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Abstract: Reservoirs play a vital role in agricultural irrigation, food security, and ecological protection
in arid and semi-arid areas where water resources are scarce. In the Tarim Basin (TB) in northwestern
China, a large number of reservoirs have been built or are being built, resulting in significant
evaporation losses. However, information about the distribution, area and evaporation rate of
the reservoirs in TB is limited. To contribute, we present an inventory of reservoirs and calculate
their monthly surface area and evaporation rate during the study period of 1990-2019, using the
TerraClimate dataset, Google Earth Engine (GEE) platform, Landtrendr algorithm, Penman method,
and Landsat images. The results suggest: (1) The inventory of 167 reservoirs in TB consists of
142 existing reservoirs (built before 1990), 5 new reservoirs (mountain reservoirs, built during
1990-2019), and 20 dried-up reservoirs (plain reservoirs that went extinct during 1990-2019). (2) The
reservoir types in TB are mainly plain reservoirs with an altitude of less than 1500 m and an area of
less than 10 km?, accounting for about 88% of the total number of reservoirs. (3) The surface area of
the reservoirs increased at a significant rate (p < 0.05) of 12.45 km? /y from 401 km? in 1990 to 766 km?
in 2019. (4) The evaporation rate of the reservoirs increased at a slight trend of 0.004 mm/d/a and
varied from 2.57 mm/d in 1990 to 2.39 mm/d in 2019. Lastly, (5) The evaporation losses of reservoirs
in TB significantly increased (p < 0.05) from 4.72 x 10% m3 to 4.92 x 108 m3 due to the significant
increase in reservoir surface area (p < 0.05) and the slight increase in evaporation rate from 1990 to
2019. This study provides essentials of the reservoir inventory, surface area, and evaporation rate
with considerable baseline inferences for TB that may be beneficial for long—term investigations and
assist in local water resources decision support and sustainable management in arid regions.

Keywords: Tarim Basin; reservoir surface area; reservoir evaporation rate; Google Earth Engine

1. Introduction

Reservoirs play an important role in agricultural production, as well as in the social
economy and ecological environment. Nevertheless, the evaporation of reservoirs sig-
nificantly affects the availability of the reservoirs” water supply and thus aggravates the
problem of water shortages [1]. Over the past few decades, the number of global reservoirs
has risen sharply. The surface area of reservoirs has also increased from 4.11 x 10° km?
in 1984 to 4.48 x 10° km? in 2015 [2]. The increase in reservoir surface area has led to an
increase in reservoir evaporation losses [3].

Evaporation is a crucial aspect of the hydrological cycle in arid and semi-arid regions.
It is also a major contributor to water loss in reservoirs [4]. According to statistics, the
annual evaporation losses of reservoirs in arid and semi-arid regions accounts for about
40% of reservoir volume, thus aggravating the water shortage [5]. Therefore, studying
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evaporation losses in these reservoirs is vital for scientific monitoring and optimal water
resource allocation.

The reservoir evaporation volume is calculated by multiplying the reservoir surface
area by the reservoir evaporation rate [3,6,7]. Notwithstanding the challenges in obtaining
reservoir surface area and evaporation rate data, accurate surface area and evaporation rate
estimations are still required to accurately quantify the evaporation volume of reservoirs.
To date, reservoir surface area is generally obtained through field measurements or remote
sensing images [8]. Field measurements are mainly based on the water—area curve of
a reservoir [9], but this approach is time consuming and labor intensive. Furthermore,
surveying in some regions with harsh natural conditions is challenging, resulting in a
scarcity of accurate reservoir data. Unlike traditional field-measurement methods, remote
sensing has the advantages of wide coverage, long time sequences, and easy acquisition.
Particularly, Landsat products have the advantages of continuous-time coverage and high
spatial resolution (30 m). Furthermore, Google Earth Engine (GEE), a cloud platform for
processing Landsat products, has emerged in recent years as a good option for conduct-
ing large—scale and long—term series analysis of reservoir surface area changes [10-13].
Although the Penman method [14] can more accurately calculate evaporation through
the input of a series of parameters for evaporation, meteorological data for evaporation
calculations are often not recorded from reservoir surfaces. Moreover, water bodies have
a heat storage effect, which means that the calculated evaporation results may not reflect
real evaporation. Many studies have been conducted on these two issues [15-19]. In recent
years, Zhao and Gao [6] have systematically integrated and improved the previous results
to more accurately calculate water—surface evaporation. The improved results have been
verified and widely used to calculate reservoir evaporation [6,7].

China, as the world’s largest developing country, has developed about 98,800 reser-
voirs as of 2018. Only the surface area of the large reservoirs was 0.15 x 10° km? in 2018,
leading to 140.2 x 108 m? evaporation losses [7]. The evaporation losses of medium and
small reservoirs are unknown because of the scarce information (e.g., location, shape, and
area). Highlighting the study area, the Tarim Basin (TB), which is the largest arid inland
basin and an important grain production base in China, has built a large number of medium
and small reservoirs to ensure agricultural irrigation. As TB is a typical inland arid area, the
evaporation losses in reservoirs are generally large [20]. However, the existing literature on
local reservoir evaporation has primarily focused on ways to reduce evaporation through
technology [21]. A few studies have looked at evaporation losses in reservoirs across the
basin. They focus on the evaporation of a few reservoirs, but do not carry out relevant
research on the whole basin [22-24]. Acquiring and updating reservoir information and
calculating the evaporation losses is therefore critically important for ensuring food security
and assessment of appropriate reservoir responses to extreme climatic and hydrological
events, such as floods and drought under a changing environment, bearing in mind that
up—to—date and comprehensive information is also important for ensuring water security.

As contribution efforts, the following three objectives have been addressed: (1) for-
mulating an inventory of reservoirs in TB; (2) systematically analyzing spatial and tem-
poral variations in reservoir surface area, evaporation rate, and evaporation losses in
TB (1990-2019); and (3) discussing possible reasons for changes in reservoir surface area,
evaporation rate, and evaporation losses in TB during the study period.

2. Study Area

The Tarim Basin is the largest inland basin in China (Figure 1). It is located in the hin-
terland of Eurasia (35°N-43°N, 74°E-90°E) and covers a total area of about 1.02 x 10° km?.
The region has a typical temperate arid continental climate, which features little rain and
strong evaporation. The annual precipitation in the basin is only about 51.2 mm, while the
annual evaporation is as high as 2100-3000 mm [25]. The arid natural environment makes
the local natural ecosystem and human activities heavily depend on local river runoff [26].
The rivers in the basin originate from the surrounding mountains and mainly include the
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Figure 1. Description of the study area.

The rivers in TB are allogenic (exotic) rivers. The runoff from these rivers mainly comes
from snowmelt and glacier-melt water (47.9%), precipitation (27.9%), and groundwater
(24.2%) [27]. Because snowmelt and glacier-melt water are greatly affected by temperature,
the seasonal distribution of river runoff is very uneven, but approximately 75% of the
annual runoff occurs from July to September. In recent years, interannual variations in river
runoff increased along with global temperatures. The basin has a population of 11.6 million
and 2.03 million hectares of cultivated land. Local water is mainly used for agricultural
irrigation, which consumes about 96% of the total water. To make reasonable and effective
use of the available water, local reservoirs have been built in TB to regulate and control
water resources (Figure 1).

3. Data and Methods
3.1. Data

All Landsat (TM, ETM+, and OLI) images (49,216 scenes) covering TB from 1 January
1990 to 31 December 2019, were obtained to extract the monthly reservoir surface area.
Sentinel-2 is a European wide—scan, high-resolution, multi-spectral imaging sensor, which
was successfully used to evaluate the water—extraction accuracy of the reservoirs. We
also referred to the Joint Research Centre Yearly Water Classification History (JRC) Global
Surface Water Mapping Layers, v1.3, a dataset with high—resolution mapping results of
global surface water, to generate the extent of the reservoirs. The shuttle radar topography
mission digital elevation model (SRTM DEM)), at a resolution of 30 m, was used to acquire
the elevation of the reservoirs.

The monthly temperature (Ta), monthly vapor pressure deficit (VPD), monthly solar
shortwave radiation (SSR), and monthly wind speed at 10 m (U10) are calculated from
the TerraClimate product (http:/ /www.climatologylab.org/terraclimate.html, accessed on
12 December 2021), a high-resolution global dataset of monthly climate and climatic water
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balance. The wind direction data were downloaded from the China Meteorological Data
Service Center (https://data.cma.cn/, accessed on 8 December 2021). All meteorological
data were used to calculate reservoir evaporation rate.

The remote sensing monitoring dataset of land use status in TB for several years (1995,
2000, 2005, 2010, 2015) was used to calculate the cultivated area. The socio—economic data
for TB comes from the Xinjiang Statistical Yearbook.

3.2. Methods
3.2.1. Reservoir Inventory Formation

The formation of reservoir inventory in TB includes three main steps. (1) Identify-
ing the locations of reservoirs. To achieve this, we overlaid TB’s drainage networks on
Google Earth imagery and then visually identified reservoirs along with the drainage
networks [28]. (2) Based on Landsat imagery, we mapped the extent of the TB’s reservoirs
and superimposed the position of the reservoirs with the maximum water body of JRC,
making a 100 m buffer which was sufficient to fully study the variation in reservoir surface
area in the TB during 1990-2019. (3) We identified when the reservoirs emerged and/or
dried up. Landsat-based Detection of Trends in Disturbance and Recovery (Landtrendr)
is a temporal segmentation algorithm to determine abrupt changes in the reservoir water.
With Landtrendr method, NDWI time series with annual intervals are segmented, fitted,
and smoothed to obtain the change characteristics of the NDWI value of a single pixel in
the whole research period. This algorithm can effectively monitor the year, duration, and
amplitude of disturbance of NDWI [29]. The utility of Google Earth historical images was
explored to verify the results, after which the time of the reservoirs’ generation/extinction
was identified. Since the Landtrendr algorithm is calculated based on Landsat images, we
only selected the period with good image quality from 1990 to 2019 in TB to identify the
relevant times. Therefore, only reservoir emergence and drying up that occurred between
1990 and 2019 were identified, leaving reservoirs that were built prior to 1990 unidentified.

3.2.2. Water Extraction and Validation

High—quality imaging is extremely important for water extraction. The pixels for cloud,
cloud shadow, and snow were removed from all the images of TB during the study period
(1990-2019) using a cloud-masking method called CFmask [30,31]. All the remaining pixels
were considered as effective pixels which can be used for open surface water body mapping.
Images with effective pixels covering more than 70% were selected for water extraction
and analysis. This process is mainly carried out in the GEE cloud platform. It has been
suggested that combining the modified normalized difference water index (MNDWI), the
normalized difference vegetation index (NDVI) and the enhanced vegetation index (EVI) is
more effective at delineating than using individual indexes [32,33]. Accordingly, this study
used a combination of MNDWI, NDVI, and EVI to extract surface water areas, as expressed
in (Equations (1)—(3)).

To reduce specific interferences during the extraction of wetland water, the criteria of
EVI <0 can be used to eliminate wetland vegetation interference. Therefore, the two criteria
of (MNDWI > NDVI and EVI < 0.1) and (MNDWI > EVI and EVI < 0.1) were combined to
identify the surface water bodies.

MNDWI :Pgreen — Pswirl )
Pgreen +pswirl
NDVI _ Pnir — Pred )
Prirt0red
EVI =25 % (pnz'r — pred) )

Pnir+6 X Pred — 7'5Xpblue+1

wherte 0,04, Ogreen, Pbiuer Pnir, AN Pgyip1 are the reflectance of the red band, green band, blue
band, near—infrared band 1 and shortwave infrared band 1, respectively.
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The Sentinel-2A images were used to evaluate the accuracy of reservoir surface area
extraction [10,12,33]. Considering the strong dynamical variations of reservoir surface
area, the Landsat images and Sentinel images should have the same date, with a tolerance
of a maximum of 2 days. A total of 20 sentinel-2A images were used. In the images,
2100 test samples—including 1055 water samples and 1055 non-water samples—were
randomly generated.

The confusion matrix of water detection is presented in Table 1. The results show that
the overall accuracy and Kappa coefficients were 95.50% and 0.91, respectively, indicating
that the water information extracted based on Landsat images had high accuracy and could
be used for further research.

Table 1. Confusion matrix for accuracy assessment.

Sentinel—2 MSI

Sum of User
Waterbody M
aterbody Vap Water Non—water Classified Pixels Accuracy (%)
Water 1005 50 1055 95.26%
Land Non—water 45 1010 1055 95.73%
andsat Sum of reference pixels 1050 1060 95.50%
Producer accuracy (%) 95.71% 95.28% Kappa =091

3.2.3. Estimation of Reservoir Evaporation Rate

The Penman method [14] (Equation (4)) has been widely validated for estimating
open-water evaporation. In recent years, Zhao and Gao [6] systematically improved the
wind function and water-heat-storage reaction of the formula to accurately calculate water
surface evaporation, as follows:

_ s X (R, — AU) + x f(u) x (e, —ea)

E
AoX (s +7)

)

where E is the open water evaporation rate (mm-d—!); s is the slope of the saturation vapor
pressure curve (kPa-°C~1); R, is the net radiation (M]~m’2-d’1); AU is the heat storage
changes of the water body (M]-m_z-d_l);f(u) is the wind function (MJ-m~2.d~1.kPa1);
es is the saturated vapor pressure at air temperature (kPa); ¢, is the air vapor pressure
(kPa); A, is the latent heat of vaporization (M]~kg’1); and vy is the psychrometric constant
(kPa-°C~1).

The monthly evaporation volume is calculated as the product of satellite—estimated
reservoir surface area and reservoir evaporation rate [3] (Equation (5)). For reservoirs that
have two images per month, average values are taken, whereas for reservoirs without
observation records for a given month, the reservoir surface area will supplement with the
average of the preceding year and the following year.

EVP = Rarea(i, ) X Ry (i, ) )

where EVP is monthly reservoir evaporation volume (md); Revp(ijj) is j reservoir evaporation
rate (mm/d) of i month; and Ry, (i,f) is i monthly and j reservoir surface area (km?).

3.2.4. Trend Analysis

Annual trends for reservoir surface area, evaporation rate, and evaporation volume
were calculated using Sen’s slope [34], while the significance of the trend was judged using
the Mann—Kendall test [35,36].

4. Results
4.1. Reservoirs in Tarim Basin

The result of the reservoir inventory indicate that 167 reservoirs have been built in
the TB, and most of these are mainly distributed in the Yarkant River Basin, the Hotan
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River Basin, the Kashgar River Basin, and Keriya River Basin (Figure 1). Further, 88% of
the reservoirs are plains reservoirs distributed at altitudes of less than 1500 m (Figure 1).
For the entire TB, the lowest average altitude of a reservoir is located in the mainstream of
the Tarim River (approx. 934 m) and the highest average altitude is located in the Keriya
River Basin (approx. 1581 m) (Figure 1).

Using the Landtrendr algorithm, we identified abrupt changes in 25 reservoirs, in-
cluding 5 newly emerging reservoirs and 20 dried-up reservoirs (Figure 2a). As examples,
we took the Xiabandi Reservoir in YEB and Jiageda Reservoir in AKSB (Figure 2b—e) and
verified them on Google Earth using historical images. The Landtrendr algorithm can judge
the time of reservoir generation and extinction. Newly emerging reservoirs are mainly
distributed at elevations of more than 2000 m and with areas of less than 10 km?, while the
dried—up reservoirs are mainly distributed in plains regions with an elevation of less than
1500 m and with areas of less than 5 km? (Figure 2f).
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Figure 2. The evolution of reservoirs in TB (a) The number of reservoirs detected by Landtrendr
algorithm; (b) change time map of water disturbance in Xiabandi Reservoir in Yarkant River Basin;
(c) vertex identification map of water land conversion of Xiabandi Reservoir in Yarkant River Basin;
(d) change time map of water disturbance in Jiageda Reservoir in Aksu River Basin; (e) vertex
identification map of water land conversion of Jiageda Reservoir in Aksu River Basin; and (f) variation

diagram of reservoir quantity distribution in TB.
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4.2. Magnitudes and Trends of Reservoir Surface Areas

During the 30 years of the study period (1990-2019), the total reservoir surface area
in TB showed a significant increasing trend (p < 0.05), increasing from 401 km? in 1990 to
766 km? in 2019, with a growth rate of 12.45 km?/y (Figure 3b). The maximum surface area
of each reservoir mainly occurs from September to March, while the minimum water area
mainly occurs from April to August (Figure 3a).
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Figure 3. Reservoir area in TB from 1990-2019: (a) Annual variation in reservoir area; (b) interannual
variation in reservoir area; (c) average reservoir area; (d) variation trend in reservoir area; and
(e) variation trend in reservoir area at different elevations.

Among all basins in TB, the Yarkant River Basin has the largest reservoir surface area
(327.85 km? in 2019), accounting for 42.80% of TB's total reservoir surface area. The Dina
River Basin has the smallest reservoir surface area (4.21 km? in 2019), accounting for only
0.55% of TB'’s total reservoir surface area (Figure 3c). The reservoir surface area in the
basin has a large spatial variation, ranging from 0.02 km? to 66.48 km?. About 88% of the
reservoir surface area is less than 10 km?2, and about 53% of the reservoir surface area is
less than 1 km? (Figure 3c).

From 1990 to 2019, 129 reservoirs showed an increasing trend and 85 reservoirs
showed a significant increasing trend (p < 0.05). On the other hand, 13 reservoirs showed
a decreasing trend in the water area, which two of them showed a significant decreasing
trend (p < 0.05) (Figure 3d).

Based on the analysis of the reservoirs with significant growth rates, we found that the
reservoirs’ surface area growth rate is higher with a lower altitude than the reservoirs with
a higher altitude in the same surface-area range. For reservoirs in different surface—area
range at different altitude, the reservoirs surface area growth rate is higher with the small
surface area than the reservoirs with large surface area (Figure 3e).

4.3. Magnitudes and Trends of Reservoir Evaporation Rate

To evaluate the reliability of the Penman method for calculating the evaporation rate,
the observed and modeled evaporations of eight reservoirs in TB are compared. The mod-
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eled average annual evaporations of the eight reservoirs were calculated by Equation (4),
the observed average annual evaporations of the eight reservoirs were obtained through
literature review [22,23]. The percent bias (PBIAS), Nash—Sutcliffe efficiency (NSE), and
root-mean-square error (RMSE) returned 0.09%, 0.89, and 19.8 mm, respectively (Figure 4).

2400
o
E 2350 | °
22300 |
5 ®. i
= e PBIAS =0.09%
5] ot
< e NSE =0.89
o
= 2250 r o’ RMSE =19.8 mm
2200 " . \
2200 2250 2300 2350 2400

Observed evaporation (mm)

Figure 4. Observed and modeled average annual evaporation.

During the study period, the evaporation rate of reservoirs in TB showed an increasing
trend at an increasing rate of 0.004 mm/d/y. The maximum evaporation rate of 2.75 mm/d
occurred in 2007 and the minimum evaporation rate of 2.30 mm/d occurred in 1993
(Figure 5a). Across the entire basin, the highest evaporation rate of 2.57 mm/d occurred in
DNB and the lowest value of 2.19 mm/d occurred in AKSB (Figure 5b).

The spatial distribution regularity of the reservoir evaporation rate is not strong and is
mainly distributed within the range of 1.54-2.93 mm/d (Figure 5c). From 1990 to 2019, the
evaporation rate of 129 reservoirs showed an increasing trend, among which 44 reservoirs
showed a significant increasing trend (p < 0.05), with an average value of 0.007 mm/d/y,
while 13 reservoirs showed a downward trend (Figure 5d). Reservoirs that displayed
significant increases in evaporation rate (p < 0.05) are mainly distributed in the KSB. The
increasing rate was 0.008 mm/d/y.

Through the analysis of evaporation rates of reservoirs at different altitudes and
different surface-area ranges, we realized that for the reservoirs with the same surface area
range, the evaporation rate at low altitudes was higher than that at high altitudes. For
example, in reservoirs with a surface area of less than 1 km?, the evaporation rate gradually
decreased with increases in altitude, namely 2.70 mm/d, 2.53 mm/d, 2.39 mm/d, and
2.12 mm/d, respectively (Figure 5e). For reservoirs with different surface—area ranges, the
evaporation rate of reservoirs with a small surface area was higher than that of reservoirs
with a large surface area. For instance, the evaporation rate of reservoirs in the range
of 1.0-1.5 km? gradually decreased with increases in surface area, namely 2.53 mm/d,
241 mm/d, 2.43 mm/d, 2.38 mm/d, and 2.28 mm/d, respectively (Figure 5e). In addition,
through analyzing changes in the reservoir evaporation rate trend, we found that although
evaporation rates of reservoirs at different elevations with different surface areas showed
an increasing trend, the increasing trend of small reservoirs with areas of less than 5 km? at
high altitudes is more significant (Figure 5e).
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Figure 5. Evaporation rate of reservoirs in TB from 1990 to 2019: (a) Interannual variation trend of
evaporation rate; (b) multi-year evaporation rates of reservoirs in each sub-basin; (c) evaporation
rates of reservoirs; (d) variation trend of evaporation rate; (e) distribution and trend of evaporation
rate of reservoirs at different altitudes and areas.
4.4. Magnitudes and Trends of Reservoir Evaporation Volume
The evaporation volume of reservoirs in TB from 1990 to 2019 showed a significant
increasing trend (p < 0.05) due to the significant increase in reservoir surface area (p < 0.05)
and the rising evaporation rate, increasing from 4.72 x 10® m® in 1990 to 4.92 x 10® m3 in
2019. This represents a growth rate of 0.05 x 10% m?/y (Figure 6a).
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Figure 6. Evaporation losses of reservoirs in TB from 1990 to 2019: (a) Interannual variation trend

of reservoir evaporation losses; (b) reservoir evaporation losses; and (c) variation trend of reservoir

evaporation losses.
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The average evaporation loss of reservoirs during the study period was 5.25 x 108 m3
with the maximum evaporation volume of about 6.61 x 108 m® occurring in 2017. This
volume represents 1.34 times the domestic water consumption and 0.84 times the ecological
water consumption for the same year. Moreover, the spatial variation of perennial average
evaporation losses of reservoirs in TB is large and is mainly distributed in the range of
0.02-52.13 x 10° m? (Figure 6b). Of the 129 reservoirs that showed an increasing trend
of evaporation volume, 85 showed a significant increasing trend (p < 0.05). Meanwhile,
13 showed a decreasing trend; of these, the evaporation volume of 2 reservoirs showed a
significant decreasing trend (p < 0.05) (Figure 6¢).

5. Discussion
5.1. Analyzing the Evolution of Reservoirs

The newly emerged reservoirs in TB are mainly mountain reservoirs built in the upper
reaches of rivers, and most of them have the comprehensive task of ecological water supply,
irrigation, flood control, and power generation. It is worth noting that with global warming,
catastrophic extreme climatic and hydrological events such as floods and droughts will
intensify in arid inland river basins, and that water security issues will become increasingly
serious [37]. Building mountain reservoirs to cope with climate change is an important
engineering measure to ensure local water security [38]. The reservoirs that are drying up
are mainly plain reservoirs. Most reservoirs in TB were built before 1990 [39]. Due to the
limitations of technology and economic factors, most reservoirs are plain reservoirs. With
the extension of the service period of the reservoir, the properties of the reservoir (increased
silting amount, weakened storage capacity) and the material of the dam (supersaturation of
impermeable soil material, carbonation of concrete, etc.) changes, lead to a decrease in the
safety degree of the reservoir and shorten the service life [40]. In addition, plain reservoirs
often lead to the rise of groundwater, resulting in the salinization of farmland and pastoral
areas around [41]. In the evolution process of reservoirs, some reservoirs with relatively
comprehensive good conditions were selected artificially, while some reservoirs with poor
conditions were abandoned. Therefore, the construction and extinction of local reservoirs
are based on natural conditions as well as human selection.

Taking the reservoir as the water—supply body and the surrounding villages as the
receiving water body, analysis of the relationship between these two shows that the drying
up of the reservoirs was usually caused by multiple water-supply bodies serving the same
receiving water body. In other words, several reservoirs were providing water to the same
village at the same time (Figure 7a). However, analysis of single water supply bodies with
single receiving water bodies shows that no reservoirs have dried up (Figure 7b). Since the
TB is a typical arid area, when carrying out agricultural irrigation, reservoirs with sufficient
water resources and convenient irrigation are preferred, while reservoirs with insufficient
depth and low water quality will be abandoned and gradually transformed into bare or
cultivated land (Figure 7c-h).

5.2. Analysis of Variations in Reservoir Surface Area

In arid and semi-arid regions, reservoirs are used to mitigate the impact of cli-
mate change on local water resources, and the reservoirs area changes with the climate
change [42]. Snowmelt water and precipitation in mountainous areas comprise the main
water sources for reservoirs in TB. A rise in temperature will aggravate the melting of snow
and ice, causing an increase in water inflow and boosting the reservoir surface area. Ac-
cording to research on the correlation between the average annual maximum temperature
and reservoir surface area in TB in past 30 years (Figure 3d), the correlation is as high as
0.7, indicating that temperature is an important driving factor of increases in reservoir
surface area.

By analyzing the land—use data, the area of cultivated land has been increased nearly
0.65 times with the development of local society and economy during the study period. The
increase in cultivated land led to an increase in agricultural irrigation water demand [43].
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TB s a typical oasis irrigated agricultural area, the agricultural water consumption accounts
for about 96% of the total local water consumption. Reservoir in TB is mainly built to solve
the irrigation problem [40]. With increases in agricultural irrigation water, the trend in
reservoir surface area likewise increased. Hence, the expansion of cultivated area proved
to be the main reason for expanding reservoir surface area.
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Figure 7. Example of reservoir evolution in TB from 1990 to 2019 (image from Google Earth):
(a) Multiple water supply bodies serving a single receiving water body; (b) single water supply serv-
ing a single water body; (c,d) Paikeqi Reservoir in the Yarkant River Basin; (e f) Minbing Reser-voir
in the Weigan River Basin; and (g,h) Jinxing Reservoir in Hotan River Basin.

The obvious annual distribution characteristics of reservoir areas in the basin are also
related to local farmland irrigation. According to local farmers, irrigation in TB generally
runs from May to the end of August, which is consistent with the maximum water area
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occurrence in the reservoirs. In addition to the increase in cultivated land area, some human
activities such as ecological water diversion also play an indispensable role in the reservoir
surface area increment within the basin [44]. For example, the ecological water conveyance
to the lower reaches of the Tarim River started in 2000 and had accumulated 84.45 x 108 m?
by the end of 2020, resulting in a significant increase in the reservoir surface area of the
main stream of the Tarim.

5.3. Analysis of Evaporation Rate Change of Reservoir

By analyzing long—term variation trends for the main factors affecting evaporation
rates, including shortwave radiation, vapor—pressure deficit, wind speed and air tempera-
ture, we found that the long—term variation trend of solar shortwave radiation is consistent
with the reservoir evaporation rate (Figure 5d) and its correlation coefficient is as high as
0.93. This indicates that shortwave radiation plays a leading role in changes in reservoir
evaporation rates. Therefore, the significant increase in the evaporation rate of reservoirs in
the KSB is mainly caused by the continuous increase in shortwave radiation in the region.
Still, the long—term correlation between the vapor pressure deficit and the evaporation
rate of the reservoir is 0.84, indicating that the saturated vapor pressure deficit is also
an important factor affecting the evaporation rate of the reservoir in TB. However, wind
speed and air temperature have little effect on evaporation rate. This is consistent with the
conclusion regarding dominant factors affecting the evaporation rate of large reservoirs in
China [7].

The altitude and area of the reservoir are also important factors affecting the evapora-
tion rate. Looking at the evaporation rate distribution for reservoirs at different altitudes,
the rate at high altitudes is lower compared to low altitudes. For instance, Aksu River
Basin (AKSB) and Dina River Basin (DNB) are almost at the same altitude, and the AKSB
is located in an area of intense solar shortwave radiation and sizeable saturated vapor
pressure deficit. However, due to some large surface area plains reservoirs such as the
Shangyou reservoir, the Shengli reservoir, and the Duolang reservoir in AKSB, the AKSB
region has the lowest evaporation rate for all TB. Similarly, although DNB is located in an
area with relatively weak solar shortwave radiation, it has the highest reservoir evaporation
rate in TB due to the small reservoir surface area of its region.

5.4. Influence of Reservoir Evaporation Losses on Water Resources Management

Calculating reservoir evaporation volume is a useful reference value for the optimal
management of water resources in arid and semi-arid regions. First, the calculation of
evaporation helps to take appropriate measurements to reduce evaporation. In arid and
semi—arid areas, the chemical covering method and floating material covering method are
usually adopted to reduce evaporation losses of reservoirs [45,46]. Furthermore, accurate
calculation of evaporation losses from reservoirs helps to estimate water-saving efficiency
and provides scientific guidance for taking effective measures to reduce evaporation losses.

Secondly, the calculation of evaporation is helpful to adjust the operation rules of
reservoirs against the background of climate change. Ignoring the evaporation losses of
reservoirs may lead to an overestimation of the water available in the reservoir and thus an
underestimation of the water required. Therefore, reservoir managers need to adjust the
storage capacity according to evaporation losses. The Tarim Basin has a fragile ecological
environment and is perpetually short of water resources. In recent years, with global
warming, along with the development of the local social economy and the increase in
population, the demand for fresh water resources is increasing. This has led to a series of
ecological and hydrological problems, such as riparian forest degradation, river depletion,
etc. Through the calculation of evaporation losses of reservoirs, effective measures can
be taken to reduce evaporation and improve the utilization rate of water resources. The
saved water resources may contribute to the better functioning of local social-economic
development and ecological environment restoration.
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6. Conclusions

In this paper, the GEE cloud platform, Landtrendr algorithm, and improved Penman
method were used to catalog reservoirs in TB. Additionally, the surface area, evaporation
rate, and evaporation losses of reservoirs in the basin were calculated for the study period
(1990 to 2019). The results revealed that:

There are 167 reservoirs in TB, consisting of 142 existing reservoirs (built before 1990),
5 new reservoirs (constructed during 1990-2019), and 20 dried—up reservoirs (extinct during
1990-2019). The reservoir types in TB are mainly plain reservoirs with an altitude of less
than 1500 m and an area of less than 10 km?. These types account for about 88% of the total
number of reservoirs. The new reservoirs are mainly distributed in mountainous areas
with an elevation of more than 2000 m and an area of less than 10 km?, while the extinct
reservoirs are mainly distributed in plains areas with an elevation of less than 1500 m and
an area of less than 1 km?.

The surface area of TB reservoirs increased significantly from 1990 to 2019 (p < 0.05)
at a rate of 12.45 km?/y. The surface area of 129 reservoirs showed an increasing trend,
while 13 reservoirs showed a decreasing trend. The increase in reservoir surface area in the
basin has an important relationship with local water resources regulation policy and the
temperature increases.

The evaporation rate of reservoirs in TB showed an increasing trend during the study
period, with an increasing rate of 0.004 mm/d/a. The evaporation rate of 140 reservoirs
showed an increasing trend, while 2 reservoirs showed a decreasing trend. SSR and VPD
are the main external factors affecting the evaporation rate of the reservoirs, whereas
the altitude and area of the reservoirs are the important internal factors affecting the
evaporation rate.

Due to the significant increase in reservoir area (p < 0.05) and evaporation rate, the
evaporation losses of reservoirs in TB showed an increasing trend from 1990 to 2019. The
average evaporation volume was 5.25 x 10 m?, and the maximum evaporation losses
of about 6.61 x 10® m? occurred in 2017. This represents 1.34 times the domestic water
consumption and 0.84 times the ecological water consumption in the same year.

The results are helpful for gaining a better understanding of trends variation in
reservoir surface area, evaporation rates, the relationship between these trends and related
variables in arid and semi-arid areas. The results may also provide support for general
water resources planning and management in water—scarce areas.
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