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Abstract

Open-surface water bodies are essential terrestrial water sources and ecosystem ser-

vice providers, and their evaluation is necessary for effective water management. In

this study, 36 000 Landsat images of the Yellow River Basin (YRB) were collected, and

a multiple index (Modified Normalized Difference Water Index, Normalized Difference

Vegetation Index and Enhanced Vegetation Index, i.e. MNDWI, NDVI and EVI)

method was used to identify open-surface water bodies in the flood and dry seasons

during 1990–2020. Our results showed that during these 30 years, YRB surface

waters were characterized by spatial and seasonal heterogeneities. The open-surface

water coverage in the upper and middle reaches of the YRB was 8.74‰ and 4.24‰,

respectively, less than the average coverage in the whole YRB of 9.45‰. Surface

water area was significant larger in flood seasons than in dry seasons, while during

1990–2020, the surface water area increased by 27.5% in the flood season and by

58.9% in the dry season, reaching 7239.2 km2 (flood season) and 6654.8 km2 (dry sea-

son) in 2020. Meanwhile the seasonal variation has decreased. Climate factors (winter

temperature and summer precipitation) positively correlated with open-surface water

only in the source region of the YRB. In other regions, anthropic factors (e.g. water

conservation projects) strongly affected open-surface water bodies by increasing their

spatial area overall and decreasing seasonal differences in their coverage.
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1 | INTRODUCTION

Open-surface water bodies are water bodies such as rivers, lakes,

ponds, and artificial reservoirs exposed at the earth's surface, exclud-

ing the ocean. Open-surface water bodies are significant water

sources that provide ecosystem services such as water supply and

regulation, waste treatment, and recreation (Chen et al., 2020;

Costanza et al., 1997; Deng et al., 2019; Jiao et al., 2021; Wood

et al., 2011). However, climate change and anthropogenic activities

have caused intensive global water changes that have led to spatial

and temporal variations in open-surface water bodies (Chen

et al., 2019; Cooley et al., 2021; Dai, 2013; Deng et al., 2019;

Immerzeel et al., 2010; Milly et al., 2005; Pekel et al., 2016). For

example, in China, 90 000 km2 of previously permanent water bodies

vanished during 1984–2015 (Deng et al., 2019; Pekel et al., 2016),

and water body areas in 10 midwestern states in the United States

have been decreasing since 1984 (Zou et al., 2018). Changes in open-

surface water bodies have led to increased pressure on water

resources, especially in an arid and semi-arid areas. Therefore, moni-

toring open-surface water bodies is crucial for ensuring water supplies

and achieving sustainable development.

The Yellow River (YR) is the fifth longest river in the world and

the second longest river in China. The Yellow River Basin (YRB) sup-

ports a population of more than 100 million and provides 1/3 of

China's grain yield but is limited by a shortage of water resources

because of its location in an arid to semi-arid area (Fu et al., 2021; Xu
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et al., 2005). The average runoff volume of the YRB accounts for only

2% of China's surface water, and it is characterized by a heteroge-

neous spatial distribution and significant temporal changes. Stream

flow in the YRB estuary has significantly decreased since 1950s and

keep steady in recent years. At the Lijin gauging station, the water dis-

charge near the YRB estuary is about 175.20 � 108 m3 year�1 since

the 2010s (Wang et al., 2019). This is approximately equal to the value

of 195.94 � 108 m3 year�1 measured at Tangnaihai in the source

region. To understand what has happened from the source region to

the estuary, we need an accurate quantitative analysis of water bodies

over long time series. Owing to the present and future water shortage

in the YRB, effective water regulation and allocation schemes that rely

on accurate and objective knowledge of water resources and supply

are needed (Ringler et al., 2010). Therefore, monitoring of open-

surface water bodies in the YRB should provide a foundation for envi-

ronmental protection of the basin and its sustainable development.

Remote sensing is an effective method for accurately and effi-

ciently extracting information on open-surface water bodies on a large

spatial scale and over a long time period (Wang & Qin, 2018). Work

and Gilmer (1976) extracted information on surface waters by super-

vised classification. McFeeters (1996) and Gao (1996) developed an

early remote sensing water index—the Normalized Difference Water

Index (NDWI)—from which the Modified Normalized Difference

Water Index (MNDWI) was derived (Gao, 1996; McFeeters, 1996;

Wang & Qin, 2018; Xu, 2005). These indices have been widely used

for surface water monitoring research globally (Ding et al., 2017;

Dzinotizei et al., 2018; Gu et al., 2007). However, threshold selection

and the elimination of non-water dark pixels in these early remote

sensing water indices usually involves considerable uncertainty. To

overcome this problem, multiple remote sensing indices have recently

been adopted for open-surface water body extraction. For example,

Wu et al. (2018) developed the Two Steps Urban Water Index

(TSUWI), and Zou et al. (2017, 2018) used the Enhanced Vegetation

Index (EVI) and the NDVI in combination with the MNDWI to monitor

open-surface water bodies in the contiguous United States (Wu

et al., 2018; Zou et al., 2017, 2018). These updated methods improve

the accuracy of water body extraction.

Multiple remote sensing datasets have been utilized in open-

surface water extraction, where the Landsat TM/ETM+/OLI collec-

tion was preferred because of its long time series, medium to high res-

olution, acceptable revisit frequency and convenient data acquiring

and processing (Deng et al., 2019; Pan et al., 2020; Zou et al., 2018).

The spatial and temporal scales of most studies using traditional

remote sensing water extraction methods have been limited by local

data storage capacity and processing ability. Large data volume, inten-

sive data processing requirements, and low calculation efficiency

cause difficulties for researchers in large-scale and long-term research

(Xia et al., 2022). The Google Earth Engine (GEE) platform provides an

efficient solution for analysis of remote sensing big data. By accessing

and processing remote sensing data on this cloud-based platform, the

efficiency of geospatial data analysis can be significantly increased

(Gorelick et al., 2017). However, relatively few studies have analysed

open-surface water bodies in the YRB, and most have focused on only

a specific part of the basin or a specific period rather than on global

and long-term features of open-surface water bodies (Li et al., 2017;

Wang, Xia, et al., 2020; Wang, Xiao, et al., 2020; Zhou et al., 2021).

Furthermore, most previous studies have defined permanent and sea-

sonal water bodies based on water inundation frequency (Deng

et al., 2019; Zhang et al., 2022), and the accurate identification of

water bodies in different seasons has hardly been addressed. Yet

intensive hydrological variation between seasons and possible trends

of hydrological patterns in a certain season is upon concretize, making

it important to understand exact features of open-surface water bod-

ies in each season. Use of the GEE platform to obtain long time series

of multiple indices at large spatial scale and the identification of sea-

sonal open-surface water bodies can improve the understanding of

open-surface water bodies in the YRB.

This study used the GEE platform, Landsat series images, and the

MNDWI, NDVI, and EVI indices to monitor open-surface water bodies

in the YRB and to show their seasonal variation during 1990–2020,

when the YR was recovering after a dry period. Then, we analysed the

results in combination with hydrological data to determine the factors

influencing open-surface water bodies in the YRB. This study thus

produces an accurate, quantified accounting of seasonal open-surface

water bodies that can be used to improve water resource protection

and regional sustainable development in the context of the rapid

socio-economic growth of the YRB.

2 | DATA AND METHODS

2.1 | Study area

The YR/YRB in northern China is 5.4 � 103 km long and covers

7.66 � 105 km2 (95�5203700–119�305600 E, 32�903800–41�5103700 N),

making it the second longest river and the second largest basin in China

(Figure 1; Ringler et al., 2010). The river flows through nine provinces, as

well as geomorphic areas including the Qinghai-Tibetan Plateau, the

Loess Plateau, and the North China Plain. The river basin divided into

four parts or sub-basins—Source, Upper, Middle and Lower (SYR/SYRB,

UYR/UYRB, MYR/MYRB and LYR/LYRB, respectively). The YRB has a

temperate continental-monsoon climate; the average annual tempera-

ture is 6.4�C, average annual precipitation is less than 500 mm, and

annual potential evaporation is more than 800 mm (Liu et al., 2008; Xu

et al., 2005). Thus, most of the YRB is in arid or semi-arid area (Figure 1).

Furthermore, the distribution of natural water resources in the YRB is

extremely uneven. In the MYRB and areas upstream, 85% of the total

annual precipitation falls in summer (Wang et al., 2007), and 60% of the

water contributed by the basin above Lanzhou (Hu & Zhang, 2018).

2.2 | Data

The landsat surface reflectance (SR) collection 1 was used after atmo-

spheric correction by the LEDAPS and LaSRC algorithms. Landsat

5 Thematic Mapper images for 1990–2011 and Landsat 8 Operational

2 of 11 JIAO ET AL.
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Land Imager images for 2013–2020 were acquired from the GEE plat-

form (Schmidt et al., 2013). In all, 36 078 images were used in this

study. The images were evenly distributed both spatially and tempo-

rally (Figure 2). In addition, the Shuttle Radar Topography Mission

Digital Elevation model (SRTM-DEM) from NASA, which has a hori-

zontal resolution of 30 m and a vertical resolution of 1 m, was used

(Farr et al., 2007). River network data were obtained from the Hydro-

RIVERS database, which was produced by using SRTM-DEM data

(Lehner et al., 2008; Lehner & Grill, 2013). The Joint Research Centre

(JRC) global surface water database was used for masking non-water

areas (Pekel et al., 2016). In addition, historical precipitation data from

the TerraClimate dataset and historical temperature data from the

ERA5 reanalysis dataset were acquired from the GEE platform, and

historical monthly discharge data were obtained from the Yellow River

Conservancy Commission (Abatzoglou et al., 2018; Hersbach

et al., 2020; Li et al., 2021).

2.3 | Methods

2.3.1 | Pre-processing of remote sensing data

Landsat SR data were first radiometrically calibrated and atmospheri-

cally corrected. Then, the F-mask method was used to mask cloud,

shadow, and ice+snow pixels (Zhu & Woodcock, 2012). To reduce

the error introduced by selection of images from different dates over

30 years, the GEE-provided median function was used to produce an

integrated image of the YRB in each season and year. Figure 3 pro-

vides a flowchart of the study.

F IGURE 1 Study area.
(a) Map of the Yellow River Basin
(YRB). Sub-basins: SYRB, source
YRB; UYRB, upper YRB; MYRB,
middle YRB; LYRB, lower YRB.
(b) Distributions of annual
precipitation in the YRB.
(c) Distributions of potential
evaporation in the YRB.

F IGURE 2 (a) Spatial and (b) temporal distributions of Landsat
images.

JIAO ET AL. 3 of 11
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2.3.2 | Water extraction algorithms

Three indices, MNDWI, NDVI, and EVI, were used to extract open-

surface water bodies in the YRB (Figure 3; Deng et al., 2019; Zou

et al., 2018). The indices were calculated as follows:

MNDWI¼G�SWIR
GþSWIR

ð1Þ

NDVI¼NIR�R
NIRþR

ð2Þ

EVI¼ 2:5� NIR�Rð Þ
NIRþ6�R�7:5�Bþ1

ð3Þ

where B, G, R, NIR, and SWIR refer to the blue, green, red, near-

infrared, and short-wave infrared (short-wave infrared 1 for Land-

sat 8) bands of the Landsat SR images. In each year, the 6 months

from May to October were considered the flood season, and the

other months were considered the dry season. MNDWI was calcu-

lated using the seasonal median integrated image, whereas EVI and

NDVI were calculated using the annual median combined image to

reduce the influence of phenology. After these calculations, the

rules proposed by Zou et al. (2018) were adopted to define the

water pixels (Zou et al., 2018). If the output of the following Bool-

ean operation was yes, the pixel was defined as a potential water

pixel.

if EVI < 0:1and MNDWI>NDVI orMNDWI>EVIð Þ½ � ð4Þ

Compared to traditionally used methods such as manual thresh-

old selection or Otsu's method, multi-index water extraction reduces

spatial incompatibility resulting from use of a single threshold in the

complex YRB and increases extraction accuracy.

Occurrence data from the JRC Global Surface Water Database

were used to generate a mask (Pekel et al., 2016). A potential water

pixel was defined as water only if the output of the following Boolean

operation was yes.

if Occurrence >0ð Þ ð5Þ

This mask was introduced to further reduce disturbance from

snow or shadows and to increase the extraction accuracy (Deng

et al., 2019; Sidjak, 1999).

Three indices: water frequency, open-surface water coverage and

F/D ratio are defined based on extracted open-surfaces water bodies.

Water frequency is defined as the occurrence number of open-

surfaces water bodies in a pixel during the 30 flood seasons and

30 dry seasons from 1990 to 2020, and expressed as a fraction with a

denominator of 60. Open-surface water coverage refers to the pro-

portion covered by open-surfaces water bodies in a certain area. F/D

ratio is defined as the ratio between the open-surface water extents

of flood season and dry season in a year. These indices are used for

spatial and temporal analyses on open-surface water bodies.

2.3.3 | Accuracy assessment

Water extraction accuracy was evaluated by visual interpretation. A

90-m-wide buffer area was created outside the extracted water area

with a size approximately equal to the water area and defined as a non-

water area. Next, 2000 accuracy assessment points were created by

the equalized stratified random method. Then a confusion matrix was

constructed based on visual interpretation of the Landsat true colour

synthetic SR image (Table 1). The result showed that the overall water

extraction accuracy was 92.80% with a kappa coefficient of 0.856. This

level of accuracy was considered acceptable for further analysis.

F IGURE 3 Flowchart of
study procedures.

4 of 11 JIAO ET AL.

 10991085, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14846 by B

eijing N
orm

al U
niversity, W

iley O
nline L

ibrary on [19/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.3.4 | Extraction of reservoir water bodies and
river width

Five major reservoirs on the main YR (Longyangxia Reservoir, Liujiaxia

Reservoir, Wanjiazhai Reservoir, Sanmenxia Reservoir and Xiaolangdi

Reservoir, according to the Yellow River Conservancy Commission)

were included in the water body analysis. The surface water extent of

each reservoir water body was determined by defining the water

surface altitude at the dam as the lower limit, and the water level at

the upstream boundary as the upper limit. The 30-year maximum

water extent was generated based on the water bodies extracted in

each season by remote sensing.

The width of the mainstream of the YR was calculated by using

both remote-sensing-extracted and HydroRIVERS data. First, the

first-level river line within the YRB was selected as the centre line of

the mainstream. Next, water bodies within 3.5 km of the centre line

TABLE 1 The confusion matrix used
for accuracy assessment.

Classification

Landsat SR image

Total User's accuracyWater Non-water

Water 947 53 1000 94.70%

Non-water 91 909 1000 90.90%

Total 1038 962 2000 Overall accuracy = 92.80%

Producer's accuracy 91.23% 94.49% Kappa coefficient = 0.856

F IGURE 4 Spatial distribution of open-surface water bodies in each YRB sub-basins and selected subareas (1990–2020): (a) Zhaling-Eling
Lake, (b) Datong River source, (c) Hetao irrigated area, (d) Wuding River estuary, (e) Wei River near Xi'an, (f) Yellow River coastal area near
Kaifeng, and (g) Dongping Lake.

JIAO ET AL. 5 of 11
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were defined as main river water bodies and extracted with a buffer

and overlay analysis. The width of the mainstream was defined as the

ratio of the area of the main river water bodies and the length of the

first-level river line.

3 | RESULTS

3.1 | Spatial pattern

Open-surface water bodies in the YRB showed strong spatial hetero-

geneity (Figure 4). During the 2020 flood season, the total area of

open-surface water bodies in the YRB was 7239.2 km2, the highest

extent since 1990, and accounted for 9.45‰ of the total area of the

basin. In the SYRB, the open-surface water body area was

2176.5 km2; most of these water bodies were in the Zhaling-Eling

lake area. Open-surface water bodies in the UYRB occupied an area

of 2321.7 km2 and accounted for 32.1% of the total area of open-

surface water bodies in the YRB, but the open-surface water coverage

was only 8.74‰, below the average for the YRB. The open-surface

water body area in the MYRB was 1757.2 km2; the open-surface

water coverage was 4.24‰, only 44.9% of the average ratio in the

YRB. The open-surface water body area in the LYRB was smallest

among the four sub-basins (1283.8 km2 or 17.7% of the total open-

surface water body area in the YRB). However, the open-surface

water coverage was 42.52‰, the highest in the YRB. The five essen-

tial reservoirs covered a total area of 626.9 km2 and together

accounted for 9.48% of the total open-surface water body area in the

YRB (Figure S1).

The mean width of the YR also varied spatially (Figure 5). During

the 2020 flood season, the mean width was 0.535 km. The SYR had

the largest width of 0.581 km, followed by the LYR (0.561 km wide),

the MYR (0.490 km), and the UYR (0.456 km). In the 2020 dry season,

the mean width of the YR was 0.452 km. The mean widths of the

SYR, LYR, UYR, and MYR were 0.501, 0.460, 0.419, and 0.389 km,

respectively.

3.2 | Seasonal variation

Open-surface water bodies in the YRB showed distinct variations

between flood and dry seasons. More open-surface water bodies were

identified during flood seasons (Figure 6). The open-surface water

body area showed a moderately significant difference (BF10 ≥ 3)

between the flood and dry season in the MYRB and an extremely sig-

nificant difference (BF10 ≥ 100) in the other three sub-basins and in

the whole YRB (Bayesian t-test, 30 sample pairs each test). In addition,

the mean width of the whole YR and the river width in all four sub-

basins showed extremely significant seasonal differences (BF10 ≥ 100)

during 1990–2020 (Bayesian t-test, 30 sample pairs each test)

(Figure 5). However, the F/D ratio decreased during the study period,

and the decreasing trend was significant (p < 0.01). In 2014 and 2017,

the surface water extent of open-surface water bodies was greater in

the dry seasons than in the flood seasons (Figure 6).

F IGURE 5 Interannual trends in the mean width of the Yellow River and its four parts. (SYR, source YR; UYR, upper YR; MYR, middle YR;
LYR, lower YR.)

6 of 11 JIAO ET AL.
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The seasonal features of the five major reservoirs differed from

those of other open-surface water bodies in the whole YRB. Four of

the reservoirs (excepting Longyangxia Reservoir) had larger water sur-

face areas in the dry season than in the flood season. The F/D ratios

of Wanjiazhai Reservoir and Sanmenxia Reservoir decreased from

1.00 and 1.08, respectively, in the 1990s, to 0.90 and 0.81, respec-

tively, in the 2010s. The recently built Xiaolangdi Reservoir experi-

enced dramatic changes during 1999–2003. During this period, its

surface water area increased by 36.6 km2 per year, and it was trans-

formed from an elongated channel-shaped water body to a broad res-

ervoir with an F/D ratio consistently less than 1 (Figure S2).

3.3 | Time series trends

The surface water extent of the open-surface water bodies in the

YRB showed an increasing trend during the 30-year study period

(Figure 7). In flood seasons, the surface water extent increased

steadily from 5002.2 km2 in the 1990s to 6376.8 km2 in the 2010s,

on average, for a percentage increase of 27.5%. In dry seasons, the

surface water extent of water bodies fluctuated among years, but

showed a rapid increase from 3372.2 km2 in the 1990s to 5356.9 km2

in the 2010s, on average, for a percentage increase of 58.9%. Like-

wise, the surface area extents of open-surface water bodies in each of

the four sub-basins of the YRB increased by 10.1%–79.5% during the

study period. In all sub-basins, the surface water extent of open-

surface water bodies increased at a higher rate in the dry season than

in the flood season. The mean width of the YR also increased from

the 1990s to the 2010s, from 0.384 km to 0.456 km in the flood sea-

son and from 0.260 km to 0.400 km in the dry season (Figure 5).

4 | DISCUSSION

4.1 | Climate influences

Seasonal variations of open-surface water bodies in the YRB domi-

nantly reflect climate features, especially precipitation patterns. Dur-

ing 1990–2020, the average annual precipitation in the YRB was

462 mm, 87% of which fell in flood seasons. The vast seasonal differ-

ences in rainfall led to an uneven water supply. Thus, the surface

water extent of open-surface water bodies in the YRB also varied sea-

sonally (Wang, Xia, et al., 2020; Wang, Xiao, et al., 2020). Climate

change is a potential factor influencing open-surface water bodies in

the YRB. Precipitation and temperature have been shown to signifi-

cantly influence the discharge of the YR (Li et al., 2019; Xu, 2007; Yan

et al., 2020; Zhou et al., 2022). Our Bayesian correlation analysis

showed that, in the SYRB, precipitation in flood seasons and tempera-

ture in dry seasons were strongly correlated with the surface water

extent of open-surface water bodies in the YRB (30 sample pairs each

test) (Figure S3). Furthermore, the SYR discharge at Tangnaihai gauge

showed an extremely strong correlation (BF10 ≥ 100) with the surface

F IGURE 6 Seasonal surface water extent in the YRB and its sub-basins, and the change in the flood season/dry season ratio (F/D ratio) from
1990 to 2020.
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water extent of open-surface bodies in the SYRB (excluding reser-

voirs) in flood seasons and moderate correlation in dry seasons

(BF10 ≥ 3) (Bayesian correlation analysis, 30 sample pairs each test).

These results suggest that temperature in winter and spring influences

the amount of meltwater from glaciers and snow and contribute,

along with precipitation, to the water supply to open-surface water

bodies in the YRB in the flood seasons.

In contrast, in the other sub-basins, the correlations between

temperature and precipitation with the surface water extents of

open-surface water bodies were relatively weak (Figure S3). Thus, the

relationship between climate features and open-surface water bodies

was weaker downstream, where anthropogenic activity plays a more

important role (Wang et al., 2018).

4.2 | Anthropogenic influences

Anthropogenic activity, represented by water conservation projects,

also affects open-surface water bodies in the YRB. The five essential

reservoirs have different seasonal features from natural water bodies;

in particular, their F/D ratio is smaller than 1. Reservoirs such as Xiao-

langdi Reservoir are operated so as to release water before the flood

season begins and then to hold runoff during the flood season

(Hu, 2016; Kong et al., 2022). In combination with other water conser-

vation practices in the YRB, this mode of reservoir operation reduces

flood peaks and increases water availability during the dry season,

thus reducing the F/D ratio (Kong et al., 2022). Water conservation

structures in the YRB have significantly changed hydrological pro-

cesses and interannual trends. Gauge data and recent studies show

that the discharge of the YR has been decreasing during the last

50 years; moreover, since 1998, water consumption has been increas-

ing. Nevertheless, the surface water extent of open-surface water

bodies and the width of the mainstream have increased (Yan

et al., 2013; Zhang et al., 2011). The Bayesian analysis results also

show that the discharge and water body area are less correlated

below the SYRB. These results are attributed to water management.

Not only do water conservation practices help to maintain a uni-

form discharge and prevent seasonal drying of rivers, artificial inter-

vention has also increased the surface water extent of other types of

water bodies. In particular, coastal and deltaic wetlands in the LYRB

have increased in area, and construction of new reservoirs throughout

the YRB has played an essential role in increasing open-surface water

bodies in the YRB (Figure 8) (Zhang et al., 2021). Basin management

and ecological restoration are effective in maintaining open-surface

water bodies. As a response to the decreasing runoff, the artificially

induced continuous increase of the surface water extent can be rec-

ognized as an adaption to hydrological drought during and after the

1990s (Shiau et al., 2007; Wang et al., 2023). The results indicates

that surface waters have increased in time and space and have

become more stable since 1990, thereby ensuring ecosystem services

such as water supply and the regulation of disturbance.

While the increase in open-surface water bodies contributes to

YRB's water resource availability, it should be noted that it may also

have a negative effect on water resources. Droughts have been

increasing in the YRB, and hydrological droughts are estimated to be

more intense than meteorological droughts (Wang et al., 2023).

Open-surface water bodies play a crucial role in altering the relation-

ship between meteorological and hydrological droughts. The expan-

sion of open-surface water bodies increases regional evaporation,

leading to a decrease in surface water resources as well as soil and

groundwater resources (Wang et al., 2023). Anthropogenic water

management has reduced seasonal variation, thereby limiting the

intensity of hydrological droughts, but it can only affect the allocation

of water, not the overall amount (Wang et al., 2016). Therefore, the

increase in water bodies may actually decrease the water resource

amount in the YRB.

F IGURE 7 Interannual changes in the surface water extent of open-surface water bodies in the YRB during the dry season (left) and flood
season (right) (1990–2020).
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4.3 | Uncertainty and limitations

Use of the GEE platform for water extraction in this study achieved

good accuracy, but uncertainties remain. First, misclassification of ice

or shadows as water bodies by the multiple indices used in this study

limits the accuracy, and JRC data must be used to correct such mis-

classification. In addition, seasonal vegetation dynamics potentially

influences indices such as the NDVI and EVI. To control for the resul-

tant errors, NDVI and EVI data for wet and dry seasons were not eval-

uated separately in this study. Thus, the efficiency of water indices

can still be improved. Second, this study, extracted past open-surface

water bodies in the YRB, but less attention was paid to the factors

driving their distribution and their dynamics. Also, the investigations

of future changes to open-surface water bodies are still needed.

5 | CONCLUSION

This study used the GEE platform, Landsat series images, and the

MNDWI, NDVI and EVI to seasonally monitor open-surface water

bodies in the YRB during 1990–2020. The results confirmed that

open-surface water bodies in the YRB were unevenly distributed and

the total area was lacking. Open-surface water coverage in the LYRB,

the whole YRB and the MYRB were 42.52‰, 9.45‰ and 4.24‰,

respectively, which indicates a strongly heterogeneous spatial distri-

bution. In addition, open-surface water bodies in YRB showed distinct

seasonal variability: both the total area of open-surface water bodies

and the mean width of the YR showed significant differences between

dry seasons and flood seasons.

Open-surface water bodies in the YRB and in each of its four

sub-basins have increased in area in the last 30 years, as has the mean

width of the YR. The rate of increase in the dry seasons was 214%

that in the flood season. Climate change in the SYRB and anthropo-

genic activities throughout the YRB have strongly affected the open-

surface water bodies in YRB. Water conservation practices such as

reservoir construction, by increasing the total area of open-surface

water bodies and decreasing seasonal variation, are effective adapta-

tions to drought in the YRB.
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