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Abstract: Flood hazards result in enormous casualties and huge economic losses every year in
the Pearl River Basin (PRB), China. It is, therefore, crucial to monitor floods in PRB for a better
understanding of the flooding patterns and characteristics of the PRB. Previous studies, which
utilized hydrological data were not successful in identifying flooding patterns in the rural and remote
regions in PRB. Such regions are the key supplier of agricultural products and water resources for
the entire PRB. Thus, an analysis of the impacts of floods could provide a useful tool to support
mitigation strategies. Using 66 Sentinel-1 images, this study employed Otsu’s method to investigate
floods and explore flood patterns across the PRB from 2017 to 2020. The results indicated that floods
are mainly located in the central West River Basin (WRB), middle reaches of the North River (NR)
and middle reaches of the East River (ER). WRB is more prone to flood hazards. In 2017, 94.0%
flood-impacted croplands were located in WRB; 95.0% of inundated croplands (~9480 hectares)
were also in WRB. The most vulnerable areas to flooding are sections of the Yijiang, Luogingjiang,
Qianjiang, and Xunjiang tributaries and the lower reaches of Liujiang. Our results highlight the
severity of flood hazards in a rural region of the PRB and emphasize the need for policy overhaul to
enhance flood control in rural regions in the PRB to ensure food safety.
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1. Introduction

Numerous studies have shown that global warming may intensify the risk of flood haz-
ards [1-3], especially in flood-prone regions [4]. Flood hazards can cause enormous damage
to human society and the environment. During the period 1970-2015, a total of around
12,000 hydrologic disasters were reported globally, killing more than 3,530,000 people,
disturbing more than 6.7 billion, and leading to total damage of more than US$ 2600 billion.
For example, the 1998 floods in China caused an average economic loss of US$832.45 per
family in the Hunan province of China [5]. In 2005, a catastrophic flood triggered by Hurri-
cane Katrina caused hundreds of fatalities in New Orleans [6]. As the most common natural
disaster [7-13], flood hazards cause enormous damage to the world every year. Thus, it is
necessary to develop improved monitoring, mitigation, prevention, and assessment for
flood hazards.

Flood monitoring is the precondition for flood mitigation and flood prevention, es-
pecially for large river basins like the Pearl River Basin (PRB), a prosperous and densely
populated region with a total area of about 440,000 km? where flood locations and flood
extents are widely distributed. Without comprehensive and global observation of flood
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hazards, it is difficult to accurately implement flood mitigation and prevention measures,
such as constructing reservoirs or embankments and promoting afforestation to prevent
floods. This is especially true for floods in the PRB, China’s second-largest river basin in
terms of water discharge, with a highly developed economy, a large population, and several
megacities, such as Shenzhen, Guangzhou, Hong Kong, and Macau. This combination
of factors provided the motivation for this study. Floods often cause disastrous impacts
on society, urban infrastructure, water resources, and agricultural activities. This is the
case for all of China, where floods tend to have more dramatic impacts on agriculture than
droughts [14].

Previous studies [14-19] on flood monitoring in PRB mainly employed gauging data
from hydrological stations, focusing on the water level and flow during the flood peaks;
few quantified the areal extent of flooding. However, such studies, only utilizing gauging
data, were not successful in identifying flooding patterns in the rural and remote regions
in PRB. This is because the number of hydrological stations is too sparse to reliably infer
changes in water levels in rural and remote areas. Thus, most of the studies [20-27] just
focused on the delta regions. The floods in the vast rural middle and upper reaches are
still not well investigated. However, such regions are the key supplier of agricultural
products and water resources for the entire basin, which creates a need for further study
to explore floods in the entire basin. To implement a study covering the vast river basin,
flood monitoring methods based on satellite images should be developed. Such techniques
would add value by quantifying the area affected by flood hazards.

The development of remote sensing has allowed satellite imagery to be used for flood
monitoring [28-36]. The PRB, mainly located in the subtropical zone, often is covered by
clouds during the monsoon season. Thus, the regions affected by floods are often covered
with clouds during the inundation period, making it extremely difficult to measure floods
at the peak time using optical images (e.g., MODIS, Landsat, and Sentinel-2, etc.). Synthetic
aperture radar (SAR) imaging can detect water bodies regardless of weather conditions.
The Sentinel-1 SAR sensor, with a spatial resolution of 10 m and a swath up to 400 km, has
the advantage of free access and short revisit times (~12 days in PRB), which is appropriate
for monitoring floods in PRB. In this study, we investigated floods in the entire PRB based
on Sentinel-1 is to find the trends of floods across the PRB, emphasizing the vast rural
upper and middle reaches. Investigating the inundated croplands in such reaches is also
important for the assessment of agricultural losses and the development of flood control
measures in the PRB.

Thus, the aims of this study are to (i) propose a practical method to monitor floods
in the cloudy PRB by integrating Sentinel-1 SAR images and observations at hydrologi-
cal stations, (ii) identify flood patterns in the vast rural upper and middle reaches, and
(iii) analyze the impacts of floods on croplands to emphasize the need for policy overhaul
to enhance flood control in rural regions in the PRB to ensure food safety.

2. Materials and Methods
2.1. Study Area

The PRB, located in southern China, with an extent from 21°31'N to 26°49’N and
102°14'E to 115°53'E, (Figure 1), is controlled by subtropical monsoons with an annual
average temperature from 14 to 22 °C and average precipitation from 1200 to 2200 mm. The
total area of the PRB is about 440,000 km?. It has an annual river runoff of 569.7 billion m3.
Basin-scale floods in PRB are primarily triggered by hydrometeorological extremes from
May to July. PRB consists of the West River Basin (WRB), North River Basin (NRB) and
East River Basin (ERB) (Figure 1). In the WRB, elevation decreases to the east from the
Yunnan-Guizhou Plateau in western WRB. In the NRB and ERB, elevation decreases from
north to south. Southeast PRB is the Pearl River Delta (PRD), consisting of several large
metropolises, such as Guangzhou, Shenzhen, Hong Kong, and Macao.
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Figure 1. (a) Location of the Pearl River Basin (PRB) in China; (b) the distribution of meteorological stations and hydrological

stations; (c) key cities in PRB and the land cover in PRB (circled region represents the Pearl River Delta).

Although precipitation is abundant in the basin, its spatial and temporal distribution is
extremely uneven [37,38], which increases the risk of floods. Due to the rugged morphology
and the densely distributed tributaries in the upper and middle reaches [39], water flows
into the mainstream in a short period, resulting in floods with a high peak discharge [16].
This process consistently results in a large number of casualties and significant economic
losses in PRB. Therefore, to prevent or mitigate flood hazards in the PRB, it is of great
importance to investigate the characteristics of flooding patterns in the entire basin.

Since the PRB is the second largest basin in China and the PRD is one of the most pros-
perous regions in China, many studies have examined its flood hazards. Relevant studies
on the flood-water level in the PRB showed that trends of the extreme water-level were
decreasing in the upper part of PRD from 1951 to 2005 while increasing in the middle and
lower part of PRD from 1951 to 2005 [15]; trends of the peak stream-flow were increasing
in WRB and NRB from 1951 to 2010 while decreasing in ERB from 1951 to 2010 [17,18].
Relevant studies on flood frequency in the PRB showed a significantly increasing trend in
flood events since 1980 [16]; losses caused by floods were also increasing before the 1990s
while decreasing after the 1990s [40]; WRB and NRB were more prone to basin-scale flood
hazards than ERB [14]. However, the time-series utilized in the aforementioned studies all
ended before 2010. This study uses Sentinel-1 images from 2017-2020 to monitor floods in
PRB. One of our key objectives was to improve flood monitoring methods for the PRB by
combining Sentinel-1 images with hydrological data. We sought to update the recent flood
trends in the entire PRB.
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2.2. Data Source

Sentinel-1 images are the data source for flood monitoring in this study. Sentinel-1
SAR ground range detected (GRD) products were acquired and analyzed in Google Earth
Engine (GEE) platform (https:/ /developers.google.com/earth-engine /datasets/catalog/
COPERNICUS_S1_GRD, accessed on 22 January 2021), in which the Sentinel-1 images
were preprocessed by removing thermal noise and underwent radiometric calibration and
terrain correction. The VV polarization channel was used in this study, as this polarization
has a good performance in open-water monitoring [41,42].

To select Sentinel-1 images for flood events in PRB, we first obtained specific time
frames of basin-scale flood events from the national annual hydrological report (NAHP)
provided by the Ministry of Water Resources of the People’s Republic of China (MWR)
(http:/ /www.mwr.gov.cn/, accessed on 22 January 2021). According to the definition
from MWR, when the water level of the Wuzhou Hydrological Station (Figure 1) reaches
18.5 m, it is considered as a basin-scale flood event in WRB; when the water discharges
of Shijiao Hydrological Station in Qingyuan (Figure 1) and Boluo Hydrological Station
(Figure 1) reach 12,000 m>/s and 7000 m3/s, it is considered as a basin-scale flood event
in NRB and ERB, respectively. Since the Sentinel-1 images were available since February
2015, we checked the reports from 2015 to 2019 to confirm the flooding periods in WRB,
NRB and ERB and searched Sentinel-1 SAR images acquired from 2015 to 2020 in GEE
and the corresponding near-real-time (NRT) Sentinel-1 images. We then corresponded
the NRT Sentinel-1 images with basin-scale flood events in PRB for 2017, 2019 and 2020.
Collectively, we selected 66 scenes of Sentinel-1 images, half of which were during an
inundation period and the rest outside of any inundation period. The optical imagery
of Sentinel-2, with a spatial resolution of 10 m, is appropriate to validate the water body
monitoring results based on Sentinel-1 SAR imagery under cloud-free conditions. Each
footprint of the Sentinel-1 image used in the study can be seen in Figure 2, and Table 1
shows the corresponding sensing date of Sentinel-1 images. We did not add the footprints
of the Sentinel-1 images in some regions of western PRB because there are almost no
floods monitored by Sentinel-1 SAR images in this region. A scene of cloud-free Sentinel-
2 image was used for accurate assessment of the water body extraction based on the
Sentinel-1 image.

H |

s

Footprint 10

Figure 2. Locations of footprints of Sentinel-1 images.
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Table 1. Sensing dates of Sentinel-1 images in different footprints in Figure 2 (before and during floods).

2017 2019 2020
Footprint

Before During Before During Before During
1 7 June 13 July 28 May 15 July 22 May 3 June
2 7 June 13 July 28 May 15 July 22 May 3 June
3 21 May 8 July 16 June 22 July 5 May 10 June
4 21 May 8 July 11 May 22 July 5 May 10 June
5 21 May 8 July 11 May 22 July 5 May 10 June
6 9 June 3 July 30 May 17 July 12 May 5 June
7 9 June 3 July 30 May 17 July 12 May 5 June
8 4 June 10 July 14 March 19 April 7 May 12 June
9 4 June 10 July 14 March 19 April 7 May 12 June
10 6 May 5 July 8 May 13 June 2 May 7 June
11 6 May 5 July 8 May 13 June 2 May 7 June

Daily precipitation data, collected from China Meteorological Data Network (CMDN)
(http:/ /www.data.cma.cn, accessed on 22 January 2021), was used to support the analysis
of flooding patterns. The distribution of meteorological stations in the PRB is shown in
Figure 1. The ERA5 Daily aggregates products (https://developers.google.com/earth-
engine/datasets/catalog/ECMWEF_ERA5_DAILY, accessed on 22 January 2021), which are
the latest climate reanalysis datasets produced by the European Centre for Medium-Range
Weather Forecasts (ECMWEF), were also used in this study. The products include climate
indices, such as daily air temperature, daily precipitation, daily surface pressure, etc. We
combined the total precipitation of ERA5 with daily precipitation from CMDN to analyze
the rainfall patterns during the flood periods.

To assess the agricultural losses caused by flood hazards in the rural middle and
upper reaches, a set of 10 m resolution global land cover maps (Figure 1) [43] derived from
Sentinel-2 images was used to calculate the inundation area of cropland.

To verify the flood monitoring results derived from Sentinel-1 images, we also obtained
the daily water level records of 199 hydrological stations during the flood period in 2017
from the Hydrological Statistics Year Book of China. The dataset included the water level
and flow recorded at 8:00 and 14:00. In this study, we chose the higher value of the water
levels as the daily highest water level. The distribution of hydrological stations is shown
in Figure 1.

In addition, we employed some supplementary data released in 2012 by the Pearl River
Water Resources Commission (PRWRC), which consists of flood-prone areas delineated by
the PRWRC and the spatial distribution of embankments. We compared the flood areas in
this study with the flood-prone areas outlined by PRWRC and the spatial distribution of
embankments to understand embankments’ role in flood mitigation.

2.3. Flood Monitoring Using Sentinel-1 Images

In this study, a dynamic threshold method (Otsu’s method), which aims to maximize
between-class variability [44], was used to detect water bodies in satellite images [42,45-48].
A single threshold way for SAR images to distinguish water body and non-water body
could cause bias. Different incident angles, aerosol concentrations, and other various
conditions, backscatter of SAR images in different times or orbits would have different
distributions. This method performs well when an image has a bimodal distribution,
and the object area occupies more than 30% of the whole image [49]. Figure 3 shows the
flowchart summarizing the steps of flood monitoring. However, Sentinel-1 images in the
PRB generally do not have bimodal distributions, and the water body area is much less
than 30% of the whole image. Thus, we first selected a region containing enough open
water pixels with a histogram with a bimodal distribution. Usually, we choose the area
around the largest lake in each Sentinel-1 SAR image to maximize the sample for Otsu’s
method. As shown in Figure 4, region (b) was selected, and it had a bimodal distribution.
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The Otsu’s method would perform well with images like this one. We then performed the
dynamic threshold method with the region to derive a threshold value, which will then
be used to binarize each selected Sentinel-1 image. Finally, we checked the water body
monitoring results in some regions where the water body shapes are more complicated,
such as the region (c) in Figure 4. If the water body monitoring results are close to the
original Sentinel-1 SAR images, the threshold value can be used for further processing. The
above steps were all performed on the GEE platform. The results were then saved and
exported to the local device. Due to the rugged morphology in the upper PRB, the shadows
would reduce the accuracy of water body detection. Usually, elevation and slope derived
from the digital elevation model (DEM) were used to remove the shadows [50]. However,
the shadows could not be completely removed. Here, we converted the raster results into
vector data and visually removed shadows within ArcGIS Desktop. To investigate the
spatial patterns of floods, we identified the flooded regions based on the rule: if the water
body exceeded the river channel or occupied other land covers, the location would be
marked as a flood location.

2.4. Corresponding Validation for Water Body Extraction Based on Sentinel-1 Images

With a spatial resolution of 10 m (Table 2), Sentinel-2 images are useful for assessing
the water body extraction. A cloud-free Sentinel-2 image obtained on 26 October 2020 was
selected to extract water body using a support vector machine classifier, compared with the
corresponding result obtained from Sentinel-1 image on 29 October 2020. The delineation
results derived from Sentinel-1 and Sentinel-2 images are quite consistent (Figure 5), and
the overall accuracy using kappa’s coefficient was 96.1%. In the region contained by the
red box (Figure 5c,d), the Sentinel-2 image performs somewhat better than the Sentinel-1
SAR image in monitoring small water bodies, such as the narrow lakes. However, the
shapes of the typical floods in PRB are usually wide enough to be monitored by Sentinel-1
SAR images.

2.5. Interpolation for Precipitation Data

As shown in Figure 1, only 50 meteorological stations are available in the PRB, which
is relatively sparse against the vast extent of the PRB. The spatial resolution of the daily
total precipitation product from ERA5 is 0.25 arc degrees, which is relatively low. Thus, to
improve the coverage of meteorological stations and the precipitation map’s readability,
we combined the precipitation data from CMDN with the daily total precipitation of ERA5
to generate a precipitation map (spatial resolution: 1 km) using the Kriging interpolation
method. These precipitation maps were used in the analysis of flood patterns.
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Speckle filter |
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Y

v Water body or shadows (shapefile format) ‘
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Figure 3. Flowchart of flood monitoring based on Sentinel-1 images.
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Figure 4. Selection of an appropriate region to derive the threshold for processing Sentinel-1. (a) Orignal Sentinel-1 image
on 29/10/2020; (b) Histogram of backscatter distribution in the region contained by blue box in (a); (c) Region contained by
red box in (a); (d) Water body extraction based on Sentinel-1 image and Otsu’s method.

Table 2. Band information for Sentinel-2 and Sentinel-1 images.

Sensor Band Wavelength Spatial Resolution (m)
Sentinel-2 Band2-Blue 492.4 nm 10
Sentinel-2 Band3-Green 559.8 nm 10
Sentinel-2 Band4-Green 664.6 nm 10
Sentinel-2 Band8-NIR 832.8 nm 10

Sentinel-1 C-band 5cm 10
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Figure 5. Assessment of the accuracy of the water body extraction based on Sentinel-1 images.
(a) Sentinel-2 image (R: B8; G:B4; B:B2) on 26/10/2020; (b) Sentinel-1 image on 29/10/2020; (c) Water
body extraction based on Sentinel-2 image; (d) Water body extraction based on Sentinel-1 image;
(e) Region contained by the red box in (c); (f) Region contained by the red box in (d).

3. Results
3.1. Flooding Patterns in the PRB

According to the reports by NAHP of 2017, 2019 and 2020, basin-scale floods in the
WRB happened only in 2017, 2019 and 2020. A basin-scale flood event in NRB happened
only in 2020. In ERB, no basin-scale flood event happened in the study period. Table 1
presented the peak time and flood duration for each flood event. To make a comprehensive
analysis of flood monitoring across the whole PRB, we used the measurement of the
maximum accumulated precipitation for two consecutive weeks in 2017, 2019 and 2020
as the flood period because usually, the duration of floods in the PRB is about two weeks.
We also derived the flood periods in the NRB or ERB. The obtained flood periods in WRB,
NRB, and ERBare shown in Table 3.

Table 3. Flood peak time and corresponding flood period in West River Basin (WRB), North River Basin (NRB) and East

River Basin (ERB).
WRB NRB ERB
Year
Peak Period Peak Period Peak Period
2017 4 July 26 June-19 July - 26 June-19 July - 26 June-19 July
2019 10 July 1 July-14 July - 12 April-26 April - 4 June-18 June

2020 8 June 1-14 June 9 June 1-15 June - 1-15 June




Remote Sens. 2021, 13, 1384

9 of 20

Collectively, flood locations were consistent with the spatial distribution of the pre-
cipitation during the flood events in 2017, 2019 and 2020 (Figure 6). Following Figure 1,
flood locations are mainly distributed in flatlands along the rivers, especially in the middle
reaches of the WRB. The western part of WRB is the rugged Yunnan-Guizhou Plateau,
where the steep terrain makes it difficult to form typical floods that can be identified by
Sentinel-1 images, although some of the regions experienced intense rainstorms. Similarly,
in the northern part of NRB, no floods were observed, probably due to the rugged terrain.
In the delta area, the most populated region in the PRB, no floods were observed, probably
due to the dike construction that mitigated flood expansion.

West River Basin

in 2017 North River Basin

>z

(b)
Flood event
in 2019

West River Basin

West River Basin

in 2020
North River Basin

R§  East River Basin

300 km
L 1® Floodlocations on wetland ~ ® Flood locations on cropland
Cumulative ___J 0 - 40 ) 12 - 143 D 197 - 224 - 279 - 307
precipitation () 40 - 78 () 13- 170 [ 220 - 250 @ 307 - 150
mm —
(mm) (Dms-uz @ mo-197 @ 52-200 (@ 150 - 600

Figure 6. (a) Flood event in 2017 in PRB; (b) Flood event in 2019 in PRB; (c) Flood event in 2020 in
PRB. Corresponding flood periods are shown in Table 3.

As shown in Figure 5, flood locations in the PRB are primarily located in WRB. In
2020, given the same magnitude of rainstorms with cumulative precipitations of more
than 450 mm, flood locations in the WRB were more numerous than the combined flood
locations of NRB and ERB. Some sites and tributaries, where floods repeatedly occurred in
2017, 2019 and 2020, should be considered to mitigate and prevent flood hazards.

Table 4 presented the specific number of flood locations identified on wetlands and
croplands in PRB. Regarding the number of flood locations and flood extents, floods in
2017 were more severe than those in 2019 and 2020. The number of flood locations on
croplands in 2017 was 91, much higher than the other two years. In 2017, numerous flood
locations were identified in southern WRB, but few were observed in 2019 and 2020.
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Table 4. Number of flood locations identified from wetlands and croplands in 2017, 2019 and 2020.

WRB NRB ERB PRB
Year
Wetland Cropland Wetland Cropland Wetland Cropland Wetland Cropland
2017 29 84 6 6 0 1 35 91
2019 12 15 2 12 8 9 22 36
2020 41 18 5 3 0 5 46 26

3.2. Inundation Areas of Cropland and the Critical Flooding Regions

Table 5 shows the inundated croplands in the PRB, corresponding to the floods in 2017,
2019 and 2020. It should be noted that the inundation areas of cropland in Table 5 were
slightly smaller than the actual inundation areas because the results were derived from
NRT Sentinel-1 images. When assessing the losses caused by flood hazards, the inundation
areas of cropland is a direct and important indicator that could be calculated using a 10 m
resolution land cover map (Figure 1).

Table 5. Inundation areas of cropland in PRB (unit: hectare).

Year WRB NRB ERB Total
2017 9480 460 40 9980
2019 1840 950 320 3110
2020 2310 360 260 2930

The floods in 2017 were the most serious, especially in the WRB, with a total of
9980 hectares of inundated croplands. Flooded croplands in WRB were also much more
extensive than in NRB or ERB. WRB should be prioritized for the implementation of flood
prevention and mitigation measures for cropland protection. However, the severe losses
caused by floods in NRB and ERB should not be ignored because hundreds of hectares of
inundated cropland were also identified in the NRB and ERB. For example, in 2019, there
were 950 hectares and 320 hectares of inundated cropland in the NRB and ERB, respectively.
Regarding the impact on agriculture in the PRB and the number of flood locations in the
PRB, we can conclude that WRB was exposed to the highest flood risk than NRB and ERB.
The risk of flood in the NRB is slightly higher than in ERB.

In terms of flooding recurrence, some locations were flooded repeatedly in 2017,
2019, and 2020; Guilin is such an example, with a large amount of inundated cropland
(Figure 6). As shown in Figure 7, the city is located in a narrow basin, surrounded by
rugged mountains. This geomorphological condition is conducive for the accumulation of
runoff during flood periods, leading to the rapid rise in water level in a short period. The
location was often a rainstorm center during hydrometeorological extremes in 2017, 2019
and 2020, probably due to the interaction between monsoon and the terrain in PRB.

Apart from recurring flood areas, according to Figure 6, we can find that some river
sections are exposed to higher flood risk, for example, the river sections of Yijiang, Luoging,
and Qian rivers (Figure 8). In addition, many flooded croplands could be found along
the Lijiang and Xunjiang tributaries during the 2017 flood. Thus, the river sections of the
Yijiang, Luoqingjiang, Qianjiang, Lijiang and Xunjiang rivers and the lower section of the
Liujiang River are critical river sections with higher flood risk (Figure 8). In Table 6, we
list the number of flood locations distributed along the critical river sections; during the
2017 flood, the corresponding proportion was 75.0%. It is apparent that flooded croplands
are also mainly located along critical river sections, with 92.3% in 2017, 59.1% in 2019 and
78.7% in 2020, respectively. This analysis indicated that the regions along the major river
sections have a higher flood risk in the WRB.
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Figure 7. Locations are mainly affected by flooding in Guilin, Guangxi Province, China. Lower left panel is the integration
between the DEM map and the hill shade map.
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Figure 8. Critical river channels with higher flood risk.

Table 6. Statistics for the number of flood locations and inundated croplands (unit: hectare) along critical river sections
(CRS) and other river sections (ORS).

Amount of Flood Locations Inundation Areas of Cropland
Yo
ear CRS ORS Total CRS ORS Total
2017 78 (75.0%) 26 (25.0%) 104 9267 (92.3%) 713 (7.7%) 9980
2019 20 (32.8%) 41 (67.2%) 61 1839 (59.1%) 1271 (40.9%) 3110

2020 46 (60.5%) 30 (39.5%) 76 2307 (78.7%) 623 (21.3%) 2930
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4. Discussion
4.1. Uncertainty Analysis

Since the Sentinel-1 images used in this study were NRT SAR images, it is difficult
to delineate flood extents at the flood peak time. Thus, the flood extents monitored in
this study are inevitably smaller than the actual ones. For example, in the 2017 flood, the
most critical flooding regions were covered by the footprints in Figure 9b, which showed
that the sensing date (3 July 2017) was slightly later than the peak time (2 July 2017) at
Guilin Hydrological Station (Figure 9¢). Due to the limitation of the return period of
Sentinel-1 images, if the sensing date was not in the period that the water level exceeded
the warning water level, we had to select the NRT Sentinel-1 images. However, the flood
monitoring results in this study still provided reliable flood locations and extent. For
example, in Figure 9, the sensing date was very close to the date of flood peak at the Guilin
Hydrological Station and was in the period that the water level exceeded the warning
water level at Wuzhou hydrological station. Therefore, the flood extent monitored by the
Sentinel-1 image in the footprints should be slightly smaller than the actual flood extent.

(a) Sensing dates of the Sentinel-1 in the footprints

Sentinel-1 images that
.

.
cover critical flood regions r[h,g\.,lm

hydrological station

Sensing date
2017/6/9
2017/7/3

2017/7/15

—— Daily highest water level —— Warning water level
148 -
147 4 /\ (b) Guilin
146 -
145 -
144
143

142 -

T T T - T *: [] L T

2017/6/9 20171713 2017/7115

\3 /
Sensing date of Sentinel-1 images
24 3

ggj f (c) Wuzhou

18 4
143 \/
14 4
12
10
8
: T T T d T : T » T B
2017/6/2  2017/6/10  2017/6/18  2017/6/26  2017/7/4  2017/7/12

Date

Daily highest water level (m)

Figure 9. Comparison of the return period of Sentinel-1 images in major flooding regions correspond-
ing to the date of flood peaks. (a) Sensing dates of the Sentinel-1 in the footprints; (b) daily highest wa-
ter level at Guilin Hydrological Station; (c) daily highest water level at Wuzhou Hydrological Station.

The spatial resolution of Sentinel-1 images in this study is 10 m, which means that it is
difficult for Sentinel-1 images to monitor a flooded area of fewer than 100 m?. In addition,
no flood locations were found in the western WRB and northern NRB, likely owing to the
steep channel in these rugged regions and relatively low precipitation. However, Sentinel-1
SAR imagery is valuable for monitoring floods because it can monitor extensive floods
(more than 100 m?) regardless of weather conditions.
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4.2. Comparison of Flood Monitoring Results

To contrast the advantages and disadvantages of flood monitoring based on Sentinel-1
images and hydrological data, we compared the flood monitoring results derived from
Sentinel-1 images and daily highest levels of 199 hydrological stations during the 2017
flood. There were 34 stations with water levels exceeding the warning water level in the
range of 0.01 m to 5.33 m. The distribution of hydrological stations that exceeded the
warning water level was consistent with the spatial distribution of flood locations derived
from Sentinel-1 images.

As shown in Figure 10, although we used the hydrological data from 199 hydrological
stations, much more than previous studies [14-17,37,40], some river sections were still
not covered by hydrological stations. Therefore, flood monitoring results only based on
hydrological data would undoubtedly cause deviation in such regions or river sections
with sparse or without hydrological stations. Sentinel-1 images could be a reasonable
alternative in such regions.
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Figure 10. Flood monitoring results derived from Sentinel-1 images and hydrological data.

Although the Sentinel-1 images could cover the whole PRB, some flood locations have
not been monitored by Sentinel-1 images yet. For example, at Rongshui, Zhaoping and
Changan, the observed highest water levels are 5.27 m, 5.25 m and 4.01 m higher than their
corresponding warning water levels, but failed to be identified by Sentinel-1 images. There
were two probable reasons for this phenomenon. One reason could be that the hydrological
stations were located in a very narrow valley, and Sentinel-1 images failed to monitor the
water body due to its spatial resolution of 10 m. For instance, combining Figures 8 and 10,
we can find that Zhaoping Hydrological Stations were located in a very narrow valley,
which limits the Sentinel-1 SAR observation due to the terrain effects. Another reason
could be the relatively low time resolution of Sentinel-1 images. As shown in Figure 11,
at Rongshui Hydrological Station, the flood peak happened on 2 July 2017, with 5.27 m
exceeding the warning water level. On 3 July 2017 (sensing date of Sentinel-1 image),
the water level already dramatically dropped to 1.57 m below the warning water level.
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Regarding such a short flood period, it is challenging to identify flood extent around this
station using Sentinel-1 images with a usual return period of 12 days.
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Figure 11. The daily highest water level at some key hydrological Stations during the 2017 flood. (a) Guilin Station;
(b) Duiting Station; (c) Pingle Station; (d) Rongshui Station; (e) Yangshuo Station; (f) Deqing Station; (g) Wuzhou Station;
(h) Dahuangjiangkou Station; (i) Pingnan Station.

According to Figures 1 and 11, the duration of floods in the lower reaches and flatlands
was significantly longer. For example, in the hydrological stations of Deqing, Wuzhou,
Dahuangjiangkou, and Pingnan, periods that daily highest water exceeded waring water
level were 3, 5, 6 and 6 days, respectively. Usually, the shortest return period of Sentinel-1
images is 12 days in the PRB. Thus, Sentinel-1 images could monitor a flood event within
the expanding period of up to 6 days. Moreover, floods lasted for very short periods at
Changan and Duiting, which were in the upper reaches of WRB; it was also difficult to
monitor these floods with Sentinel-1 images. At Guilin station, which is also in the upper
reach, the daily water level exceeded warning water levels for just one day, but, as shown
in Figure 7, the region around Guilin station is a lowland surrounded by steep mountains.
As such, flooding could be sustained for a longer period. Overall, it is more appropriate
for Sentinel-1 images to monitor floods in flat regions.

In conclusion, compared with hydrological data in the scope of flood monitoring,
Sentinel-1 images have the advantage of spatial continuity and the disadvantage of rel-
atively low time resolution. Thus, it is recommended to combine radar images with
hydrological data to monitor flood dynamics comprehensively.

4.3. Comparison with Previous Studies

Since this study time period was only three years, we were unable to examine long-
term trends of flood hazards in the PRB, which was different from studies based on
long-term hydrological data. However, flood monitoring results derived from Sentinel-1
images and long-term hydrological data are still comparable.
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Regarding the scope of flood risk, this study showed that the WRB is under higher
flood risk than the NRB and ERB. Zhang et al. [14] reported that annual peak flood flow
increased significantly in the northeastern WRB (including central WRB mentioned above)
and northern NRB during the period 1981-2010. Similarly, Gu et al. [18] reported that peak
flood flow increased in WRB and NRB’s mainstream during the period 1951-2010. Higher
flood risk in WRB reported by Zhang and Gu is consistent with this study. However, this
study showed no floods in the northern NRB, which was different from Zhang and Gu’s
results. As shown in Figure 1, northern NRB is a rugged region, where it is likely that no
typical floods happened in 2017, 2019 and 2020. Also, rising peak flood discharge was not
equivalent to the case that water overflows their banks. Different time series could also be
the reason for the difference in study results. In the ERB, it was generally considered that
flood peak was decreasing [17,18]. In this study, we did not observe any flood hazard trends
in the ERB due to the short time series. However, according to the reports of NAHP in
2017, 2019 and 2020, no basin-scale flood event was reported, reflecting that ERB is indeed
under relatively lower flood risk. Lu et al. [51] conclude that rapid channel incision in the
PRD due to sand mining and trapping of sediment by impoundments had caused water
level decrease, which would reduce the flood risk. The construction of embankments and
reservoirs would also significantly regulate river flow and decrease flood risk in the ERB.

NAHP is the official hydrological report released by the MWR. Descriptions about
floods in the NAHP mainly included flood peak flow, flood peak water level, name of
the river section and the return period of the corresponding flood events. According to
the NAHP, in 2017, Luogingjiang tributary suffered the second-largest flood after 1954;
Lijiang tributary and Mengjiang tributary suffered a flood with a return period of 50 years.
We could not evaluate the flood return period in PRB since the Sentinel-1 images were
only available since 2015; however, according to the NAHP in 2017, floods in 2017 in the
PRB were the most serious over the past two decades. According to Figure 6, we can
infer that floods in 2017 were more severe than those in 2019 and 2020; this is consistent
with the NAHP in 2017. However, the NAHP was generated based on hydrological data,
lacking the information of flood extents and assessing the losses caused by floods. For
instance, the NAHP in 2017 reported that the Lijiang tributary suffered a severe flood
with a return period of 50 years. As shown in Figure 12, this flood event also affected
the Rongjin River tributary. Water overflowed the banks along more than 40 km river
section, with about 60 villages affected and about 496.2 hectares of croplands inundated.
However, the NAHP in 2017 missed this extremely severe flood event around the Ronjin
River. Without the monitoring results from remote sensing images, reports in NAHP would
miss specific details of flood extents and inundated area of croplands. Thus, to make a more
comprehensive annual hydrological report and provide a better reference for the public, we
recommend MWR to improve NAHP by combining hydrological data and remote sensing
images to monitor floods.

For further validation of flood monitoring results based on Sentinel-1 images, we
compared the flood locations in this study with the distribution of the regions prone to
flood hazards obtained from the Comprehensive Atlas of the Pearl River Basin [52]. It
should be noted that the map was published in 2012, and the criteria for delimiting risk
zones were based on the monitoring results of long-terms hydrological data before 2012.

In Figure 13, the flood locations in this study occurred in the regions prone to flood.
However, some flood locations in this study were not identified as flood-prone areas by
the map. For example, Figures 9 and 13 show that in the lower reaches of Luoqingjiang
and Liujiang tributaries, many flood locations on croplands were not covered by the map.
Figures 12 and 13 also show that flood locations along the Rongjin tributary were excluded
from the map. The cases in the river sections of Luoqingjiang, Liujiang and Rongjin
tributaries further illustrate that the map failed to identify the flooded areas with few
hydrological stations available. Thus, we emphasize that it is imperative to combine remote
sensing techniques and hydrological data to monitor floods.
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Figure 12. Flood event in 2017 along the Rongjin River and the original Sentinel-1 images.
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Figure 13. Comparison between the flood locations obtained in this study and the spatial distribution of sections prone to
flood hazards from the map of Comprehensive Atlas of the Pearl River Basin published by PRWRC [52]. (a) Flood locations
along Rongjin tributary; (b) flood locations along Liujiang tributaries; (c) flood lotions along Luogingjiang tributaries.

Even though it was reported as a region prone to floods in Figure 13 in the western
WRB, no floods were observed in the study period. In the PRD, some flood locations in
the upper reaches in this study are consistent with the distribution of regions prone to
floods. However, in the PRD, no flood locations were identified in this study, but they
are denser regions prone to floods in the reported map (Figure 13). Sand mining and
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200 km

sediment impoundment by reservoirs had caused river channel incision. Lu et al. [51]
reported that more than 40% of the river channels had down cut over 2 m between 1992
and 1999, and the deepest cut down was 9.86 m. The drastic incision of the river channels
would cause a lower water level with the same river flow. Additionally, the construction of
embankments would also mitigate flood hazards. As shown in Figure 14, the construction
of embankments effectively mitigated the flood in PRD. In the upper reaches of the central
WRB and upper reaches of ERB, few embankments were built. Figure 14 thus summarized
the effects of embankments on flood mitigation in PRB.

West River Basin

North River Basin

v East River Basin

e — |
. Flood locations on wetland in Flood locations on cropland in Regions prone to floods from
2017, 2019 and 2020 in this study ® 2017, 2019 and 2020 in this study - the map of Comprehensive Atlas of the Pearl River Basin

Figure 14. Comparison of the flood locations obtained in this study and the distribution of embankments obtained from the

map of Comprehensive Atlas of the Pearl River Basin released by Pearl River Water Resources Commission (PRWRC) [52].

4.4. Implications for Sustainable Management of Water Resources in PRB

The interaction between climate change and anthropogenic activities will intensify the
risk of floods. Zhang et al. [53] reported that annual precipitation showed an increasing
trend during the period 1961-2016 under the background of global warming, which implies
a flood risk in Southeast China. Li et al. [54] believed that extreme heavy precipitation
events would increase flood risks during the 21st century. This study had also reported that
anthropogenic activities like constructions of embankments and sand mining would affect
the trend of floods. To prevent and mitigate flood hazards, we should first understand the
patterns of flood hazards, for which we need to enhance flood monitoring techniques. This
study comprehensively compared the flood monitoring results derived from hydrological
data and Sentinel-1 images, providing a case study about the combination of Sentinel-1
images with hydrological data to monitor flood hazards in the PRB. In addition, using
Sentinel-1 images to monitor floods would cost less due to its free access, wide swath
and working regardless of weather conditions. With the development of cloud platforms
like GEE, it is also possible to analyze the floods in large river basins or even global flood
hazards using Sentinel-1 images.

Some floods in this study were not illustrated in the map of Comprehensive Atlas
of the Pearl River Basin published by PRWRC, indicating that the flood control projects
planned by the government would be somewhat incomplete in some regions as a large
number of flood-prone areas in the upper reaches has still been ignored, and flood control
measures have not been implemented. Flood control measures in the middle and lower
reaches of the Pearl River have been well implemented, but more flood control measures
and policies should focus on remote areas. Thus, this study’s results are useful to improve
the results released by the Ministry of Water Resources and could be a reference for the
adjustment of flood control projects planned by the government.
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Unlike most studies [20-27] which focus on urban floods, this study has highlighted
that flood hazards in PRB have caused significant impacts on croplands in rural regions,
which is the important agricultural product supplier and plays an important role in food
safety in PRB. Figures 1 and 14 show that water conservancy facilities like embankments
are currently constructed mainly in urban regions, such as the PRD. However, in the rural
area in WRB, the most critical flooding region in the PRB, few embankments have been
constructed. Thus, to mitigate or prevent flood hazards in a rural region and protect farmers’
lives and property, the government should formulate measures to strengthen the protection
of cropland, such as the construction of water conservancy facilities in critical rural regions
and the promotion of agriculture insurance for farmers. This study has highlighted the
locations and extents of the croplands affected by flood hazards, which could be regarded
as a valuable reference for the government to manage the water resources in PRB. Although
flood prevention is important in rural areas, one must also recognize that ecosystems and
environmental protection are equally important in such areas. Therefore, environmentally
friendly flood control measures should be given priority.

5. Conclusions

This study used Sentinel-1 images to investigate floods that occurred in 2017, 2019 and
2020 in the Pearl River Basin, focusing on rural areas. The study provided a reliable flood
monitoring result in PRB. The results indicated that flood locations are mainly distributed
in central WRB, middle reaches of NRB and middle reaches of ERB. Collectively, the
flooding patterns showed that WRB is more prone to flood hazards than NRB and ERB. In
the PRB, the most vulnerable river sections to floods are Yijiang, Luogingjiang, Qianjiang,
and Xunjiang tributaries, and the lower reaches of Liujiang. In the 2017 flood, 75.0% of
flood locations distributed along the major river sections, and 92.3% inundated croplands
were distributed around the major river sections.

Compared with flood monitoring based on hydrological data, Sentinel-1 images
have the advantage of spatial continuity. They can be an alternative in the regions with
few hydrological stations. It is also recommended to combine Sentinel-1 images with
hydrological data to monitor floods. This study also highlighted the severity of flood
hazards in rural regions in the PRB and calls for policy overhaul to enhance flood control in
the rural areas to ensure food safety. This study is a valuable reference for flood monitoring,
loss assessment, and flood mitigation planning in the Pearl River Basin.
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