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Estimating global reservoir evaporation losses is essential for reservoir regulation, operation, and associated
water resources management. Estimating globe-scale reservoir evaporation losses remains a gap due to limited
accessibility of global long-term continuous reservoir geographic information. Two new datasets, the Global
Reservoir Surface Area Dataset and the Global Reservoir and Dam Database, try to address inaccessibility and
provide an opportunity to bridge the gap. Here, we used the two datasets to estimate the monthly reservoir
evaporation volume of global 7242 large reservoirs from 1985 to 2016. Around 339.8 km3 of water is estimated
to evaporate from these large reservoirs annually during 1985–2016, and the loss amount is near ~73% of the
municipal water withdrawal in 2010. From 1985 to 2016, the global reservoir evaporation volume increases
significantly at a rate of ~2.0 km3/a, and 80% of the increment is contributed by middle-income countries. A
surge in reservoir construction in middle-income countries after 1985 triggers the increment. The results can
benefit the regulation and operation of reservoirs and realize their role in global water conservation and
management.
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1. Introduction
As an ancient water storage infrastructure, the reservoir has been
built for ~4000 years, and currently, there are still millions of reservoirs
with an area of over 100 m2 in operation over the world (Assouline et al.,
2011; Lehner et al., 2011; Zarfl et al., 2015). Reservoirs serve a pivotal
role in agricultural and municipal water storage and deliveries (Tharme,
2003; Prigent et al., 2012), yet the role is impacted by reservoir evap
oration loss (Shiklomanov, 2000; Martínez-Granados et al., 2011; Zhan
et al., 2019; Jansen and Teuling, 2020). It is estimated that annual mean
reservoir evaporation loss in the United States is more than 90% of its
annual public water supply (Zhao and Gao, 2019a), the annual loss in
China is ~80% of water delivery volume for the Middle Route of China’s
Water Transfer Project (Tian et al., 2021), and annual loss in Africa is
over 80% of the water storage capacity of Cahora Bassa, Africa’s fourthlargest hydropower reservoir (Sanchez et al., 2021). Thus, estimating
reservoir evaporation loss is important in water conservation and
management.
Estimating reservoir evaporation, indeed, requires specific
geographic information and hydro-climatic data (Lowe et al., 2009;
Reca et al., 2015), while due to involving national and regional security,

it is restricted to access the geographic information of reservoirs. Con
strained by data accessibility, existing estimates of reservoir evaporation
are carried out on limited temporal scales and spatial scales (Helfer
et al., 2012; Rodrigues et al., 2020). The spatial scale of the reservoir
evaporation estimation is mainly conducted on national and regional
scales as exemplified by estimations in the United States (Zhao and Gao,
2019a; Zhang et al., 2017), China (Tian et al., 2021), Africa (Sanchez
et al., 2021), as well as some watersheds in Spain (Alvarez et al., 2008)
and Australia (Craig et al., 2005). The temporal scale of the reservoir
evaporation estimation is generally focused on a certain year (e.g., Craig
et al., 2005; Rodrigues et al., 2020; Sanchez et al., 2021) or averages in a
period of time (e.g., Alvarez et al., 2008; Helfer et al., 2012). Conse
quently, limited accessibility of global long-term continuous reservoir
geographic information leads to estimating global dynamic reservoir
evaporation remains to be explored.
Recently, international data sharing and the development of remote
sensing observations make it possible to obtain global long-term
continuous geographic data of reservoirs. The international Global
Water System Project promotes the collation of existing geographic data
of global reservoirs and shares the collation as the Global Reservoir and
Dam Database (GRanD), which includes static geographic data of
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reservoirs, such as location, shape, and multi-year average surface area,
etc. (Lehner et al., 2011). This dataset has been keeping updated, from
version 1.1 in 2011 to 1.3 in 2019, and is widely applied in reservoir
research on a global scale (e.g., Donchyts et al., 2016; Grill et al., 2019;
Frederikse et al., 2020). The static geographic data of global reservoirs
in GRanD, together with the lately development of remote sensing ob
servations, gave birth to a global long-term continuous geographic data
of reservoirs, i.e., the Global Reservoir Surface Area Dataset (GRSAD,
Zhao and Gao, 2018). The recent emerge of GRanD and GRSAD,
accordingly, provide an opportunity to estimate global long-term
continuous reservoir evaporation.
Based on GRanD and GRSAD, here, we estimate the global long-term
continuous reservoir evaporation using the Penman equation. Such a
globe-scale estimation can benefit the regulation and operation of res
ervoirs and thus realize their role in global water conservation and
management. In this paper, we first introduced the data and method
ology in Section 2, and then estimated and investigated changes of
reservoir evaporation on a global scale in Section 3. Finally, the dis
cussion and conclusions of this paper are given in Sections 4 and 5,
respectively.

bring significant economic profit. Thus, the number of reservoirs built in
a country is closely related to the country’s economic level. The level
could be measured by the income of the country. Based on the classifi
cation of countries by income of the World Bank (Fantom and Ser
ajuddin, 2016), the 137 countries in this study were divided into four
groups, namely high-income countries, upper-middle-income countries,
lower-middle-income countries, and low-income countries. Here, the
four groups include 48, 42, 29, and 18 countries, respectively.
2.2. Methodology of estimation in the reservoir evaporation volume
The reservoir evaporation volume is determined by the evaporation
rate and surface area of the reservoir (Lowe et al., 2009; Reca et al.,
2015). For a single reservoir, the monthly evaporation volume can be
calculated as follows:
Evolume = A × E × D × 1000

(1)

where A [km2] is the monthly surface area for a single reservoir, which
was obtained from the GRSAD in this study (Zhao and Gao, 2018,
2019b); D[d] is the number of days in the calculated month; E[mm/d] is
the monthly evaporation rate for a single reservoir, and Evolume[m3] is
the evaporation volume for a single reservoir in the calculated month.
The methods to estimate the reservoir evaporation rate of open water
can be classified into energy- and process-based models. The energybased model used the surface available energy and the Bowen ratio to
estimate evaporation rate, such as the Conceptual Atmospheric Bound
ary Layer Model (Liu and Yang, 2021), etc. The process-based model
includes the Penman equation (Penman, 1948), variations of the
Penman equation (Monteith, 1965; Priestley & Taylor, 1972), and the
pan coefficient method (Rotstayn et al., 2006; Lim et al., 2012; Lim et al.,
2013), etc. The pan coefficient method uses the product of the recom
mended pan coefficient and measured or estimated pan evaporation rate
as the reservoir evaporation rate (Yang and Yang, 2012; Lim et al., 2016;
Wang et al., 2019a,b), and this method cannot consider the impact of
water body heat storage on open water evaporation rate (Kişi, 2006;
Friedrich et al., 2018; Zhao and Gao, 2019a). The impact can be
considered in the Penman equation and its variations, and these
methods can be more accurately estimated the open water evaporation
rate. Moreover, the Penman equation has been validated in many studies
to estimate the evaporation rate of open water, and this equation was
used in this study to calculate the reservoir evaporation rate (McMahon
et al., 2013). The reservoir evaporation rate is estimated by using the
sum of the radiative (ER) and the aerodynamic (EA) components:

2. Data used and methods
2.1. Data used
The surface area and basic information of the global reservoirs were
provided by the Global Reservoir Surface Area Dataset (GRSAD) and the
Global Reservoir and Dam Database (GRanD), respectively. For the
surface area, GRSAD provided the monthly data from 1985 to 2016. For
basic information, GRanD provided information on water storage ca
pacity, dam location, and reservoir depth, etc. Based on the two data
bases, the data of 7242 reservoirs were collected. The number of these
reservoirs increased from 6028 to 7242 during 1985–2016, and these
reservoirs are distributed in 137 countries over the world (Fig. 1).
The evaporation calculation needs four meteorological variables,
namely, vapor pressure deficit (VPD), wind speed (u), surface shortwave
radiation (SSR), and air temperature (Ta). Monthly data of the four
variables were provided by three datasets viz. (1) TerraClimate (Abat
zoglou et al., 2018); (2) ERA5 (Hersbach et al., 2020); (3) Princeton
Global Forcings (PGF, Sheffield et al., 2006). Spatial resolutions of the
three datasets are 1/24◦ × 1/24◦ , 0.25◦ × 0.25◦ , and 0.25◦ × 0.25◦ ,
respectively. Here, the temporal resolutions of the three datasets are all
monthly, and time ranges are all from 1985 to 2016.
The reservoir is a vital infrastructure, and its construction, especially
for large reservoirs, requires huge economic investment and can also

Fig. 1. Locations of the 7242 reservoirs over the world.
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s(Rn − ΔU) γf (u)(es − ea )
+
λv (s + γ)
λv (s + γ)
⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟
⏟̅̅̅̅̅̅̅̅̅
̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟EA

E=

estimation using a single dataset as forcing data could bring uncertainty.
To reduce the uncertainty, the ensemble estimation of the reservoir
evaporation volume calculated using ERA5, TerraClimate, and PGF, as
the robust estimations in this study. In addition, all the trends below
were and tested by the two-tailed Mann-Kendall test of significance
(Mann, 1945; Kendall, 1975) and evaluated by the nonparametric Sen’s
slope.

(2)

ER

where Rn[MJ/(m2d)] is the monthly net radiation for a single reservoir; s
[kPa/◦ C] is the slope of the saturation vapor pressure curve; γ[kPa/◦ C] is
the psychrometric constant; λv[MJ/kg] is the latent heat of vaporization;
ea[kPa] is the air vapor pressure at Ta; ΔU[MJ/(m2d)] is the change of
water body heat storage for a single reservoir; es[kPa] is the saturated
vapor pressure at Ta, and f(u)[MJ/(m2dkPa)] is the wind function.
The wind function f(u) is the key factor of the calculation of EA. When
calculating reservoir evaporation, the meteorological data should use
observation from the water surface. Due to lack of observation, most
studies have employed land-based data as a substitute (Winter et al.,
1995; dos Reis and Dias, 1998; McJannet et al., 2012), which may bring
a biased estimation of reservoir evaporation (Weisman and Brutsaert,
1973). To reduce estimation biases, the area-dependent wind function
based on the aerodynamic approach was developed, which can directly
use land-based meteorological data to calculate (McJannet et al., 2012).
Here, this wind function was adopted to calculate EA.
f (u) = λv (2.33 + 1.65u2 )L−f

0.1

3. Result
3.1. Significant increase in global reservoir evaporation losses
Here, the annual global reservoir evaporation volume is the sum of
the evaporation volume of all reservoirs that year. During 1985–2016,
the annual mean global reservoir evaporation volume was 339.8 km3
(Fig. 2(a)), which is about 73% of the global municipal water with
drawal in 2010 (~464 km3, FAO, 2016). Table 1 shows the ranking of
the ten countries with the largest annual average reservoir evaporation
volume from 1985 to 2016. The two high-income countries, namely
Canada and the United States, had the largest annual average reservoir
evaporation volume, with values of 58.6 km3 and 43.1 km3 respectively,
accounting for about 30% of the annual average global reservoir evap
oration volume. The rest eight countries are all middle-income countries
(including 4 upper-middle-income countries and 4 lower-middleincome countries), whose total annual mean reservoir evaporation vol
ume accounts for about 40% of the annual mean global reservoir
evaporation volume.
From 1985 to 2016, the global reservoir evaporation volume shows a
significant (p < 0.05) increasing trend at a rate of 2.0 km3/a, and
increased from 292.1 km3 to 364.0 km3 (Fig. 2(b)). Among the 137
countries, the total reservoir evaporation volume in 29 countries shown
decreasing trends, with 14 countries passing the significance test (p <
0.05) (Fig. 2(b)). These countries with decreasing trends are promi
nently clustered in Central Asia and Central Africa—most notably in
Iraq, which had a significant (p < 0.05) decreasing trend at a rate of
− 9.4 × 107 m3/a. For the rest 108 countries, the total reservoir evapo
ration volume all shown increasing trends, with 81 countries passing the
significance test (p < 0.05). Among these countries, Brazil’s increasing
trend was most notably, with a significant (p < 0.05) trend of 47.8 × 107
m3/a. Table 2 shows the ranking of the ten countries with the largest
trend of reservoir evaporation volume from 1985 to 2016. Eight of these
ten countries are middle-income countries (including 6 upper-middleincome countries and 2 lower-middle-income countries).

(3)

where u2[m/s] is the wind speed measured at 2 m; and Lf [m] is the fetch
length for a single reservoir. The fetch length was estimated by dividing
the reservoir surface area by the reservoir width. The width is defined as
the distance between two reservoir tangents parallel to the wind direc
tion (McJannet et al., 2012; Zhao and Gao, 2019a).
A key factor of the calculation of ER is the change of water body heat
storage ΔU. Here, the equilibrium temperature method was adopted to
estimate the ΔU (Edinger et al., 1968; McMahon et al., 2013):
Te =

(kεw + f (u)(s + γ) )Ta + (1 − α)K↓ − b(εw − εa ) − f (u)(es − ea )
kεw + f (u)(s + γ)

Tw = Te + (Two − Te )e−
Twb =

(4)
(5)

Δt/τ

a
0.00066*100Ta + (T 4098e
T
+237.3)2 d
d

a
0.00066*100 + (T 4098e
+237.3)2

(6)

d

Td =

τ=

116.9 + 237.3ln(ea )
16.78 + ln(ea )

ρw cw h
4σ(Twb + 273.15)3 + f (u)(swb + γ)

Tw − Two
ΔU = ρw cw h
Δt

(7)
(8)

3.2. Increase in reservoir surface area is the dominant driver of the
increase in global reservoir evaporation volume

(9)

The change in global reservoir evaporation volume was determined
by changes in average evaporation rate and total surface area. The
change in total surface area was greatly affected by the number of the
reservoir. From 1985 to 2016, 1264 new reservoirs, 17% of total res
ervoirs (1264/7242), were constructed globally, thus these new reser
voirs could affect the change in global reservoir evaporation volume.
Here, the changes of the global reservoir evaporation volume were
analyzed for two types of reservoirs, i.e., reservoirs built before 1985
and after 1985. The total evaporation volume for the two types of res
ervoirs both significantly (p < 0.05) increased from 1985 to 2016, with
rates of 0.32 km3/a and 1.70 km3/a, respectively (Fig. 3(a)). 85%
(=1.70/2.01) of trend in global evaporation volume were contributed by
reservoirs built after 1985. Therefore, the total global evaporation vol
ume of 7242 reservoirs was mainly driven by the total evaporation
volume of 1214 reservoirs built after 1985.
The reservoir evaporation volume was determined by the evapora
tion rate and surface area of the reservoir. During 1985–2016, the total
surface area of the 1214 reservoirs built after 1985 significantly (p <
0.05) increased at a rate of 1307.2 km2/a, while the mean evaporation

where Twb[◦ C] and Te [◦ C] are wet-bulk temperatures and the equilib
rium temperature of water body, respectively; Tw [◦ C] and Two[◦ C] are
actual water column temperatures at the current time and previous time,
respectively, and the initial value of Two is obtained by spin-up; Td [◦ C] is
the dew point temperature; α is water surface albedo, and the value is
0.1; k and b are constants, and the values are 0.46 MJ/(m2d◦ C) and
23.38 MJ/(m2d), respectively; swb[kPa/◦ C] is the slope of the saturation
vapor pressure curve at Twb; εa is the emissivity of air with cloudiness
factor (Satterlund, 1979); εw is the emissivity of water, here, it was set
0.97; K↓[MJ/(m2d)] is the downward surface shortwave radiation; τ[d]
is the lag time; ρw[kg/m3] is the density of water; h[m] is the average
reservoir depth, and limited by the availability of data, the value is
constant from the RanD; cw[MJ/(kg◦ C)] is the specific heat of the water.
The detailed methodology flow chart and related equations can be
referenced in Zhao and Gao (2019a). The methodology has been vali
dated in the estimations of reservoir evaporation volume in China and
the United States (Zhao and Gao, 2019a; Tian et al., 2021). The
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Fig. 2. Map of annual average (a) and trend (b) of reservoir evaporation volume on the national scale from 1985 to 2016. The slash indicates that the trend passes the
significance test (p < 0.05).
Table 1
Ranking of the 10 countries with the largest annual average reservoir evapo
ration volume from 1985 to 2016.

Table 2
Ranking of the 10 countries with the largest trend of reservoir evaporation
volume during 1985–2016.

Rank

Country

Evaporation Volume (km3)

Income Level

Rank

Country

Trend (107m3/a)

Level

1
2
3
4
5
6
7
8
9
10

Canada
United States
Russia
Brazil
India
Egypt
China
Ghana
Zimbabwe
Venezuela

58.6
43.1
39.0
32.7
15.2
11.4
10.7
10.0
9.8
7.1

High
High
Upper-middle
Upper-middle
Lower-middle
Lower-middle
Upper-middle
Lower-middle
Lower-middle
Upper-middle

1
2
3
4
5
6
7
8
9
10

Brazil
China
India
Russia
Canada
Turkey
Venezuela
Paraguay
Egypt
United States

47.8*
20.2*
15.6*
15.3*
12.1*
8.8*
7.0*
7.0*
6.9*
5.0

Upper-middle
Upper-middle
Lower-middle
Upper-middle
High
Upper-middle
Upper-middle
Upper-middle
Lower-middle
High

*indicates that the trend passes the significance test (p < 0.05).

rate insignificantly (p = 0.12) increased at a rate of 0.001 mm/d/a
(Fig. 3). The main reason for the significant increase in total evaporation
of 1214 reservoirs built after 1985 was the significant increase in total
surface area. Therefore, the total global evaporation volume of 7242
reservoirs was mainly driven by the total surface area of the 1214

reservoirs built after 1985.
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Fig. 3. Total reservoir evaporation volume (a), total reservoir surface areas (b), and mean reservoir evaporation rate (c) during 1985–2016 for reservoirs built before
and after 1985.

3.3. The increase in surface area of reservoirs in the middle-income
countries dominates the increase in global surface area

income countries, namely upper-middle-income countries, lowermiddle-income countries, both significantly (p < 0.05) increased from
1985 to 2016, with rates of 839.4 km2/a and 208.8 km2/a, respectively
(Fig. 4(c)). Above all, the total surface area of reservoirs built after 1985
in middle-income countries decreased at a rate of 1058.2 km2/a
(=839.4 + 208.8). 109% (=1058.2/(743.4 + 226.5)) of trend in total
surface area in middle-income countries was contributed by reservoirs
built after 1985. Therefore, the total surface area of middle-income
countries was mainly driven by the reservoirs built after 1985.
Above all, the change of the total evaporation volume in middleincome countries had a significant impact on the change of the global
evaporation volume. From 1985 to 2016, the increase in total evapo
ration volume in middle-income countries accounts for 80% ((1.15 +
0.46)/ (0.31 + 1.15 + 0.46 + 0.09)) of the increase in global evapora
tion volume (Fig. 5(a)). Further, 90% ((1.09 + 0.36)/ (1.15 + 0.46)) of
the trend in the total evaporation volume in middle-income countries
was contributed by reservoirs built after 1985 (Fig. 5(b, c)). Therefore,
the global evaporation volume was mainly driven by the reservoirs built
after 1985 in middle-income countries.

From 1985 to 2016, the total surface area of reservoirs all showed
significant (p < 0.05) increasing trends for the four group countries,
namely high-income countries, upper-middle-income countries, lowermiddle-income countries, and low-income countries, with values of
228.2, 743.4, 226.5, and 45.4 km2/a, respectively. The increase in total
surface area of reservoirs of middle-income countries, including uppermiddle-income and lower-middle-income countries accounts for 78%
(=(743.4 + 226.5)/ (228.2 + 743.4 + 226.5 + 45.4)) of the increase in
total global surface area (Fig. 4(a)).
Focus on the reservoirs built before 1985, the total surface area of the
upper-middle-income countries during 1985–2016 significantly (p <
0.05) decreased at a rate of − 95.9 km2/a, while the total surface area of
the lower-middle-income countries was nonsignificant (p = 0.40)
increasing at a rate of 17.8 km2/a (Fig. 4(b)). Above all, the total surface
area of reservoirs built before 1985 in middle-income countries
decreased at a rate of − 78.1 km2/a (=-95.9 + 17.8). Focus on the res
ervoirs after 1985, the total surface area for the two group middle-

Fig. 4. Total reservoir surface area for the four groups countries, namely high, upper-middle, lower-middle, and low, during 1985–2016 for whole reservoirs (a),
reservoirs built before 1985 (b), and reservoirs built after 1985 (c).
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Fig. 5. Total reservoir evaporation volumes for the four groups countries, namely high, upper-middle, lower-middle, and low, during 1985–2016 for whole reservoirs
(a), reservoirs built before 1985 (b), and reservoirs built after 1985 (c).

4. Discussion

and process-based models. Here, the process-based model, the Penman
equation incorporated with the heat storage, was used, which has been
validated in the estimation of reservoir evaporation (Zhao and Gao,
2019a; Tian et al., 2021). The energy-based model also shows the ac
curate estimation in water evaporation rate, such as the conceptual at
mospheric boundary layer model (ABL, Liu and Yang, 2021). The
estimation of this model in China’s Lake Taihu shown good consistency
with the measurements of the eddy covariance (EC). As a comparison,
the method in this study was used to estimate the water evaporation rate
in Lake Taihu (Fig. S1). The estimation also shown good consistent with
the measurements of the EC (R2 = 0.90, RMSE = 0.47 mm). Thus, the
uncertainty of only using the Penman model to estimate the evaporation
rate could be limited. Third, the ice sublimation cannot be calculated by
using the Penman method for reservoir evaporation rate estimation.
Once the Ta drops below 0 ◦ C, the reservoir water surface would freeze.
This situation usually occurs in the winter in high latitude areas (≥50◦ N
and ≥40◦ S). In this study, there are 457 reservoirs located in the high
latitude area, accounting for 6.3% of the total 7242 reservoirs. The
reservoir evaporation estimation of these reservoirs would bring some
uncertainties to global reservoir evaporation volume.

4.1. Uncertainties of estimating the reservoir evaporation losses
There are some uncertainties in this study. First, there are some
uncertainties in the meteorological data used to estimate the reservoir
evaporation rate. The three meteorological datasets, namely the Terra
Climate, ERA5, and PGF, were used to calculate the evaporation rate.
The three datasets are inconsistent on some meteorological variables.
For instance, the average surface shortwave radiation over the 7242
reservoirs for the three datasets, namely TerraClimate, ERA5, and PGF,
were 176.7 W/m2, 183.4 W/m2, and 186.8 W/m2, respectively. The
differences of meteorological variables in the three datasets resulted in
different reservoir evaporation estimations. The annual average global
reservoir evaporation volumes calculated were 319.1 km3, 336.5 km3,
and 364.8 km3 during 1985–2016 for the three datasets, respectively
(Fig. 6). The trends of annual global evaporation volumes were 1.92
km3/a, 2.05 km3/a, and 2.07 km3/a for the three datasets, respectively.
Thus, to obtain a robust estimation, the ensemble average of the three
estimations was shown in this study. Second, there are some un
certainties in the method used to estimate the reservoir evaporation rate.
Generally, the methods of estimating evaporation rate included energy-

4.2. Comparisons with previous studies
Here, the reservoir evaporation losses and their change for global
and countries were estimated during 1984–2016. For country-scale es
timations, Zhao and Gao (2019a) and Tian et al. (2021) calculated the
reservoir evaporation losses for the world’s largest developed and
developing countries, namely the United States and China, respectively.
They indicated that the average annual evaporation losses of 721 and
916 large reservoirs (storage capacity greater than 0.1 km3) were 33.7
km3 and 10.5 km3 for the two countries, respectively, and the trend were
6.6 × 107 m3/a (p = 0.02) and 19.6 × 107 m3/a (p < 0.01), respectively.
The losses estimation and their trend for the same number of reservoirs
in this study are in good agreement with previous studies (losses: 33.7
km3 vs 34.4 km3, 10.5 km3 vs 10.2 km3; trend: 6.6 × 107 m3/a vs 5.3 ×
107 m3/a, 19.6 × 107 m3/a vs 20.2 × 107 m3/a).
The significant increase in total reservoir evaporation losses is
mainly driven by the increase in total surface area, especially in middleincome countries. Zhan et al. (2019) reported the consistent view that
one of the main reasons for the increase in global water surface evapo
ration is the increase in the total reservoir area, especially Brazil and
India, etc. Mao et al. (2016) illustrated that the change in total reservoir
area had a significant impact on evapotranspiration trends over China.

Fig. 6. The global evaporation volumes during 1985–2016 calculated using
ERA5, PGF, TerrClimate and ensemble average.
6

W. Tian et al.

Journal of Hydrology 607 (2022) 127524

In addition, due to the diversion of water from the Amu Darya and the
Syr Darya for agricultural irrigation in Central Asia (Micklin, 1988;
Micklin, 2014; Wang et al., 2018), the total water surface area was
severely reduced (Micklin, 2014; Shi et al., 2014). The reduction could
lead to a significant decrease in reservoir evaporation losses in Central
Asia (Fig. 2).
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4.3. Implications
The estimation of the global reservoir evaporation losses can benefit
the regional or global water resources management. First, the estimation
can be used to calculate the available water resources for the reservoir
(Tanny et al., 2008; Lowe et al., 2009; Khadem et al., 2018; Zhang et al.,
2019). For a single reservoir, the available water resources is estimated
based on the water balance equation, and the equation needs various
variables, namely, inflow, outflow, precipitation, and reservoir evapo
ration. Based on the current observation methods, accurate observations
can be obtained in the inflow, outflow, precipitation of the reservoir.
Thus, accurate estimation of reservoir evaporation can be used to
calculate the available water resources of the reservoir (Sivapragasam
et al., 2009; Campos, 2010; Lei and Yang, 2010; Althoff et al., 2019; Hu
and Lei; 2021). Second, reservoir evaporation estimation can be used to
calculate water-saving efficiency. Reservoir evaporation losses cannot
be ignored for local water resources management, especially for water
resources management in semi-arid and arid regions (Morton, 1979; Ali
et al., 2008; Mady et al., 2020). To reduce reservoir evaporation losses,
the various shelters are covered on the reservoir water surface. The
water-saving efficiency of the shelter is an important index for selecting
shelters. The efficiency is calculated by dividing observed or calculated
reservoir evaporation under the shelter by reservoir open water evap
oration estimation (Yao et al., 2010; Aminzadeh et al., 2018; Lehmann
et al., 2019). Third, reservoir evaporation estimation can be used to
estimate the evaporation reduction potential of floating photovoltaic
(FPV). FPV system is a new power generation system that places the
photovoltaic system on the reservoir surface (Sahu et al., 2016; Ranj
baran et al., 2019). The system can not only generate power, but also
reduce evaporation from the reservoir (Ferrer-Gisbert et al., 2013;
Santafé et al., 2014; Redón-Santafé et al., 2014). Based on the reservoir
evaporation estimation and FPV coverage of the reservoir, the evapo
ration reduction potential of the FPV can be calculated (Spencer et al.,
2019; Scavo et al., 2021; Nagananthini and Nagavinothini, 2021; San
chez et al., 2021).

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jhydrol.2022.127524.
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Redón-Santafé, M.R., Ferrer Gisbert, P.S., Sánchez Romero, F.J., Torregrosa Soler, J.B.,
Ferrán Gozálvez, J.J., Ferrer Gisbert, C.M., 2014. Implementation of a photovoltaic
floating cover for irrigation reservoirs. J. Cleaner Prod. 66, 568–570.
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