estimation of evaporation and subsequently for development of model. To smooth out sharp variation in climatic parameters, weekly averages has been used for the analysis. The data include air temperature (maximum, minimum), relative humidity, wind velocity at 2 m height, sunshine hours and pan evaporation. Normal maximum temperature of the study area varies between 41.62 to 21.19 oC while minimum temperature varies between 10.05 to 28.33 oC. The normal humidity ranges from a maximum of 83% to minimum of 12%. Average wind speed varies between 0.92 to 3.61 m s-1. The value of pan evaporation varies between a high of 15 mm day-1 to low of 3.98 mm day-1. Besides meteorological data, information on water bodies i.e. capacity, depth, surface area at different depth etc. for Kailana and Takhatsagar has been collected from P.H.E.D., Jodhpur. Recent remote sensing assessments confirm ongoing challenges with water levels in these reservoirs, influenced by groundwater recharge from surrounding lineaments, though evaporation remains a dominant loss factor (Menon et al., 2021, Wei et al., 2024).  
Kailana and Takhatsagar

Kailana and Takhatsagar are two important reservoirs of Jodhpur city for storage of raw water for city water supply. These water bodies are located about 8 km away from the main city (Figure 1). Kailana lake was constructed in year 1890. The lake is surrounded by low hills. It has a water spread of about 84.78 ha at Full Supply Level (FSL). At FSL reservoir has a capacity of 4.81 Mm3. Lake bottom and FSL are at RL 256.03 m and 273.71 m respectively. The depth of lake is 17.68 m at FSL. The dead storage of lake is 0.24 Mm3. The main source of water to this lake is Rajeev Gandhi Lift Canal (RGLC) and it also receives water from its surrounding catchment during rains. Takhatsagar is adjacent to Kailana lake. It has a water spread of 60.11 ha at FSL. At FSL reservoir has a capacity of 6.52 Mm3. Lake bottom and FSL are RL 248.41 m and 269.75 m respectively. The depth of lake is 21.34 m at FSL. The dead storage of lake is 0.80 Mm3. Takhatsagar is constructed in the year 1936. Takhatsagar is directly connected to Kailana lake and collect water from it (Menon et al., 2021). As of 2024, these reservoirs continue to support Jodhpur's water supply under the Jodhpur Lift Scheme, serving over 1.8 crore people, though fluctuating levels due to canal inflows and evaporation pose management challenges (Rajasthan Urban Infrastructure Development Project, 2023).
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Estimation of evaporation

Actual evaporation losses from natural water surface can still not be determined by direct measurement. The most common approach for estimation of lake evaporation is the reduction of standard pan evaporation data using

Eo = KpEpan                                                          ……………….. (1)
where Eo = lake evaporation; Kp= coefficient; and Epan is Class A pan evaporation. A limitation is that the coefficient (Kp) is dependent on the local environment of the pan, including pan operation and management. Jensen et al. (1990) have summarized the literature on the use of pan data to estimate evapotranspiration, limitations and required cautions (Aouade et al., 2016; Allen et al., 2020). ISI standard code IS: 5973-1970 has described in detail the specification for pan evaporimeter. Another ISI standard (IS: 6939-1973) recommended that the coefficient for conversion of class A Pan being used in India may vary between 1.10 to 0.9 for lake evaporation of the order of 4 to 5 mm day-1, between 0.75 to 0.65 for lake evaporation of the order of 10 mm. Ramasastri (1987) considered 22o latitude as demarcating line for south and north part of India and suggested a combination of coefficient with months of the year. For North of 22o latitude he suggested the values of 0.6 for Nov-Feb, 0.7 for Mar-Apr and Sep-Oct, and 0.8 for May-Aug. As the pan evaporation is measured from mesh covered class A pan, the observed pan data are adjusted by a factor as 1.144 to obtain evaporation from open pan. 
Using the above criteria as suggested by Ramasastri (1987) for coefficients, the mess factor as 1.144 and combination of pan to lake coefficient for north of 22o latitudes, the long-term normal pan data of Jodhpur were adjusted for lake evaporation for Kailana and Takhatsagar lakes. As it is difficult to always follow the prescribed pan siting conditions, its operation and management especially in rainy season, an alternative regression model was developed using adjusted pan evaporation data (i.e. lake evaporation) and governing meteorological parameters (i.e. temperature, wind velocity, humidity and sunshine hours) for estimation of lake evaporation. The total water loss due to evaporation depends on surface area of water body, which in turn depends on current depth of water and shape of water body (Wang et al., 2025). Hence, surface area and depth relationships were developed for both the water bodies. Contemporary approaches, such as high-spatiotemporal remote sensing integrated with evaporation models, offer enhanced accuracy for monitoring losses in dynamic arid environments (Li et al., 2024). The surface area and depth relationship has further been combined with regression model of lake evaporation developed in present study for direct estimation of total evaporation losses for both the water bodies (Wang et al., 2025).
3.
Result and Discussion
Table 1 presents the weekly normal meteorological parameters of Jodhpur. Normal pan evaporation values were used to estimate lake evaporation (Eadj) following the approach of combination of coefficients for different months for northern part above 22o latitude (Ramasastri, 1987) and a correction factor of 1.144 for mesh covered pan evaporimeter. Regression analysis was done between evaporation governing meteorological parameters i.e. temperature, humidity, wind velocity and sunshine hours and adjusted lake evaporation. The regression analysis yielded following model for estimation of lake evaporation using meteorological parameters.
Eo = 0.336 T  - 0.121 RH + 2.48WV - 0.204 SS  (multiple r= 0.98)       .....(2)
Where Eo = lake evaporation mm day-1; T, RH, WV and SS are mean temperature (oC), mean relative humidity (%), mean wind velocity (m s-1) and duration of sunshine hours, respectively. Comparison of lake evaporation as estimated by Equation 2 and adjusted pan evaporation values is presented in Figure 2. A high value of multiple r = 0.99 indicate a significant correlation between lake evaporation and meteorological parameters and hence can be used for estimation of lake evaporation. Rao et al. (1972) has developed similar linear regression equations for 25 stations in India relating pan evaporation with vapor pressure deficit, maximum temperature and mean wind velocity. Evaporation estimated with developed relationship compared favorably with actual data. 
Table 2. presents the details of depth, capacity and surface area of both the water bodies at 1.52 m (5 feet) interval obtained from P.H.E.D. Jodhpur. Since exposed water surface area of an individual water body depends on its geometry, hence relationships were developed for area and depth for both water bodies (Figure 3) and yielded Equation 3 and 4 for Kailana and Takhatsagar respectively. 
A = 108.28 D3 + 28.266 D2 + 13628 D (multiple r =0.99)  .......................... (3)
A = 28130 D  + 3877.7 (multiple r = 0.99)                          .......................... (4)
where A is surface area in m2 and D is depth of water in meters  from bottom.
By combining Equation 3 and 4 with Equation 2, total water losses due to evaporation (m3 day-1) for Kailana and Takhatsagar can directly be estimated at any depth using Equation 5 and 6 respectively. 
E={0.336 T-0.121 RH+2.48 WV-0.204 SS}*{108.28 D3+28.266 D2+ 13628 D}/1000........(5)
E={0.336 T- 0.121 RH +2.48 WV- 0.204 SS}*{28130 D +3877.7}/1000  ..............(6)
Where E is total water loss due to evaporation in m3 day-1 and other symbols are same as explained earlier.
The daily evaporation losses at full supply level for Kailana as estimated by Equation 6 varies from 2111.3 to 10812.3 m3 day-1 with an average loss of 5680.1 m3day-1. While evaporation losses for Takhatsagar, which is comparatively deeper than Kailana varies from 1506.7 to 7715.8 m3 day-1 with an average loss of 4053.4 m3 day-1.   Total average water loss due evaporation from both the lake is to tune of 9733.6 m3 day-1.  The total daily water supply from these two reservoirs to the Jodhpur city is 167919 Mm3 (5.93 m cft) and the combined evaporation losses from these two reservoirs varies between 2.15 to 11% of total outflow at FSL. If the maximum level of both the reservoirs is kept within 15 m then the total evaporation losses reduced to the level of 1.48 to 7.61% of total daily out flow (Figure 4). An average saving of 3017.2 Mm3 per day at maximum level of 15 m (due to reduced surface area in comparison to FSL) for the whole year would mean a saving of water sufficient enough to meet the total water demand of city for 6.55 days.  
Long-term trends in Rajasthan indicate sustained high evaporation, with lakes like Kailana (Kaylana) showing potential for up to 90% reduction through floating photovoltaic (FPV) covers, which also generate renewable energy (Akhtar et al., 2025). Suppression techniques, such as chemical monolayers (like, cetyl-stearyl alcohol combinations reducing losses by 30–57%) and biological covers (like, neem oil achieving 43% reduction), have proven effective in Indian arid contexts, offering practical interventions for these reservoirs (Deepika et al., 2020; Nevermann et al., 2024). Kailana and Takhatsagar lakes are the only two main raw water storage reservoirs to provide water supply to Jodhpur City. However, the combined capacity of these two reservoirs is just sufficient to meet out the Phase-I water demand of the Jodhpur city but as per population projection, existing capacity will not be sufficient to meet the water demand beyond year 2011 (Aminzadeh et al., 2025). Therefore third additional raw water storage reservoir will be needed in future. The estimate of total water loss due evaporation determined from the study of the existing reservoirs can be quite useful for the planning & design of the future additional storage reservoir. Since the main source of water to existing reservoirs is not the natural rainwater but the costly water transported by Rajeev Gandhi Lift Canal. So the models developed in the present study will be of immense use for direct determination of total evaporation losses at any stage of water in Kailana and Takhatsagar and in decision making for the lift canal operation. Determination of water losses due to evaporation from reservoirs can also be useful for future studies aiming for reduction of evaporation losses from such water bodies.
4. Conclusions


This study underscores the critical role of evaporation in water resource management in arid ecosystems, as demonstrated by the Kailana and Takhatsagar reservoirs in Jodhpur, Rajasthan. Using regression modeling that integrates key meteorological parameters—temperature, relative humidity, wind velocity, and sunshine hours—a robust empirical equation (E₀ = 0.336T − 0.121RH + 2.48WV − 0.204SS) was developed, yielding a high multiple correlation coefficient of 0.98. When combined with depth–area relationships for the reservoirs, the model enables reliable estimation of daily evaporation losses. The estimated evaporation varies seasonally, ranging from 2.73 mm day⁻¹ in winter to 13.76 mm day⁻¹ during summer, with an average combined loss of about 9,733.6 m³ day⁻¹ at full supply level. This loss corresponds to approximately 2.15–11% of Jodhpur’s daily water outflow, highlighting the significant influence of evaporation on urban water supply systems in arid regions.

The results further reveal the disproportionate impact of evaporation on relatively shallow reservoirs such as Kailana, where losses are up to 40% higher than those observed in the deeper Takhatsagar reservoir. The analysis indicates that lowering the water level to 15 m below full supply level could potentially save about 3,017.2 m³ day⁻¹ on an annual basis, which is sufficient to meet approximately 6.55 days of the city’s water supply. In the context of climate change, national assessments show that evaporation from Indian reservoirs has increased by about 5.9% per decade since 1985, largely due to rising temperatures and expanding reservoir surface areas (Liu et al., 2025). In Rajasthan, future projections indicate that evaporation could increase by up to 85.9% by the end of the century under high-emission scenarios (Al-Hasani et al., 2025).

The simplicity and practical applicability of the developed model make it suitable for integration into daily hydrologic budgets and reservoir operation planning, particularly for the Rajeev Gandhi Lift Canal system and the proposed development of a third reservoir to meet post-2011 water demand (Rodrigues et al., 2024). In addition, evaporation suppression strategies such as floating photovoltaic covers, which can reduce evaporation by up to 90%, and chemical monolayers with reported efficiencies of 30–57%, offer promising mitigation options (Akhtar et al., 2025; Deepika et al., 2020). Overall, the study emphasizes the need for proactive, data-driven management strategies to reduce evaporative losses and enhance water security in arid regions facing increasing climatic stress.
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Table 1. Weekly normals of meteorological parameters, adjusted lake evaporation and estimated lake evaporation for Jodhpur

	Week No.
	Tmean
oC
	RHmean 
%
	WS 

ms-1
	SSH 

hrs.
	PE 

mm day-1
	Eadj
mm day-1
	Eest
mm day-1

	1
	17.77
	41.14
	1.38
	8.92
	4.06
	2.79
	2.58

	2
	17.38
	42.89
	1.52
	8.76
	4.14
	2.84
	2.61

	3
	17.12
	40.21
	1.41
	9.18
	4.25
	2.92
	2.49

	4
	18.18
	37.62
	1.51
	9.29
	4.81
	3.30
	3.39

	5
	18.25
	36.16
	1.42
	9.28
	4.93
	3.38
	3.37

	6
	18.88
	33.04
	1.46
	9.56
	5.52
	3.79
	4.01

	7
	20.30
	38.32
	1.51
	9.24
	5.83
	4.00
	4.03

	8
	21.05
	34.33
	1.61
	9.21
	6.42
	4.41
	5.03

	9
	22.59
	31.86
	1.57
	9.17
	6.81
	5.45
	5.76

	10
	24.34
	27.70
	1.52
	9.42
	7.84
	6.28
	6.68

	11
	25.84
	28.58
	1.74
	8.91
	8.68
	6.95
	7.73

	12
	26.32
	28.64
	1.70
	9.21
	8.92
	7.14
	7.72

	13
	27.62
	26.14
	1.75
	9.41
	9.66
	7.74
	8.55

	14
	28.78
	24.90
	1.98
	9.70
	10.92
	8.74
	9.60

	15
	30.04
	23.25
	1.84
	9.92
	11.57
	9.27
	9.83

	16
	30.90
	25.45
	1.93
	10.13
	12.03
	9.63
	10.04

	17
	32.57
	26.51
	2.20
	10.24
	13.23
	10.59
	11.12

	18
	32.68
	28.19
	2.24
	9.99
	13.39
	10.72
	11.10

	19
	33.66
	29.55
	2.21
	10.40
	13.62
	12.47
	11.11

	20
	34.25
	30.71
	2.77
	10.45
	15.04
	13.76
	12.55

	21
	34.22
	38.23
	3.05
	10.46
	14.83
	13.57
	12.31

	22
	34.21
	41.47
	3.15
	10.35
	14.59
	13.35
	12.18

	23
	34.79
	44.32
	3.43
	10.14
	14.68
	13.44
	12.77

	24
	34.17
	48.66
	3.12
	9.73
	13.15
	12.03
	11.35

	25
	33.49
	53.77
	3.61
	9.10
	12.64
	11.57
	11.84

	26
	33.04
	55.69
	3.33
	8.08
	11.73
	10.74
	10.97

	27
	32.32
	59.18
	3.19
	7.80
	10.40
	9.52
	10.01

	28
	31.94
	61.80
	3.15
	7.26
	9.56
	8.75
	9.57

	29
	30.99
	66.65
	2.73
	6.24
	7.79
	7.13
	7.82

	30
	30.38
	68.65
	2.92
	6.07
	7.66
	7.01
	7.88

	31
	30.01
	70.19
	2.61
	5.74
	6.88
	6.30
	6.86

	32
	29.64
	70.79
	2.57
	5.65
	6.44
	5.89
	6.59

	33
	29.52
	70.26
	2.37
	6.69
	6.47
	5.92
	5.90

	34
	29.78
	68.37
	2.11
	7.81
	6.68
	6.11
	5.34

	35
	29.61
	66.93
	1.87
	8.15
	6.51
	5.96
	4.80

	36
	29.46
	65.70
	2.02
	8.51
	6.91
	5.53
	5.20

	37
	29.79
	61.94
	1.66
	9.09
	6.99
	5.60
	4.75

	38
	29.88
	55.83
	1.60
	9.43
	7.28
	5.83
	5.31

	39
	29.87
	50.60
	1.28
	9.73
	7.20
	5.77
	5.09

	40
	29.67
	45.52
	1.20
	9.61
	7.20
	5.77
	5.46

	41
	28.96
	41.09
	1.06
	9.60
	6.95
	5.57
	5.42

	42
	27.47
	39.67
	1.03
	9.64
	6.53
	5.23
	5.01

	43
	26.43
	36.10
	0.92
	9.68
	6.09
	4.88
	4.81

	44
	25.80
	33.84
	0.98
	9.88
	5.99
	4.80
	4.98

	45
	24.64
	33.40
	0.97
	9.94
	5.60
	3.84
	4.61

	46
	23.72
	35.24
	1.00
	9.51
	5.10
	3.50
	4.24

	47
	22.30
	37.00
	1.05
	9.26
	4.68
	3.21
	3.72

	48
	20.88
	37.39
	1.16
	9.36
	4.55
	3.12
	3.45

	49
	20.17
	35.90
	1.15
	9.22
	4.33
	2.97
	3.39

	50
	19.52
	40.93
	1.17
	8.86
	4.10
	2.81
	2.68

	51
	19.00
	41.88
	1.26
	8.65
	3.98
	2.73
	2.66

	52
	17.90
	41.69
	1.41
	8.95
	4.05
	2.78
	2.62


Table 2. Area-depth-capacity chart for Kailana and Takhatsagar lakes

	S.N.
	Kailana 
	Takhatsagar

	
	R.L.
(m)
	Depth (m)
	Area

(ha)
	Capacity upto each contour (ha-m)
	R.L.
(m)
	Depth (m)
	Area

(ha)
	Capacity upto each contour (ha-m)

	1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
	256.03

257.56

259.08

260.60

262.12

263.65

265.18

266.70

268.22

269.75

271.27

272.80

273.71

-
-
	0.00

1.52

3.05

4.57

6.10

7.62

9.14

10.67

12.19

13.72

15.24

16.76

17.88

-
-
	0.00

2.52

4.17

7.44

10.41

14.86

21.91

28.85

35.91

46.74

59.75

74.90

84.77

-
-
	0.000

2.866

7.966

16.815

30.183

50.122

78.349

118.446

166.382

229.365

310.358

412.867

481.395

-
-
	248.41

249.94

251.46

252.98

254.51

256.03

257.56

259.08

260.60

262.13

263.65

265.18

266.70

268.22

269.75
	0.00

1.52

3.05

4.57

6.10

7.62

9.14

10.67

12.19

13.72

15.24

16.76

18.29

19.81

21.34
	0.21

3.25

7.42

13.24

18.55

23.92

27.75

31.47

34.17

38.09

43.13

46.97

51.70

55.97

60.11
	0.000

3.398

12.035

29.025

53.520

86.368

126.012

174.152

219.460

276.094

337.260

395.735

467.945

542.278

652.291
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Figure 2  Lake evaporation from observed pan evaporation data using different pan coefficients (Kp) for  specific months


Figure 3. Comparison of lake evaporation (adjusted pan evaporation) and estimated lake evaporation by model


Figure 4. Depth and surface area relationships for Kailana and Takhatsagar in Jodhpur (Rajasthan)

Figure 5. Reduction in annual evaporation losses in comparison to FSL for reduced level of water in both the reservoirs from FSL
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