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Abstract

Ecological water conveyance and agricultural water conservation are important
means to achieve sustainable development in inland arid basins. The lack of
continuous hydrological observation data constrains the evaluation of benefits
from ecological water conveyance and agricultural water conservation. To this
end, taking the lower reaches of the Shule River Basin in Dunhuang, Gansu
Province, China as an example, this study conducted remote sensing monitoring
of ecological water conveyance at a monthly scale from 2016 to 2020 based on
remote sensing hydrological stations and Google Earth Engine. On this basis,
combined with multi-source remote sensing data such as evapotranspiration and
land cover types, the benefits of ecological water conveyance and agricultural
water conservation were evaluated, and the water resource balance relationship
between the two was analyzed. The results show that: (1) Remote sensing
hydrological stations and Google Earth Engine (Google Earth Engine, GEE)
can provide reliable data support for remote sensing monitoring of ecological
water conveyance and evaluation of agricultural water conservation benefits.
(2) From 2017 to 2020, ecological water conveyance can provide an average of
2.508x 108m3o fecologicalwaterannually fordownstreamwetlandsandriverchannels, o fwhich30.06 x $108
m3 annually from 2017 to 2020; the reduction in cultivated land evapotranspi-
ration accounted for an average of 14.22% of the ecological water conveyance
volume, effectively alleviating the problem of agricultural water use encroach-
ing upon ecological water use in inland arid basins. This paper will provide
new ideas for remote sensing monitoring of ecological water conveyance and
evaluation of agricultural water conservation benefits in inland arid basins
lacking observation stations, aiming to provide theoretical support for the
implementation of future ecological water conveyance and agricultural water
conservation projects.
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Abstract

Ecological water conveyance and agricultural water-saving are important means
to achieve sustainable development in inland arid basins. However, the lack
of continuous hydrological observation data restricts the evaluation of benefits
from ecological water conveyance and agricultural water-saving. Taking the
lower reaches of the Shule River Basin in Dunhuang, Gansu Province as an
example, this study conducted monthly-scale remote sensing monitoring of eco-
logical water conveyance from 2016 to 2020 based on remote sensing hydrological
stations and Google Earth Engine (GEE). The benefits of ecological water con-
veyance and agricultural water-saving were then evaluated using multi-source
remote sensing data including evapotranspiration and land cover types, and the
balance between them was analyzed in terms of water resources. The results
show that: (1) Remote sensing hydrological stations and GEE can provide reli-
able data support for remote sensing monitoring of ecological water conveyance
and evaluation of agricultural water-saving benefits. (2) From 2017 to 2020,
ecological water conveyance provided an average of 2.50$x107{8}$ m? of wa-
ter annually to downstream wetlands and rivers, of which 30.06% reached the
downstream wetland and 18.47% was utilized by vegetation around the down-
stream river channel, increasing the vegetation area by 112.25 km?. (3) From
2017 to 2020, agricultural water-saving effectively reduced cultivated land evap-
otranspiration by an average of 0.395$x 107{8}$ m? per year while maintaining
an increasing trend in cultivated land area. The reduction in cultivated land
evapotranspiration accounted for 14.22% of the ecological water conveyance vol-
ume, effectively alleviating the problem of agricultural water use encroaching
upon ecological water in inland arid basins. This study provides a novel ap-
proach for monitoring ecological water conveyance and evaluating agricultural
water-saving benefits in inland arid basins lacking observation stations, aiming
to provide theoretical support for future implementation of ecological water
conveyance and agricultural water-saving projects.
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Introduction

Water resources are crucial for the socio-economic development of human society
and the sustainability of ecological environment systems in inland arid basins. In
many inland arid basins, agricultural water consumption occupies the majority
of water resources, severely encroaching upon ecological water use and leading
to a series of ecological and environmental problems such as river drying, vege-
tation disappearance, and lake-wetland shrinkage. Ecological water conveyance
is the most commonly used remedial measure in inland arid basins, which re-
distributes water resources between human socio-economic systems and natural
systems by planned water delivery to downstream areas, benefiting the basin’
s ecological environment. To obtain surplus water resources for ecological wa-
ter conveyance while meeting socio-economic development needs, existing water
use patterns must change. As agriculture is the industry with the largest water
consumption and the greatest water-saving potential in inland arid basins, agri-
cultural water-saving can provide certain ecological water for ecological water
conveyance and effectively alleviate the problem of agricultural water encroach-
ing upon ecological water. Therefore, conducting remote sensing monitoring of
ecological water conveyance benefits and rationally evaluating the benefits gen-
erated by agricultural water-saving are essential for sustainable water resources
planning and management in inland arid basins.

Numerous studies have been conducted on ecological water conveyance moni-
toring and agricultural water-saving benefits evaluation separately. Regarding
ecological water conveyance benefits, researchers have evaluated ecological ef-
fects based on monitoring data from the lower reaches of the Tarim River, an-
alyzing groundwater depth and vegetation cover at large spatiotemporal scales.
Others have used the Soil-Adjusted Vegetation Index threshold method to an-
alyze spatiotemporal changes in vegetation cover and its response to ecologi-
cal water conveyance in the lower Tarim River. Some studies have monitored
changes in Populus euphratica forests using Landsat imagery and explored the
impact of ecological water conveyance through dual-temporal change detection
and time trajectory analysis. Researchers have also quantitatively described
runoff changes in the main stream and tributaries of the lower Tarim River
using equations and evaluated the effectiveness of ecological water conveyance.
Similar studies have been conducted in the Heihe River Basin and Shiyang
River Basin in northwest China. Regarding agricultural water-saving benefits,
research has gradually shifted from traditional irrigation benefit evaluation to
comprehensive evaluation of social, economic, and ecological benefits. Various
methods have been applied including improved Delphi methods, matter-element
extension models, AHP and entropy weight methods, and multi-objective eval-
uation combined with TOPSIS methods. Although many achievements have
been made in studying either ecological water conveyance benefits or agricul-
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tural water-saving benefits, there is an urgent need to simultaneously evaluate
both benefits and analyze their balance relationship in water resources.

To deeply and comprehensively evaluate the benefits generated by ecological
water conveyance and agricultural water-saving projects in inland arid basins
lacking observation stations and analyze their internal balance relationship, this
study leverages the advantages of remote sensing hydrological stations in river
discharge estimation and Google Earth Engine (GEE) in spatial data processing.
Taking the lower reaches of the Shule River Basin in Dunhuang, Gansu Province
as a case study, we: (1) estimate long-term monthly-scale river discharge based
on remote sensing hydrological stations to achieve remote sensing monitoring
of ecological water conveyance in the lower Shule River, and obtain and pro-
cess underlying surface and evapotranspiration data in the lower Shule River
Basin based on GEE; (2) quantitatively evaluate ecological water conveyance
benefits from three aspects: changes in ecological water conveyance volume and
efficiency, vegetation area change, and vegetation evapotranspiration change;
(3) quantitatively evaluate agricultural water-saving benefits from two aspects:
cultivated land area change and cultivated land evapotranspiration reduction;
and (4) analyze the balance relationship between ecological water conveyance
and agricultural water-saving in terms of water resources. This study provides
new ideas for ecological water conveyance monitoring and benefit evaluation of
ecological water conveyance and agricultural water-saving in inland arid basins
lacking observation stations, aiming to provide theoretical support for future
implementation of ecological water conveyance and agricultural water-saving
projects.

1 Study Area, Data, and Methods
1.1 Study Area Overview

River discharge is one of the most critical factors in evaluating ecological wa-
ter conveyance benefits. Due to climate and harsh geographical environments,
many inland arid basins lack hydrological stations, making it difficult to grasp
changes in river discharge before and after ecological water conveyance. The
International Association of Hydrological Sciences explicitly launched the Pre-
diction in Ungauged Basins (PUB) program in 2003, and many studies have
since introduced satellite remote sensing data into large river discharge calcula-
tion, achieving series of results with GRACE and Landsat data. However, low
spatial resolution of satellite remote sensing data and difficulties in underwater
topography measurement have limited the application of satellite remote sensing
data in medium and small river discharge calculation. To address these difficul-
ties, “remote sensing hydrological stations” estimate long-term river discharge by
combining low-altitude UAV remote sensing imagery with satellite remote sens-
ing imagery, enabling remote sensing monitoring of ecological water conveyance.
Remote sensing hydrological stations use UAV remote sensing imagery combined
with field measurements to generate centimeter-level digital channel models, cal-
culate hydraulic parameters such as cross-sectional area, slope, and hydraulic
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radius from water surface width, and then calculate river discharge using the
Manning formula. Remote sensing hydrological stations have been established
in ungauged basins such as the Ebinur Lake Basin and the Tibetan Plateau to
estimate long-term river discharge, with validation showing good performance
in relative accuracy and Nash-Sutcliffe efficiency coefficient between estimated
and measured discharge, indicating that remote sensing hydrological stations
are suitable for discharge estimation in medium and small rivers in ungauged
basins.

The Shule River is located in Gansu Province, China, originating from the Qil-
ian Mountains, with a main stream length of 670 km from east to west. The
basin has scarce precipitation, arid climate, with multi-year average temper-
ature of 6.9-8.8°C, annual average precipitation of 40.2-57.5 mm, and annual
average evaporation of 2577.4-2653.3 mm. The West Lake Wetland is located
at the end of the Shule River with a total area of 6600 km?, which helps main-
tain ecological stability in Dunhuang City and the western section of the Hexi
Corridor. The Shuangta Reservoir is located on the main stream of the Shule
River with a designed total storage capacity of 2.4$x107{8}$ m3. The section
downstream of the reservoir to the West Lake Wetland is the lower reaches of
the Shule River (Fig. 1 [Figure 1: see original paper]). Due to water shortage
in the Shule River Basin, environmental problems such as river drying and veg-
etation disappearance have occurred in the downstream river channel and West
Lake Wetland. With the proposal of the “Dunhuang Water Resources Rational
Utilization and Ecological Protection Comprehensive Plan” in 2011, agricultural
water-saving transformation was carried out on 309.53 km? of cultivated land
in the Shuangta Irrigation District, and 82.94 km of ancient river channels in
the lower Shule River were regulated. From July 2017, the Shuangta Reservoir
began to deliver large amounts of ecological water to the downstream West Lake
Wetland. Since the water level station at Section 2 was built after July 2017
and located at Section 2 formed after the completion of river channel regulation
and confinement works, existing hydrological stations cannot monitor changes
in river discharge before and after ecological water conveyance.

1.2 Data Sources and Processing

1.2.1 Low-Altitude Remote Sensing and Field Measurement Data
The DJI Mavic Air 2 UAV served as the low-altitude remote sensing data acqui-
sition platform, with Pix4D software used to plan flight missions. In July 2021,
scans were conducted at three remote sensing hydrological station sections in
the lower Shule River Basin (Fig. 1 [Figure 1: see original paper]), with radar
current meters and sonar used to measure flow velocity and water depth at
each section (Table 1 ). Section 1 is located at the Liudun Highway Bridge in
Xihu Township, Dunhuang City, where the ancient Shule River channel down-
stream of the section completed regulation and confinement works in July 2017,
so discharge changes at this section will reflect changes in ecological water con-
veyance volume. Section 2 is located at the Nanliang section near the confluence

chinarxiv.org/items/chinaxiv-202206.00078 Machine Translation


https://chinarxiv.org/items/chinaxiv-202206.00078

ChinaRxiv [$X]

of the Shule River and Dang River, where a water level station was established
after the completion of river channel regulation and confinement works, with
its measured discharge data used to validate the accuracy of remote sensing
hydrological stations. Section 3 is located at the Shule River Bridge within
the West Lake Wetland, and its discharge reflects the water volume reaching
the West Lake Wetland before and after ecological water conveyance. Since
the Dang River Reservoir does not undertake ecological water conveyance tasks,
the study boundary was selected as the area mainly affected by ecological wa-
ter conveyance and agricultural water-saving (including the Shuangta Irrigation
District, areas around the main Shule River channel, and the West Lake Wet-
land) to evaluate the benefits of ecological water conveyance and agricultural
water-saving (Fig. 1 [Figure 1: see original paper]).

1.2.2 GEE Satellite Remote Sensing Data Normalized Difference Water
Index (NDWI), land cover type, and evapotranspiration data were all obtained
and processed using GEE (Table 2 ). When acquiring and processing satellite
remote sensing data based on GEE, the area mainly affected by ecological water
conveyance and agricultural water-saving was selected as the study boundary.
The specific data selection, processing methods, and study boundary selection
are as follows:

1) Normalized Difference Water Index (NDWTI): Since Sentinel-2 sur-
face reflectance data has a 10 m spatial resolution and can meet the needs
of water body identification, monthly-scale data were fused using the mean
algorithm, and NDWT was calculated according to Equation (1) to extract
water body area in the river channel.

GREEN — NIR

NDWI = - rEEN T NIR

where GREEN and NIR are the reflectance values of the green and near-infrared
bands in the remote sensing imagery, respectively.

2) Land Cover Type: Since ecological water conveyance and agricultural
water-saving were not implemented in 2016, MODIS land cover type prod-
ucts can meet research needs. The missing land cover type data for 2016
were assumed to be the same as those for 2017.

3) Evapotranspiration: Annual-scale evapotranspiration data were ob-
tained by fusing MODIS net surface evapotranspiration products using
the mean algorithm. However, MODIS evapotranspiration values in
arid region cultivated land are typically underestimated. For example,
measured evapotranspiration in the Changma Irrigation District in the
upper Shule River in 2019 was about 750 mm, while the MODIS product
showed only 207.5 mm. Therefore, MODIS evapotranspiration products
were uniformly multiplied by 3.61 to correct for systematic errors. The
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corrected evapotranspiration data were applied to evaluate the benefits
of ecological water conveyance and agricultural water-saving.

1.3 Research Methods

The research steps are as follows: (1) Obtain UAV low-altitude remote sensing
data and field measurement data, and acquire NDWI, land cover type, and evap-
otranspiration data based on GEE. (2) Use remote sensing hydrological stations
to estimate long-term monthly-scale river discharge. (3) Based on land cover
type and evapotranspiration data, quantitatively evaluate ecological water con-
veyance benefits from three aspects: ecological water conveyance volume and
efficiency change, vegetation area change, and vegetation evapotranspiration
change. (4) Based on land cover type and evapotranspiration data, quantita-
tively evaluate agricultural water-saving benefits from two aspects: cultivated
land area change and cultivated land evapotranspiration reduction. (5) Analyze
the balance relationship between ecological water conveyance and agricultural
water-saving in terms of water resources (Fig. 2 [Figure 2: see original paper]).

1.3.1 Remote Sensing Hydrological Station Establishing a remote sens-
ing hydrological station mainly includes four steps: digital channel model con-
struction, river discharge estimation, long-term discharge estimation, and dis-
charge accuracy evaluation. The main data required are shown in Table 3 .

1) Digital Channel Model Construction: Digitizing natural river channels
can accurately extract topographic information. Low-altitude remote sensing
data of river channel topography were obtained using UAVs, and Pix4D soft-
ware was used to generate digital surface models and digital orthophoto images.
Combined with field-measured flow velocity and water depth data, a digital
channel model was generated (Fig. 3 [Figure 3: see original paper]). UAV im-
agery combined with field measurements was then used to determine slope and
roughness, and measure the daily water surface width.

2) Long-term Water Surface Width Calculation: Leveraging the advan-
tages of satellite remote sensing historical data revisit capability and GEE in
water body identification, long-term water surface width data can be calcu-
lated using satellite remote sensing historical data and sub-pixel decomposition.
Specifically, monthly water surface area within a certain river reach was ex-
tracted from Sentinel-2 data, and the monthly average water surface width was
obtained by dividing water surface area by river reach length. The calculation
formula is:

W — Awater

water L

water

where W, .., is the average water surface width (m), A

area of the river reach (m?), and L

water 15 the water surface

water 18 the river reach length (m).
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3) Long-term River Discharge Estimation: Since river channel topography
at selected sections generally changes little, there is a one-to-one relationship
between river discharge and water width. Based on the obtained long-term water
surface width, the digital channel model was used to calculate corresponding
water depth, water level, cross-sectional area, wetted perimeter, and hydraulic
radius, and then flow velocity and discharge were calculated using the Manning
formula. The calculation formulas are:

k

n

1% R2/3J1/2

QRQ=VxA

where V is flow velocity (m/s), n is roughness (obtainable from tables), R is
hydraulic radius (m), J is slope, 4 is cross-sectional area (m?), k is a conversion
constant (k= 1), and @Q is discharge (m3/s).

4) Discharge Accuracy Evaluation: The Nash-Sutcliffe efficiency coefficient
(NSE) and root mean square error (RMSE) were selected to evaluate the accu-
racy of remote sensing hydrological station discharge estimation. NSE evaluates
the quality of discharge estimation, with values closer to 1 indicating better re-
sults. RMSE reflects the deviation between estimated and measured discharge.
The calculation formulas are:

Q= Q)
(@ = Qo)

o \/ S1,(@ - @
T

NSE=1-

where T is the total time period, @, is the estimated discharge at time ¢ (m3/s),
Q9% is the measured discharge at time ¢ (m®/s), and Q°*° is the average mea-
sured discharge over period T' (m?/s).

1.3.2 Ecological Water Conveyance Benefit Evaluation Ecological wa-
ter conveyance benefits were evaluated from three aspects: ecological water
conveyance volume and efficiency change, vegetation area change, and vegeta-
tion evapotranspiration change. Ecological water conveyance volume refers to
the total water volume entering the downstream river channel each year. Water
conveyance efficiency refers to the ratio of total water volume reaching the West
Lake Wetland to ecological water conveyance volume. Vegetation area change
reflects underlying surface changes caused by ecological water conveyance, ana-
lyzed mainly through land cover type products. Vegetation evapotranspiration
change reflects vegetation growth and development. The vegetation area change
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was obtained by subtracting the baseline year (first year in the sequence) vege-
tation area from each year’ s vegetation area, then multiplied by that year’ s
unit area vegetation evapotranspiration to obtain annual vegetation evapotran-
spiration change. The calculation formulas are:

12

EW1=3 Q, x 3600 x 24 x 30
t=1
12
EW3 = Q, x 3600 x 24 x 30
t=1
EW3
o= W1 x 100%
A'ECZ—‘veg,y = (A'ueg,y - Aveg,base) X ETveg,y x 1000

where EW1 is the ecological water conveyance volume (total water volume
reaching Section 1 in a year) (m?3), EW3 is the total water volume reaching
the West Lake Wetland (total water volume at Section 3 in a year) (m3), @,
is the monthly average discharge at Section 1 (m?®/s), o is water conveyance
efficiency (%), AET,,, , is the vegetation evapotranspiration change in year y
(m?), ET, is the unit area vegetation annual evapotranspiration in year y

veg,y
(mm), and A and A are vegetation areas in year y and the baseline

veg,y veg,base
year, respectively (km?).

1.3.3 Agricultural Water-Saving Benefit Evaluation Agricultural water-
saving benefits were evaluated from two aspects: cultivated land area change
and cultivated land evapotranspiration reduction. Cultivated land area change
reflects whether ecological water conveyance hinders agricultural development,
evaluated through land cover type data. Cultivated land evapotranspiration
reduction quantifies agricultural water-saving benefits. Using MODIS evapo-
transpiration from cultivated land without water-saving outside the Shuangta
Irrigation District as a baseline, the same-ratio amplification method in hy-
drology was referenced to estimate evapotranspiration of cultivated land in the
Shuangta Irrigation District under a no water-saving scenario, then subtracting
MODIS evapotranspiration of cultivated land in the Shuangta Irrigation District
to obtain the evapotranspiration reduction caused by agricultural water-saving.
The calculation formulas are:

AETC _ ETest _ETmodis

ul,y — cul,y cul,y

ET,

est __ modis nowater,y
ETcuhy - ETcul,base X BT
nowater,base
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where AET,

cul,y is the evapotranspiration reduction of cultivated land in the
Shuangta Irrigation District in year y (m?), ETg), is the estimated evapo-
transpiration of cultivated land in the Shuangta Irrigation District under no
water-saving scenario in year y (m?), ET!ZZ?,ZS and ET:;ﬁdbffse are MODIS evap-
otranspiration of cultivated land in the Shuangta Irrigation District in year y
and the baseline year, respectively (m?), and ET,,atery a0d ET,puater base
are MODIS evapotranspiration of cultivated land without water-saving in year

y and the baseline year, respectively (m?).

2 Results
2.1 Accuracy Assessment of Remote Sensing Hydrological Stations

Remote sensing hydrological stations and digital channel models were estab-
lished at Section 2, and Sentinel-2 data were used to calculate monthly water
surface width and estimate river discharge from July 2017 to December 2020.
Compared with measured discharge from the water level station at Section 2,
the estimation accuracy was evaluated using Equations (8) and (9) (Table 4 ).
Since December to March is the freezing period, discharge was set to 0 without
calculation. The results show that the estimated discharge at Section 2 has
small errors in most months, with NSE of 0.75 and RMSE of 1.49 m3/s. The
most obvious error comes from July 2018, when the remote sensing hydrological
station estimated a peak discharge. This is because with the completion of river
channel regulation and confinement works in July 2017, ecological water could
be delivered to the West Lake Wetland along the channel, so large discharge
increases occur every July due to river thawing. Therefore, excluding the July
error, the remote sensing hydrological station’ s discharge estimation results are
reliable and suitable for river discharge monitoring in ungauged basins.

2.2 Ecological Water Conveyance Benefit Evaluation

2.2.1 Changes in Ecological Water Conveyance Volume and Efficiency
Based on Sentinel-2 data, remote sensing hydrological stations were used to cal-
culate monthly-scale river discharge from 2017 to 2020 (Fig. 4 [Figure 4: see
original paper]), and ecological water conveyance volume and efficiency were cal-
culated (Fig. 5 [Figure 5: see original paper]). Discharge at Section 1 showed a
significant increasing trend from 2017 to 2020 (P < 0.05), with average growth
rates of 0.099 m?3 /s and 0.049 m?/s, respectively. Since river channel regulation
and confinement works were not completed before July 2017, the ancient Shule
River channel downstream of Section 1 was wide and shallow, so the Shuangta
Reservoir did not release large amounts of ecological water. The water volume
reaching Section 1 was 1.37$x107{8}$ m?, which was lost through evaporation
and seepage in the ancient river channel, resulting in zero discharge at Section
3 and water conveyance efficiency of 0. After the completion of river channel
regulation and confinement works in July 2017, the Shuangta Reservoir signifi-
cantly increased ecological water release. The water volume reaching Section 1
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increased to 2.50$x107{8}$ m?, with an average of 0.75$x107{8}$ m? of ecolog-
ical water reaching Section 3, and average water conveyance efficiency increased
to 30.06%. This indicates that ecological water conveyance implementation sig-
nificantly increased total water volume entering the downstream river channel,
and river channel regulation and confinement works substantially reduced losses
along the conveyance route, enabling ecological water to successfully reach the
West Lake Wetland.

2.2.2 Vegetation Evapotranspiration Change Based on land cover type
products and evapotranspiration products, annual vegetation area was #it ed
and vegetation evapotranspiration change was calculated (Fig. 6 [Figure 6: see
original paper]). Vegetation area showed a significant increasing trend from
2017 to 2020 (P < 0.05), with an average annual growth rate of 10.21 km?,
reaching 112.25 km? in 2020. The largest increase occurred in 2020, up to 39.75
km?. Unit area vegetation evapotranspiration showed a fluctuating trend, but
its average annual growth rate was only 0.007 mm-a~!, which can be considered
essentially unchanged. Therefore, with vegetation area growth and little change
in unit area evapotranspiration, vegetation evapotranspiration change showed a
significant increasing trend at an average rate of 0.052$x107{8}$ m®-a~! (P <
0.05). The substantial increase in vegetation evapotranspiration change in 2020
was mainly related to increased ecological water conveyance after July 2017 and
the lag effect of vegetation growth response to ecological water conveyance.

2.3 Agricultural Water-Saving Benefit Evaluation

Using cultivated land without water-saving far from the Shuangta Irrigation Dis-
trict as a baseline (no water-saving cultivated land), land cover type and evap-
otranspiration data were used to estimate cultivated land evapotranspiration
in the Shuangta Irrigation District under a no water-saving scenario and calcu-
late annual cultivated land evapotranspiration reduction (Fig. 7 [Figure 7: see
original paper|). From 2017 to 2020, cultivated land area showed a fluctuating
increasing trend with an average annual growth rate of 2.89 km?, reaching 333.75
km? and 340.50 km? in 2019 and 2020, respectively. The increasing trend of
estimated annual cumulative evapotranspiration under no water-saving scenario
was more obvious than that of measured evapotranspiration, with average an-
nual growth rates of 0.01$x107{8}$ m?-a~! and 0.06$x 107 {8}$ m3-a~!, respec-
tively. Estimated and measured evapotranspiration were similar in 2017, and ba-
sically the same in 2018. However, from 2019 onward, measured evapotranspira-
tion remained consistently lower than estimated evapotranspiration. Cultivated
land evapotranspiration reduction was relatively high in 2019 and 2020, reaching
0.635$x107{8}$ m? and 0.712$x107{8}$ m3, respectively. From 2017 to 2020,
cultivated land evapotranspiration reduction averaged 0.395$x107{8}$ m® per
year, accounting for 13.16% of estimated evapotranspiration. This demonstrates
that agricultural water-saving can effectively reduce cultivated land evapotran-
spiration and improve irrigation efficiency while maintaining an increasing trend
in cultivated land area.
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3 Discussion

3.1 Balance Relationship Between Ecological Water Conveyance and
Agricultural Water-Saving

Based on the results of ecological water conveyance volume and efficiency change,
vegetation evapotranspiration change, and cultivated land evapotranspiration
reduction, the balance relationship between ecological water conveyance and
agricultural water-saving in terms of water resources was analyzed (Table 5 ).
Agricultural water-saving began in 2017, and cultivated land evapotranspiration
reduction was relatively large. However, since river channel regulation and con-
finement works were not completed at that time, the Shuangta Reservoir had
not begun to release large amounts of ecological water, so the proportion of
agricultural water-saving in ecological water was relatively small. From 2017 to
2020, the Shuangta Reservoir delivered water through regulated and confined
river channels, with ecological water conveyance volume reaching an average
of 2.50$x107{8}$ m? per year, and cultivated land evapotranspiration reduc-
tion averaging 0.395$x107{8}$ m? per year, accounting for 14.22% of ecolog-
ical water conveyance volume. This indicates that agricultural water-saving
in the Shuangta Irrigation District can alleviate agricultural water encroach-
ment on ecological water to some extent, but due to limitations in irrigation
district area and water-saving technology, the ecological water provided by agri-
cultural water-saving is ultimately limited, and the remaining ecological water
conveyance volume still needs to be provided by reservoir ecological water trans-
fer. Vegetation evapotranspiration change averaged 0.46$x107{8}$ m?® from
2017 to 2020, accounting for 18.47% of the water volume at Section 1. Since
vegetation growth has a certain lag in response to ecological water conveyance,
vegetation evapotranspiration change was relatively small in 2017-2018, account-
ing for only 14.26% of ecological water conveyance volume. From 2019, large
amounts of new vegetation appeared around the Shuangta Irrigation District
and low-lying areas along the river channel, causing this percentage to increase
to an average of 23.57%. This shows that with continuous ecological water con-
veyance, the downstream ecological environment gradually recovers, and more
water resources are utilized by vegetation, improving the basin’ s water conser-
vation capacity.

3.2 Reliability Analysis of Ecological Water Conveyance Volume and
Agricultural Water-Saving Volume

Wang Hechuang et al. pointed out that the Shuangta Reservoir released an aver-
age of 2.35$x107{8}$ m? of ecological water, with 0.88$x107{8}$ m? reaching
the area near Section 3. Our results show that the water volume reaching Sec-
tion 3 is as high as 2.52$x107{8}$ m?. This difference occurs because rainfall,
irrigation return flow, and groundwater seepage in the basin all increase river
discharge, and the specific relationships among hydrological elements need to be
accurately simulated using hydrological models in future studies. Additionally,
rainfall is not the main water resource source for crop and vegetation growth.
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Based on monthly average grid rainfall data, the basin’ s rainfall showed an
overall increasing trend from 2017 to 2020, but the average rainfall was still far
less than the annual average potential evaporation. The average annual evap-
otranspiration of cultivated land and vegetation in the study area was 492.41
mm and 771.71 mm, respectively, both far greater than annual rainfall. This
indicates that agricultural development in the irrigation district still relies on ar-
tificial water diversion for irrigation, and vegetation is mainly distributed along
river channels and low-lying groundwater seepage areas.

Our study on the balance relationship between ecological water conveyance
and agricultural water-saving mainly focuses on water resources, emphasizing
how much ecological water conveyance volume and agricultural water-saving
volume exist, but the correlation between them is insufficiently studied. Fu-
ture research should comprehensively consider the balance between ecological
and socio-economic benefits, study the internal drivers of ecological water con-
veyance and agricultural water-saving development from a socio-hydrology per-
spective, and provide guidance for basin ecological water conveyance and agricul-
tural water-saving management. The threshold for the balance between ecologi-
cal water conveyance and agricultural water-saving should be studied to better
provide theoretical support for future project implementation.

3.3 Uncertainty Analysis

The time span of this study on ecological water conveyance volume and effi-
ciency change is relatively short (2017-2020) compared with other similar stud-
ies, mainly because the Shule River Basin only began ecological water con-
veyance to the West Lake Wetland in July 2017, so the downstream river chan-
nel had no discharge before this time. However, comparing discharge from
July-December 2017 (representing the situation before channel-based ecological
water conveyance) with discharge from 2018-2020 (representing the situation
after channel-based ecological water conveyance) can reflect the impact of eco-
logical water conveyance.

This study’ s evaluation of ecological water conveyance and agricultural water-
saving benefits and their balance relationship in ungauged inland arid basins is
conducted at annual scale, which is more conducive to grasping overall trends in
ecological water conveyance volume and agricultural water-saving volume. The
main reasons are: the irrigation period in the Shuangta Irrigation District is 170
days, basically covering all time except the freezing period (December-March).
This study did not consider the impact of inter-annual rainfall variation on bene-
fit evaluation and balance relationship analysis. To better explain this, based on
monthly average grid rainfall data, the basin’s rainfall from 2017 to 2020 showed
an overall increasing trend, but average rainfall was still less than 100 mm, far
less than annual average potential evaporation. Meanwhile, Sun Dongyuan et
al. showed that the runoff of the Shule River main stream in 2017-2018 was
9.91$x107{8}$ m? and 2.79$x107{8}$ m3, respectively, with annual average
runoff increasing at rates of 1.075$x107{8}$ m? « (10a)~! and 0.126$x107{8}$
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m? + (10a)~!, both in exceptionally wet years after 2015. Although increased
rainfall increases water availability, it is not the main factor causing runoff in
the lower Shule River; the amount of ecological water conveyance significantly
affects downstream discharge.

Additionally, fallow land and sparse grassland areas affect the calculation of
cultivated land and vegetation evapotranspiration in this study. Since data
on whether cultivated land is fallow is difficult to obtain directly, and higher-
resolution satellite remote sensing products are unavailable for identifying sparse
grasslands, this issue cannot currently be addressed. However, future studies
could combine higher-resolution remote sensing imagery to identify fallow land
based on differences in evapotranspiration distribution within the year for differ-
ent cultivated lands, and use resampling methods to extract sparse grasslands
not identified by land cover products.

4 Conclusions

This study took the lower reaches of the Shule River Basin in Dunhuang, Gansu
Province as an example, conducted monthly-scale remote sensing monitoring
of ecological water conveyance from 2016-2020 based on remote sensing hydro-
logical stations and Google Earth Engine, and evaluated ecological water con-
veyance and agricultural water-saving benefits using multi-source remote sensing
data including evapotranspiration and land cover types, analyzing their balance
relationship in water resources. The main conclusions are:

1) Remote sensing hydrological stations and GEE can provide data support
for ecological water conveyance monitoring and agricultural water-saving
benefit evaluation in ungauged inland arid basins. Remote sensing hy-
drological stations fully leverage the advantages of high-precision UAV
low-altitude remote sensing and satellite remote sensing historical data re-
visit capability to estimate long-term river discharge in ungauged basins,
achieving long-term ecological water conveyance remote sensing monitor-
ing. Validation results show good performance of remote sensing hydro-
logical station discharge estimation.

2) With river channel regulation and confinement works substantially reduc-
ing conveyance losses, ecological water conveyance can provide sufficient
water resources for downstream wetlands and river channels, with signif-
icant vegetation recovery. From 2017-2020, ecological water conveyance
increased water volume entering the lower river channel to an average of
2.508$x107{8}$ m? per year, with 30.06% reaching the West Lake Wetland
and 18.47% utilized by vegetation around the downstream river channel,
increasing vegetation area by 112.25 km?.

3) Agricultural water-saving can effectively reduce cultivated land evapotran-
spiration while maintaining an increasing trend in cultivated land area.
With cultivated land area maintaining a growth rate of 2.89 km?-a™!,
agricultural water-saving reduced cultivated land evapotranspiration by an
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average of 0.395$x107{8}$ m® per year from 2017-2020, accounting for
13.16% of estimated evapotranspiration under no water-saving scenario,
effectively improving irrigation efficiency.

4) Agricultural water-saving alleviates the problem of agricultural water en-
croaching on ecological water in inland arid basins. From 2017-2020, av-
erage annual ecological water conveyance volume in the lower Shule River
Basin was 2.50$x107{8}$ m?, and average annual cultivated land evapo-
transpiration reduction was 0.395$x107{8}$ m?3, with agricultural water-
saving accounting for 14.22% of ecological water conveyance volume on
average.

References

[1] Zhang Z, Hu H P, Tian F Q, et al. Groundwater dynamics under water
saving irrigation and implications for sustainable water management in an oasis:
Tarim River Basin of western China[J]. Hydrology and Earth System Sciences
Discussions, 2014, 18(10): 7605-7616.

[2] Hao X M, Li W H. Impacts of ecological water conveyance on groundwater
dynamics and vegetation recovery in the lower reaches of the Tarim River in
northwest China[J]. Environmental Monitoring and Assessment, 2014, 186(11):
7605-7616.

[3] Liu G L, Kurban A, Duan H M, et al. Desert riparian forest colonization in the
lower reaches of Tarim River based on remote sensing analysis[J]. Environmental
Earth Sciences, 2014, 71(10): 4527-4537.

[4] Peng S H, Chen X, Qian J, et al. Spatial pattern of Populus euphratica forest
change as affected by water conveyance in the lower Tarim River[J]. Forests,
2014, 5(1): 134-152.

[6] Huang F, Chunyu X Z, Zhang D R, et al. A framework to assess the impact of
ecological water conveyance on groundwater dependent terrestrial ecosystems in
arid inland river basins[J]. Science of the Total Environment, 2020, 709: 136155.

[6] Shen Q, Gao G Y, LuY H, et al. River flow is critical for vegetation dynamics:
Lessons from multi-scale analysis in a hyper-arid endorheic basin[J]. Science of
the Total Environment, 2017, 603: 1385-1396.

[7] Wang X Y, Peng S Z, Ling H B, et al. Do ecosystem service value increase and
environmental quality improve due to large scale ecological water conveyance in
an arid region of China?[J]. Sustainability, 2019, 11(23): 6586.

[8] Liao S M, Xue L Q, Dong Z C, et al. Cumulative ecohydrological response to
hydrological processes in arid basins[J]. Ecological Indicators, 2020, 111: 106005.

[9] Zhang Y, Zhu G F, Ma H Y, et al. Effects of ecological water conveyance
on the hydrochemistry of a terminal lake in an inland river: A case study of
Qingtu Lake in the Shiyang River Basin[J]. Water, 2019, 11(8): 1673.

chinarxiv.org/items/chinaxiv-202206.00078 Machine Translation


https://chinarxiv.org/items/chinaxiv-202206.00078

ChinaRxiv [$X]

[10] Zhang S H, Ye Z X, Chen Y N, et al. Vegetation responses to an ecologi-
cal water conveyance project in the lower reaches of the Heihe River Basin[J].
Ecohydrology, 2017, 10(6): ¢1866.

[11] Yang F, Xue L, Wei G, et al. Study on the dominant causes of streamflow
alteration and effects of the current water diversion in the Tarim River Basin,
Chinal[J]. Hydrological Processes, 2018, 32(22): 3391-3401.

[12] Dong Z L, Xu X Y, Jin H X, et al. The impact of eco water transportation to
the vegetation in tail lake of Shiyang River[J]. Journal of Arid Land Resources
and Environment, 2015, 29(7): 101-106.

[13] Yao Z F, Li Q X. An evaluation on the value discrepancies of water saving
agriculture comprehensive benefits based on the data of Gansu Province[J]. East
China Economic Management, 2014, 28(7): 81-85.

[14] Tian L, Liu Y Q, Wang Z, et al. Comprehensive benefit evaluation of wa-
ter resources in irrigation district based on matter-element extension model[J].
Journal of Drainage and Irrigation Machinery Engineering, 2016, 34(4): 351-
356.

[15] Gao J H, Gao X S, Lian J N, et al. Comprehensive benefit evaluation of agri-
cultural water saving technology based on AHP and entropy weight method[J].
Journal of Agricultural Mechanization Research, 2019, 41(12): 58-63.

[16] Ji H H, Hu Z H, Lei B, et al. Comprehensive benefit evaluation of water-
saving agriculture based on multi-objective evaluation and TOPSIS method:
Taking Heilongjiang Peace Irrigation District as an example[J]. Water-Saving
Irrigation, 2019(4): 41-45.

[17] Razavi T, Coulibaly P. Streamflow prediction in ungauged basins: Review
of regionalization methods[J]. Journal of Hydrologic Engineering, 2013, 18(8):
958-975.

[18] Sivapalan M, Takeuchi K, Franks S W, et al. IAHS decade on predictions
in ungauged basins (PUB), 2003-2012: Shaping an exciting future for the hy-
drological sciences[J]. Hydrological Sciences Journal, 2003, 48(6): 857-830.

[19] Garambois P A, Monnier J. Inference of effective river properties from
remotely sensed observations of water surface[J]. Advances in Water Resources,
2015, 79: 103-120.

[20] Wang S S, Zhou F Q, Russell H A J. Estimating snow mass and peak
river flows for the Mackenzie River Basin using GRACE satellite observations|J].
Remote Sensing, 2017, 9(3): 256.

[21] Gleason C J, Smith L C. Toward global mapping of river discharge using
satellite images and at-many-stations hydraulic geometry[J]. Proceedings of the
National Academy of Sciences of the United States of America, 2014, 111(13):
4788-4791.

chinarxiv.org/items/chinaxiv-202206.00078 Machine Translation


https://chinarxiv.org/items/chinaxiv-202206.00078

ChinaRxiv [$X]

[22] Zhao C S, Zhang C B, Yang S T, et al. Calculating e-flow using UAV and
ground monitoring[J]. Journal of Hydrology, 2017, 552: 351-365.

[23] Yang S T, Wang J, Wang P F, et al. Low altitude unmanned aerial vehicles
(UAVs) and satellite remote sensing are used to calculate river discharge attenu-
ation coefficients of ungauged catchments in arid desert[J]. Water, 2019, 11(12):
2633.

[24] Zhang C B, Yang S T, Zhao C S, et al. Topographic data accuracy ver-
ification of small consumer UAV[J]. Journal of Remote Sensing, 2018, 22(1):
185-195.

[25] Wang S S, Zhou F Q, Russell H A J. Estimating snow mass and peak
river flows for the Mackenzie River Basin using GRACE satellite observations|J].
Remote Sensing, 2017, 9(3): 256.

[26] Yang S T, Li C J, Lou H Z, et al. Performance of an unmanned aerial vehicle
(UAV) in calculating the flood peak discharge of ephemeral rivers combined
with the incipient motion of moving stones in arid ungauged regions[J]. Remote
Sensing, 2020, 12(10): 1610.

[27] Lou H Z, Wang P F, Yang S T, et al. Combining and comparing an
unmanned aerial vehicle and multiple remote sensing satellites to calculate
long-term river discharge in an ungauged water source region on the Tibetan
Plateau[J]. Remote Sensing, 2020, 12(13): 2155.

[28] Wang P F, Yang S T, Wang J, et al. Discharge estimation with hydraulic
geometry using unmanned aerial vehicle and remote sensing[J]. Journal of Hy-
draulic Engineering, 2020, 51(4): 492-504.

[29] Wang H C, Xu B S, Nan Y, et al. Study on Dunhuang ecological water
conveyance in Shule River Basin[J]. Water Resources Planning and Design, 2020,
5(5): 38-43.

[30] Yue D X, Chen G G, Zhu M X, et al. Biocapacity and ecological water
demand in Shule River Basin over the past 20 years[J]. Acta Ecologica Sinica,
2019, 39(14): 5178-5187.

[31] Yue D X, Miao J X, Zhu M X, et al. Spatio-temporal coupling between
terrestrial water storage and vegetation index in Shule River Basin[J]. Acta
Ecologica Sinica, 2019, 39(14): 5268-5278.

[32] Ning Y Z, Zhang F P, Feng Q, et al. Estimation of evapotranspiration
in Shule River Basin based on SEBAL model and evaluation on irrigation effi-
ciency[J]. Arid Land Geography, 2020, 43(4): 928-938.

[33] Sun DY, Qi G P, Ma Y L, et al. Variation characteristics of runoff in the
mainstream of Shule River[J]. Arid Land Geography, 2020, 43(3): 557-567.

[34] Jin R. Calculation and analysis of effective utilization coefficient of farmland
irrigation water in Shuangta irrigation area in 2019[J]. Ground Water, 2021,
43(3): 104, 168.

chinarxiv.org/items/chinaxiv-202206.00078 Machine Translation


https://chinarxiv.org/items/chinaxiv-202206.00078

ChinaRxiv [$X]

[35] Zhang Y W. Analysis of the influence of the Shule River changes on West
Lake wetland at the Dunhuang City[D]. Beijing: Tsinghua University, 2016.

[36] Zeng Y X, Zhou Y. Study on measures of ecological replenishment engineer-
ing at the tail of Shule River Basin in Gansu Province[J]. Yellow River, 2018,
40(11): 88-91.

[37] Wang X Y, Peng S Z, Xu H L, et al. Evaluation of ecological and social-
economic benefits of large water conveyance projects: A case study on the lower
reaches of the Tarim River[J]. Scientia Geographica Sinica, 2020, 40(2): 308-314.

[38] Kang S Z, Xu D. Reflection on high-tech development strategies for water
saving of modern agriculture in China[J]. China Rural Water and Hydropower,
2001(10): 25-29.

[39] Pang A P, Yi Y J, Li C H. Evaluation of agricultural water use security with
ecological water demand as a priority: A case study of the Yellow River estuary
in Shandong Province[J]. Acta Ecologica Sinica, 2021, 41(5): 1907-1920.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202206.00078 Machine Translation


https://chinarxiv.org/items/chinaxiv-202206.00078

	Remote Sensing Monitoring of Ecological Water Transfer and Analysis of Agricultural Water-Saving Benefits in Ungauged Arid Watersheds: Postprint
	Abstract
	Full Text
	Remote Sensing Monitoring of Ecological Water Conveyance and Benefit Evaluation of Agricultural Water-Saving in Arid Basins Without Observation Stations
	Abstract
	Introduction
	1 Study Area, Data, and Methods
	1.1 Study Area Overview
	1.2 Data Sources and Processing
	1.3 Research Methods

	2 Results
	2.1 Accuracy Assessment of Remote Sensing Hydrological Stations
	2.2 Ecological Water Conveyance Benefit Evaluation
	2.3 Agricultural Water-Saving Benefit Evaluation

	3 Discussion
	3.1 Balance Relationship Between Ecological Water Conveyance and Agricultural Water-Saving
	3.2 Reliability Analysis of Ecological Water Conveyance Volume and Agricultural Water-Saving Volume
	3.3 Uncertainty Analysis

	4 Conclusions
	References


