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Abstract: In recent decades, global climate change has made natural hazards increasingly prevalent.
Droughts, as a common natural hazard, have been a hot study topic for years. Most studies conducted
drought monitoring in arid and semi-arid regions. In humid and sub-humid regions, due to climate
change, seasonal droughts and seasonal water shortages were often observed too, but have not
been well studied. This study, using a MODIS satellite-based aridity index (SbAI), investigated
spatiotemporal changes in drought conditions in the subtropical Pearl River Basin. The study results
indicated that the inter-annual SbAI exhibited a significant decreasing trend, illustrating a wetter
trend observed in the basin in the past two decades. The decreasing trend in the SbAI was statistically
significant in the dry season, but not in the monsoon season. The drought conditions displayed an
insignificant expansion in the monsoon season, but exhibited statistically significant shrinking in the
dry season. The Pearl River Basin has become wetter over past two decades, probably due to the
results of natural impacts and human activities. The areas with increased drought conditions are more
likely impacted by human activities such as water withdrawal for irrigation and industrial uses, and
fast urbanization and increased impervious surfaces and resultant reduction in water storage capacity.
This study provided a valuable reference for drought assessment across the Pearl River Basin.

Keywords: drought monitoring; Pearl River Basin; MODIS satellite; SbAIL; Google Earth Engine

1. Introduction

Natural hazards are a huge threat to humans and social development. Global warming
has increased the likelihood of the occurrence of natural hazards such as droughts, heat
waves, wildfires, and floods [1,2]. As one of the most serious natural hazards affecting
humans, droughts cause huge casualties and economic losses worldwide every year [3].
For example, more than half of the U.S. states are affected by droughts, leading to an annual
economic loss of approximately USD 6-8 billion [4]. However, currently, humans still know
very little about droughts and need effective ways to combat droughts. Thus, drought
monitoring is an important prerequisite for drought migration.

Previous studies have proposed different drought indices for drought monitoring,
most of which are based on the observations from meteorological stations. Such indices
include the PDSI (Palmer Drought Severity Index) [5], the SPI (Standard Precipitation
Index) [6], and the SPEI (Standardized Precipitation Evapotranspiration Index) [7]. Based
on the observations from meteorological stations, ambient drought conditions can be accu-
rately characterized. However, due to the stations” low density and uneven distribution, it
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is difficult to achieve large-scale drought monitoring, especially in remote rural areas. There-
fore, these indices cannot represent the general trends and changes in drought conditions
for large areas. Satellites can provide spatiotemporal images with continuous coverage
for large areas, and thus have unique advantages for drought monitoring, especially in
remote areas with few meteorological stations. Based on satellite images, many scholars
have proposed new drought monitoring indices such as the VCI (Vegetation Condition
Index) [8], the TCI (Temperature Condition Index) [8], the SDCI (Scaled Drought Condition
Index) [9], the MIDI (Microwave Integrated Drought Index) [10], the OVDI (Optimized Veg-
etation Drought Index) [11] and the OMDI (Optimized Meteorological Drought Index) [11].
These drought indices can provide better spatial coverage for drought conditions, and
also combine multiple bands to build an integrated drought monitoring index to better
represent drought conditions.

Therefore, with the development in remote sensing techniques, satellite images have
been widely used in drought detection and have made great contributions to drought
monitoring at the global, continental and regional scales. Dehghan et al. [12] used the PDSI
for drought assessment in Fars Province, Iran. Their results proved the strong correlation
between the results simulated from site-based precipitation (R? > 0.63) and temperature
(R? > 0.95) observations. At a global scale, Trenberth et al., using the PDSI, concluded
that increased heating due to global warming may not lead to droughts but it is expected
that, when droughts occur, they are likely to occur quicker as well as be more intense [13].
Gidey et al. [14] used the SPI to analyze the temporal and spatial variation of drought in
northern Ethiopia, predicting that due to insufficient precipitation, the region will continue
to be dry in the future. In facts, the SPI based on historical observations also indicated that
the increase in drought frequency, duration, and severity will be significant in Africa, the
Mediterranean region, Eastern Asia, and Southern Australia [15]. The SPI can work stably
even with the difference of precipitation in different regions. It can also derive various
results for different time scales. This is very meaningful for generating diurnal, monthly,
seasonal and annual variations of droughts across a large area. On the basis of the SPI,
considering evapotranspiration, Hernandez et al. [16] proposed the SPEI and used the
metric for drought assessment in southern Texas, USA. The results illustrated that due to
the increase in temperature and decrease in precipitation in the future, the region will be
much drier. Additionally, based on the SPEI and the SPI, Chiang et al. found that that the
presence of anthropogenic forcing has increased the drought frequency, maximum drought
duration, and maximum drought intensity experienced in large parts of the Americas,
Africa, and Asia [17]. In addition, the VCI is also a new drought monitoring method based
on remote sensing technology. Dutta et al. [18] used the VCI to monitor agricultural drought
in Rajasthan (India), and compared this with the results derived from the SPI. They found
that the VCI and SPI results were consistent. The VCl is also a useful tool for assessing
agricultural drought. Zhang et al. [10] proposed the MIDI based on precipitation, soil
moisture and surface temperature, and used the index for drought monitoring in northern
China. Based on validation with the results of the multi-scale SPI, they concluded that it
can be applied well to monitoring of short-term droughts.

As discussed above, most studies conducted drought monitoring in arid and semi-arid
regions. In fact, in humid and sub-humid areas, due to the influence of climate change,
seasonal droughts were often observed too, and seasonal water shortages also reported from
time to time [19-23]. However, few studies have been performed on drought monitoring
in humid and sub-humid areas. This context necessitates studies on seasonal droughts
or water shortages in humid and sub-humid regions. In addition, in the context of global
climate change, drought monitoring is also an important tool to evaluate regional long-term
dry and wet changes. It is also an important indicator for regional environmental changes.

The Pearl River Basin (PRB) is a typical humid and sub-humid area, which is an ap-
propriate study area for such aforementioned studies. The PRB is located in the subtropical
zone, with a mild and rainy climate. However, in recent years, seasonal water shortages
were often reported in the PRB [24,25] but the changes in wet and dry environmental
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conditions and their long-term changes are still unknown. In this study, using MODIS
surface reflectance and surface temperature data, by calculating the metric of the SbAI
(Satellite-Based Aridity Index) and comparing it with the precipitation data, the major
objectives of this study on the spatiotemporal changes in drought conditions in the PRB are
as follows: (1) the inter-annual and monthly variation in the SbAI and the corresponding
changes in drought conditions for the period 2001-2021 for the PRB; (2) spatial distribu-
tion of droughts across the PRB; (3) spatiotemporal variation in drought conditions in the
basin’s representative sub-regions. The study results will improve the understanding of the
seasonal drought characteristics and the long-term changes in wet and dry environmen-
tal conditions in the PRB. It can provide valuable references for drought prevention and
environmental management in the PRB.

2. Materials and Methods
2.1. Study Area

The Pearl River Basin (PRB) is located in southern China (Figure 1a), from 21°31’ N
t0 26°49’ N and 102°14’ E to 115°53' E, and administratively covers 6 provinces (Yunnan,
Guizhou, Guangxi, Guangdong, Hunan, and Jiangxi) and 2 special administrative regions
(Hongkong and Macau,).
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Figure 1. Geographical configuration of the PRB and its natural characteristics: (a) rough location of
the PRB; (b) topographical characteristics of the PRB; (c) land use configuration in the PRB in 2020;
(d) distribution of the annual precipitation in the PRB from 2001 to 2019.

Controlled by a subtropical climate, the basin, with a size of 442,100 km?, has an
annual average temperature from 14 to 22 °C and an average precipitation from 1200 to
2200 mm [26]. Similar to its high northwest and low southeast topography, its precipitation
varies widely in spatial and temporal distribution: the precipitation in spatial distribution
gradually decreases from west to east. The monsoon season is from April to September,
when 70~85% of the annual precipitation occurs.

With its wide span from west to east across the Yunnan-Guizhou Plateau, the moun-
tains in Guangdong and Guangxi provinces, and the Pearl River Delta Plain, we spilt the
PRB into 7 sub-regions for detailed analysis (Figure 1b): the headwater region (including
the Nanpanjiang River and Beipanjiang River basins) (Area 1); the Hongshui River and
Liujiang River basins (Area 2); the Zuojiang River, Youjiang River and Yujiang River basins
(Area 3); the Heguijiang River, Qianxunjiang River and Xjjiang mainstem river basins
(Area 4); the Beijiang River basin (Area 5); the Pearl River Delta (Area 6); the Dongjiang
River basin (Area 7).

According to previous studies [27-30], from the 1960s to 2019, precipitation in the
PRB showed a slight increasing trend, with the most pronounced declines occurring in the
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middle and upper reaches, and an increase in the lower reaches. Inter-annual precipitation
in spring and winter gradually increased in volume, and reduced in summer and autumn.

In addition to the changes in precipitation, studies also displayed that land use also
experienced a great change in the PRB [31,32]. In the last 30 years, the area of waterbodies
and forest land in the PRB has shrunk due to the expansion of urbanization, and there has
been a dramatic increase in built-up areas. The decrease in grassland mainly occurred in
the western part, which was transformed into forest land. The decrease in cropland was
concentrated in the central basin. However, the increase in built-up areas primarily occurred
in the southeast, especially in the Pearl River Delta, contributing to approximately 6.3% of
the delta area, which was mainly converted from crop land and forest land. Nowadays, the
predominant land use in the PRB is forest land, accounting for approximately 67.3% of the
basin; followed by crop land (approximately 25.6%) mainly in the western and central PRB.
After that is built-up areas (approximately 2.5%) in the southeastern PRB; and grassland
(approximately 2.2%) in the western PRB.

2.2. Data
2.2.1. MODIS Satellite Data

Two datasets were used to calculate the SbAl—the surface reflectance dataset and
the surface temperature dataset—both of which were provided by MODIS satellite series.
Compared with other satellite products, MODIS satellites provide better-quality and longer
continuous datasets. Their performance and applicability have been proved in various
studies. However, due to the low spatial resolution, MODIS products can only be used in
large-scale regions.

The MODIS reflectance product is the most common data used for albedo production.
It has two datasets—MODO09GA and MYD09GA—corresponding to products generated
from the Terra and Aqua satellites, respectively. In this study, the MOD09GA reflectance
dataset produced by the Terra satellite was used. The MOD09GA product has a temporal
resolution of 1 day, a spatial resolution of 1 km, and a reflectance spatial resolution of 500 m.
The 500 m reflectance dataset also provided reflectance for Bands 1-7, data quality, data
extent, observation number, and 250 m scanning information. The 1 km datasets provided
descriptive information including observation frequency, data quality, sensor azimuth
and zenith, solar altitude and azimuth, and orbit information. The reflectance of 7 bands
from the 500 m datasets and the solar zenith from the 1 km dataset were used for data
preprocessing and analysis. To reduce the error, we firstly made a cloud removal operation
for the MODO9GA dataset. The dataset was retrieved from the Google Earth Engine (GEE)
image library (https://developers.google.com/earth-engine/datasets/catalog/MODIS_
006_MODO09GA, accessed on 24 June 2022) for image processing and analysis on the GEE
platform using JavaScript.

The surface temperature dataset was acquired from the MOD11A1 dataset produced
by the Terra satellite. A global daily average surface temperature production framework
was established by the coupling of the annual temperature cycle (ATC) model and the
diurnal temperature cycle (DTC) model. Then, the global 1 km average daily surface
temperature product was generated based on the framework. The MOD11A1 dataset has a
temporal resolution of 1 day and a spatial resolution of 1 km. To reduce the error, we also
only used good-quality pixels in the MOD11A1 dataset. The dataset was acquired on the
GEE platform (https:/ /developers.google.com/earth-engine/datasets/catalog/MODIS_
006_MOD11A1, accessed on 24 June 2022). Additionally, it was also processed on the GEE
platform using JavaScript.

2.2.2. Precipitation Data

Precipitation data were used to verify the analysis results of the SbAI The Tropical
Rainfall Measuring Mission (TRMM) and the Global Precipitation Measurement mission
(GPM) are global typical representatives of high-precision historical precipitation data.
The TRMM satellite provided precipitation data with a temporal resolution of 3 h and a
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spatial resolution of 0.25° in the latitude range of 50° S-50° N in the period 1997-2015.
Since 2014, the National Aeronautics and Space Administration (NASA) and the Japan
Aerospace Exploration Agency (JAXA) began to provide the Global Precipitation Mea-
surement mission (GPM) dataset. As a continuation of the TRMM, the GPM provides
higher-precision precipitation data with a temporal resolution of 0.5 h and a spatial resolu-
tion of 0.1°, using multiple sensors, multiple satellites, and multiple algorithms combined
with satellite networks and rain gauge inversion. The most used precipitation dataset in
this study was the GPM dataset. This dataset has a monthly dataset on the GEE platform,
which was acquired and processed on the GEE platform (https://developers.google.com/
earth-engine/datasets/catalog/NASA_GPM_L3_IMERG_MONTHLY_V06, accessed on
24 June 2022).

2.2.3. Other Datasets

To support the results of this study, we also obtained the 2001-2020 Water Resources
Bulletin for the PRB from the Pearl River Water Resources Commission (PRWRC) (http://
www.pearlwater.gov.cn/zwgkes/lygb /szygb/, accessed on 28 August 2022). The statistical
results of the annual precipitation in the PRB were compared with the GPM precipitation
data, and the overall trend obtained in this study was verified. Most of these datasets
came from the government’s official reports. Thus, the data quality can be guaranteed,
meaning that they were able to support the relevant analysis in this study. The land
use data were obtained from the 30 m annual land cover datasets in China from 1990
to 2021 (https://zenodo.org/record/5816591#.Yvj5-3ZBxPY, accessed on 14 May 2022).
DEM data came from the Geospatial Data Cloud (http://www.gscloud.cn, accessed on
14 May 2022). These datasets were mainly used to investigate the causes for changes in
drought conditions.

2.3. Methods
2.3.1. The Satellite-Based Aridity Index (SbAI)
The SbAI [33] is the ratio of the land surface temperature (LST) difference between day

and night to the absorbed solar radiation. The physical meaning of the SbAl is the opposite
of heat capacity determined by land surface wetness, which can be derived as follows:

AT

SbAI = R (1)
where
ATs = LSTiay — LSTignt )
Rs = (1 —1r)Sp cos b, 3)
where r in Formula 3 can be computed as:
r = 0.160r1 + 0.291rp + 0.243r3 + 0.11674 + 0.112r5 4 0.081r7 4)

AT is the LST difference between the day and night values, and Rs is the absorbed
solar radiation, calculated from the broadband albedo r, the solar constant Sy (1367 W-m~2)
and the solar zenith angle at the Sun’s apex 6., where r is obtained from the experimental
formula [34]. For dry surfaces, the SbAl is larger because of its larger heat capacity, resulting
in a larger AT;, and vice versa.

2.3.2. Trend Analysis

The Mann-Kendall (M—K) test [35] was used to analyze the significance of the SbAI’s
changing trends. The M—K test is a non-parametric method, and it does not require the
samples to follow a random distribution. The test’s results are not affected by missing data
and a few outliers, giving it strong applicability. The test steps are as follows:
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n—1 n
S=Y Y sgn(xi— x;) (5)

j=1i=j+1
where x; and x; are observations:
—1x;— xXj < 0
sgn (xi — x]) = 0 Xj — X]' =0 (6)
1x; — Xj > 0

The calculation of the variance Var(S) is as follows:

n(n—1)(2n+5)

Var(S) = 13 (7)
Z and p are obtained by the following equations:
S—1
Var(s) 5<0
Z= 05=0 ®)
e
Var(s)
p=2(1—cdf(|Z])) ©)

For Z,if | Z| > 1.96, there is a significant change at the confidence level of 0.05.
Theil Sen Median slope estimation [36] was used to calculate the intensity of the trend,
which is calculated by Equation (10).

. Xj— X
TSs1ope = median T (10)

The Pettitt test [37] was used to detect the abrupt change year, and the test steps are
as follows:

N
Upn = Up_1n + ) sgn(xt —xj) fort =2,3,...,N (11)
J=1
where x; and x; are observations, and U; y indicates whether two sample sets are from the

same population.
The test statistics K(;) and p are given as follows:

Ky = max|U | (12)
—6(Kn)?
p=2e NN fort=2,3,...,N (13)

3. Results
3.1. Temporal Trends of the SbAI

To quantify the temporal trends of drought conditions in the PRB during the period
2001-2021, this study calculated the monthly SbAI (Figure 2a-1) and the yearly SbAI
(Figure 2m) on the basis of daily MOD09GA and daily MOD11A1 products. According to
seasonal division in China [38], this study assumed that spring is March, April, and May;
summer is June, July, and August; autumn is September, October, and November; winter is
December, January, and February. According to the precipitation in different months in the
PRB [27,39], this study defined the monsoon season in the PRB as from May to October,
and the dry season as the remaining months. The seasonal SbAI, the monsoon seasonal
SbAI and the dry seasonal SbAI were derived from the monthly SbAI.
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Figure 2. Annual and monthly changing trends of the SbAI in the PRB: (a-1) Monthly SbAI trend; (m)

Annual SbAI trend; (n) Monthly SbAI changing rate. Note: * represents multiplication sign; Jan, Feb,
Mar, etc. is the abbreviation of each month.

3.1.1. Annual Trends of the SbAI

As shown in Figure 2 and Table 1, the SbAI significantly decreased (p < 0.01) during
the period 2001-2021, with a decreasing trend of —0.624/yr, indicating that the PRB is
becoming wetter. From 2001 to 2021, the maximum, minimum, and mean SbAI was 104.983
in 2006, 90.428 in 2016, and 97.41, respectively; there are 13 years with an SbAI higher than
the multi-year average, and 9 years with an SbAI lower than the multi-year average, mostly
occurring after 2010, indicating that the PRB became wetter mainly after 2010. In the past
20 years, North China, even arid and semi-arid Northwest China, and the Qinghai-Tibet
Plateau also became wetter [40-42], revealing an increasingly humid trend in most parts
of China.
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Table 1. Trend analysis for the monthly and annual trends of the SbAI in the PRB during the period 2001-2021.

PRB Areal Area2 Area3 Aread Area5 Area 6 Area?7
z Slope Year z Slope Year z Slope Year z Slope Year z Slope Year z Slope Year z Slope Year z Slope Year
Annual —3.29 #** —0.60 2005 —3.35 *** —0.80 2013 —3.23 #** -0.70 2010 —2.75*** —0.65 2003 —2.51* —047 2010 —245* —042 2007 —2.14* —042 2010 —3.47 *** —0.76 2007
January —2.81 —0.69 2010 —2.45* —0.94 2014 —1.06 —0.50 2014 —1.24 —0.59 2015 -0.27 -0.15 2014 —0.09 —0.04 2015 —1.54 —0.41 2009 —1.66 ** —0.82 2015
February —2.75 % —0.69 2017 —2.26*** -0.72 2014 -1.18 —0.54 2008 —1.54 —0.37 2013 —1.72* —0.67 2005 —0.94 —0.24 2013 —2.02** -0.79 2004 —1.66* —0.58 2012
March —1.96 ** —0.45 2008 -1.12 —0.42 2010 —0.94 —0.60 2008 —2.26** -1.17 2008 -0.15 —-0.09 2006 -0.39 —-0.30 2011 —1.66* —-0.67 2007 —2.08* —-0.76 2005
April —1.06 —0.30 2009 —3.11 #* —1.08 2013 0.00 0.00 2015 —1.72* —049 2010 027 0.26 2006 0.63 0.26 2017 —0.94 —0.50 2008 0.33 0.12 2017
May —1.66* —0.51 2011 —2.14** -123 2012 —1.60 -0.78 2008 —3.35*** -126 2012 —0.88 —0.46 2013 —-1.78* —1.04 2011 —1.42 —0.63 2013 —2.14* -0.97 2013
June 0.75 0.34 2008 0.69 017 2017 0.33 0.34 2012 0.09 0.10 2012 0.27 0.15 2009 0.82 0.65 2010 —0.63 —0.44 2006 —0.39 —0.22 2010
July —0.51 -0.29 2008 -112 —0.45 2008 —1.54 —0.38 2011 —0.45 —0.21 2006 —1.90* —0.76 2016 —1.06 —0.48 2008 —1.36 —0.94 2016 —0.51 —-0.13 2008
August —0.57 —0.11 2012 —021 —0.12 2018 —045 —0.14 2012 —1.00 —0.34 2012 —0.33 —0.09 2017 0.75 023 2005 —1.00 —0.43 2008 0.09 0.02 2019
September —2.08 ** —0.57 2007 —1.90* —0.74 2005 —2.08** —0.94 2007 —1.00 —0.38 2007 —0.75 —0.26 2007 033 0.07 2007 —0.03 —0.03 2007 —1.66* —0.49 2006
October -1.30 —0.34 2011 -0.39 —042 2006 —0.94 —0.35 2011 0.00 —-0.01 2005 —2.02* —0.66 2015 —1.66* —0.57 2008 -112 —0.40 2018 —2.26* —0.88 2015
November —3.77 *** -1.35 2011 —2.81 *** —0.87 2011 —3.05 *** —1.40 2010 —2.87 *** —147 2010 —2.87 *** —1.63 2010 —3.17 *** —148 2012 —4.14 ** —1.65 2008 —4.14 -1.72 2010
December —2.81 % —0.88 2011 —2.51* —0.69 2009 —2.51* —0.94 2009 —1.90* —0.98 2014 —1.78* -0.70 2014 —2.26* -0.73 2008 —1.90* —0.54 2017 —2.02* —0.89 2014

Note: trends were calculated by the M-K test (z), the magnitude by the Sen test (slope), and the starting trend by the Pettitt test (year); *** means significance with p < 0.01; ** means
significance with p < 0.05; * means significance with p <0.1.
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3.1.2. Monthly Trends of the SbAI

Collectively, during the period 2001-2021, except for June, the SbAI showed a de-
creasing trend in all other months, but the downward trends were more significant in the
dry season. The fastest decrease in the SbAI was observed in November, with a rate of
—1.375/yr. The slowest decrease in the SbAI was in August, with a rate of —0.108/yr. How-
ever, June was the only month with an increase in the SbAI, although without statistical
significance. According to previous studies [27-30], from the 1960s to 2019, precipitation
in the Pearl River Basin showed a slight increasing trend, with an increase in the lower
reaches, and the most pronounced declines in the middle and upper reaches. Inter-annual
precipitation in spring and winter showed a gradual increase, and displayed a reduction in
summer and autumn. This revealed that the changes in the SbAI in the PRB are consistent
with the trends of precipitation changes.

3.1.3. Drought Events Detected by SbAI

We used the monthly SbAI time series from 2001 to 2021 for monthly drought analysis
(Table 2). The Water Resources Bulletin for the PRB from the PRWRC shows that drought
occurs almost every year in the PRB in the monsoon season, so we chose the median SbAI
in the monsoon season over 21 years to calculate a threshold. Then, the threshold was
used to analyze the drought duration, drought severity, and drought intensity. Most of the
droughts occurred in November, December, January and February. Drought duration is
generally 2-5 months. Although some places experienced droughts for a long time, they
are small in size and are primarily located in the upper reaches of the Pearl River, thus the
consequences were not typical.

Table 2. Drought events detected by the SbAIL

Start Year Start Month End Year End Month Duration Severity Intensity
2001 1 2001 2 2 211.42 105.71
2001 11 2002 1 3 356.69 1189
2002 10 2003 3 6 642.96 107.16
2003 11 2004 2 4 431.15 107.79
2004 10 2005 3 6 662.99 110.5
2005 11 2006 3 5 528.28 105.66
2006 11 2007 3 5 560.9 112.18
2007 11 2008 1 3 342.58 114.19
2008 3 2008 4 2 219.19 109.59
2008 11 2009 2 4 443.07 110.77
2009 11 2010 2 4 428.2 107.05
2010 11 2010 12 2 217.74 108.87
2011 11 2012 2 4 416.95 104.24
2013 12 2014 4 5 536.69 107.34
2014 12 2015 1 2 213.85 106.92
2017 12 2018 1 2 212.31 106.16

3.2. Spatial Patterns of the SDAI

To quantify the spatial patterns of the SbAl in the PRB during the period 2001-2021,
we calculated the monthly and annual SbAI at the pixel scale. As shown in Figure 3a, the
west part of Area 1, the headwater region of the PRB, was the driest region in the PRB. The
southeast part of Area 2 and the east part of Area 3 were relatively dry regions in the PRB.
Collectively, the monthly and annual SbAI exhibited similar spatial patterns, showing that
Areas 1-3 were relatively dry regions in the PRB. Obviously, the SbAI in the dry season
was higher than that in the monsoon season, indicating that the dry season is much drier
than the monsoon season in the PRB due to low precipitation in the dry season, which has
the potential to cause seasonal water shortages in the PRB.
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Figure 3. Annual and monthly spatial patterns of the SbAl in the PRB: (a) Spatial patterns of annual
SbAI, 2001-2021; (b—m) spatial patterns of the monthly SbAI, 2001-2021. Note: numbers 1-7 represent
7 areas described in Section 2.1; Jan, Feb, Mar, etc. is the abbreviation of each month, respectively.

From June to September, almost all of the PRB was humid, with the SbAI mostly lower
than 90. Even in the relatively dry region of Area 1, the overall SbAI was also lower than
120, indicating that the region also experienced relative humidity. Areas 4-7 experienced
high humidity in the monsoon season. In the dry season, for instance in December, parts
of wettest region (Areas 4-7) in the PRB became dry, with the SbAI ranging from 120 to
180. From March to June, the switch from the dry season to the monsoon season, the wet
area significantly expanded in the PRB. In July and August, when the peak SbAI occurs
(Figures 3 and 4), the overall SbAI across the entire PRB is lower than 90; the SbAI for areas
1-7 was similar, and all areas were in the wet stage.

100 - =
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Annual Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.

Figure 4. Monthly and annual statistics on the areal proportion of the SbAI in different ranges. Note:
Jan, Feb, Mar, etc. is the abbreviation of each month, respectively.Jan etc. is the abbreviation of
each month.

3.3. The M—K Test for the Spatiotemporal Trends of the SbAI

Figure 5 shows the significance level of SbAI trends assessed using the Mann—Kendall
test. As shown in Figure 5a, at the annual scale, areas that were statistically significantly
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drier were mainly distributed in the central area of Area 6 and some small patches in Areas
1-3. At the monthly scale (Figure 5b—-m), the drier trend gradually weakened from the
center to the east and west directions. For April to September, many areas became drier,
especially in Areas 2-5. Areas with a wetter trend were mostly in Areas 1 and 7 in east
and west PRB, respectively. The fastest trend of becoming drier occurred in June, while the
fastest change in becoming wetter occurred in November.

(a) Annual l W sw

B Nw

E ~Np

cimmo o HSD

(b) Jan. (c) Feb. (d) Mar.

(e) Apr. () Jun.

(k) Oct. (1) Nov. (m) Dec.

:
§
Z

[ amdad 1

Figure 5. Monthly and annual trends of the SbAI in the PRB during the period 2001-2021 based on
the Mann—Kendall test: (a) Annual trends of the SbAI during the period 2001-2021; (b—m) Monthly
trends of the SbAI, 2001-2021. Note: numbers 1-7 represent 7 areas described in Section 2.1; Jan,
Feb, Mar, etc. is the abbreviation of each month, respectively. (SD: significantly drier trend; ND: not
significantly drier trend; NW: not significantly wetter trend; SW: significantly wetter trend).

In accordance with Figure 6, excluding June, areas with a wetter trend were predom-
inant in the PRB. However, one interesting result should be highlighted: as shown in
Figure 3, Area 6 is among the wettest areas in the PRB, but a large part of Area 6 tended
to be drier according to the M—K test. Conversely, as one of the driest regions in the PRB,
Area 1 has become wetter according to the M—K test.

On the basis of Figure 5b—m with Figure 6, in the dry season, wetter areas were
predominant in the PRB, especially in November (almost the driest month according to
Figure 4), as the SbAI significantly decreased in almost the entire PRB in the dry season.
However, in the monsoon season, areas with a drier trend were much larger than drier
areas in the dry season. Therefore, despite high precipitation in the monsoon season, the
drier areas that occurred in the monsoon season were much larger than those that occurred
in the dry season. In summary, for the temporal trends of the SbAI in the PRB, the PRB
became wetter at the inter-annual scale, but the wetter trends in the dry season were more
significant than the drier trend in the monsoon season.
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Figure 6. The areal proportion of different trends in the PRB. Note: Jan etc. is the abbreviation of each
month. (SD: significantly drier trend; ND: not significantly drier trend; NW: not significantly wetter
trend; SW: significantly wetter trend).

3.4. Temporal Trends of the SbAI in the Representative Regions of Areas 1 and 6

Area 1 is the remote headwater region of the PRB, with a natural environment, rela-
tively less precipitation, and less impact from anthropogenic activities. Area 6 is the most
economically developed region and under most impact from anthropogenic activities, with
relatively higher precipitation and the highest and densest population. Thus, Areas 1 and
6 can be regarded as representatives of the most natural region and the most urbanized
region in the PRB. As mentioned in Section 3.2, as the driest region in the PRB, Area 1
was becoming wetter. Conversely, as one of the wettest regions in the PRB, Area 6 was
becoming drier. Thus, Areas 1 and 6 can be regarded as representative regions for the
further analysis of the trends of drought conditions in the PRB.

3.4.1. Temporal Trends of the SbAIl in Areas 1 and 6

As shown in Table 1, trends of the SbAl in Area 1 showed similar patterns to that of
the entire PRB—a significantly wetter trend in the dry season, and an overall insignificantly
drier trend in the monsoon season (except for June). According to Table 3, in Area 1, at
the monthly scale, the SbAI decreased fastest in May, with a decreasing rate of —1.10/yr;
the SbAI decreased at the slowest rate in August, with a decreasing rate of only —0.07/yr.
The SbAl in Area 1 increased only in June, at a rate of 0.38/yr. The mean SbAl in Area 1 in
the dry season was obviously higher than that in the monsoon season. From January to
December, the SbAI firstly decreased and then increased, with a maximum value of 131.59
in February, and a minimum value of 81.33 in July.

Table 3. Monthly mean SbAI and changing rates for Area 1 and Area 6, 2001-2021.

Annual January February March April May June July August September October November December
Areal mean 124.30 130.21 131.59 127.53 130.67 128.19 99.13 81.33 84.11 92.87 105.62 122.58 128.33
rea slope —0.77 -0.93 —0.69 —0.33 —0.96 -1.10 0.38 —0.46 —0.07 -0.75 —0.20 —0.88 —0.83
Area 6 mean 87.86 96.77 94.40 85.36 80.65 67.05 55.27 49.92 58.11 64.57 78.22 93.88 98.97
rea slope —0.40 ~051 ~0.79 ~0.77 043 ~0.75 ~0.02 ~0.69 —0.44 ~0.14 045 ~1.56 ~0.60

In Area 6, at the monthly and annual scales, the SbAI had a decreasing trend, with
a significant decrease in the dry season, in which the fastest decrease of —1.56/yr was
observed in November. An insignificant decrease was observed in the monsoon season,
with a slowest rate of —0.02/yr in June. From January to December, similar to the monthly
pattern in Area 1, the SbAI in Area 6 also firstly decreased and then increased, with a
maximum value of 98.97 in December and a minimum value of 19.92 in July.

3.4.2. Monthly Fluctuations of the SbAI in Areas 1 and 6

According to Figure 3, at all the time scales, the west part of Area 1 is much drier than
the east part due to lower precipitation in the west. With the switch from the dry season to
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the monsoon season, the difference in the SbAI between western and eastern Area 1 shrunk.
As shown in Figure 7, the drier part of Area 1 rapidly decreased in proportion after May.
However, the proportion of drier areas in Area 1 is still much higher than across the entire
PRB, as the absolute precipitation in Area 1 is still relatively low in the PRB [28].
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Figure 7. Areal proportion of parts in different ranges of the SbAI in Area 1. Note: Jan etc. is the
abbreviation of each month.

According to Figure 8, at the monthly and annual scales, wetter areas were predomi-
nant in Area 1, indicating that Area 1 has become wetter in the past 20 years. Excluding
November, the proportion of NW areas are in Area 1 was higher than that of SD, ND and
SW areas (Figure 8). In November, the proportion of SW areas was greatest Area 1. In May,
however, the proportion of ND areas was greatest in Area 1. Collectively, in Area 1, the
wetter trend in the dry season was more significant than the drier trend in the monsoon
season, showing an overall inter-annual wetter trend in Area 1.

1004
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C_InD
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Annual Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.
Figure 8. The areal proportions for different trends in Area 1. Note: Jan etc. is the abbreviation of
each month. (SD: significantly drier trend; ND: not significantly drier trend; NW: not significantly
wetter trend; SW: significantly wetter trend).

In Figure 3, Area 6 is generally humid. In the dry season, from November to April,
from the center Area 6 outward, the SbAI gradually increased. After the switch from the
dry season to the monsoon season, the SbAI difference in different parts of Area 6 rapidly
narrowed. As shown in Figure 9, similar to the entire PRB, the proportion of drier areas
decreased after April.
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Figure 9. Proportion of areas in different SbAI ranges in Area 6. Note: Jan etc. is the abbreviation of
each month.

According to Figure 10, in addition to June, most parts of Area 6 exhibited a wetter
trend at the monthly and annual scales. At the annual scale, more than 70% of Area 6
significantly became wetter. However, in June, in the monsoon season, more than 50% of
Area 6 became drier. The ratio is much higher than that in other sub-regions. Collectively,
in Area 6, the proportion of wetter areas in the dry season was slightly larger than that of
drier parts in the monsoon season. It should be pointed out that, Area 6 is among the areas
with the highest precipitation in the PRB; however, it had a higher proportion of drier areas
in the monsoon season. The possible causes were that Area 6 experienced more significant
impacts from human activities (i.e., fast industrialization and urbanization), resulting in a
decrease in water storage capacity and aggravating drought conditions.
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Figure 10. The areal proportion of different trends in Area 6. Note: Jan etc. is the abbreviation of each
month. (SD: significantly drier trend; ND: not significantly drier trend; NW: not significantly wetter
trend; SW: significantly wetter trend).

4. Discussion
4.1. Accuracy Assessemnt

The SbAI was initially proposed by Kimura and was first used to determine surface
dryness in Northeast Asia [33]. Later, it was also used to determine land drought and land
degradation levels [43,44]. Using the SbAI to classify land drought levels was more accurate
than using a traditional drought index. The SbAI was also used to monitor drought in
Mongolia from 2001 to 2013 [45]. The results showed that the SbAI was able to accurately
identify drought using satellite images. The SPI is sometimes more promising than the
SBAIL However, the SPI relies heavily on observation data from meteorological stations.
The SPI may not be ideal for areas with few meteorological stations. In the PRB (with a
basin size of 440,000 km?), there are only approximately 80 meteorological stations available
(many county-level stations do not release their data publicly), especially in the upper
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reaches of the Pearl River which have fewer stations. This is why we used the SBAI for
this study.

Some studies have evaluated the accuracy of GPM data in the Pearl River Basin [46].
The assessments displayed that the accuracy of GPM data is satisfactory in the Pearl River
Basin. This study also made a simple verification of the GPM data through a comparison
with the precipitation data collected by the Pearl River Water Conservancy Commission
(PRWCC). As shown in Figure 11, the GPM data and the precipitation data of the PRWCC
show great correlation (R? is greater than 0.9) across the entire basin and the seven sub-
regions. Therefore, we can verify our results using the drought trends obtained from the
GPM data.
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Figure 11. (a) Correlation analysis between GPM data and precipitation data provided by the PRWCC
in PRB; (b-h) Correlation analysis between GPM data and precipitation data provided by the PRWCC
in Areas 1-7. Note: * represents multiplication sign.

We checked the accuracy of the SbAI using GPM data and the results are shown in
Figure 12. In this validation step, we compare the monthly GPM data from 2001 to 2019 and
the mean SbAI value for the entire Pearl River Basin and its seven sub-regions. Figure 12
shows the relationship between the two tends consistent. Across the entire Pearl River
Basin and seven sub-regions, R? values are all greater than 0.3; half of the R? values are
even greater than 0.4. The maximum R? value is 0.563, and the minimum R? value is 0.310.
Figure 12 shows that the SbAI and the GPM displayed a significant negative correlation.
The increase in rainfall can weaken the drought condition, thereby reducing the SbAI, and
vice versa. This trend is pronounced in all of the seven sub-regions. However, it should be
pointed out that GPM data and the SbAI data are not be completely consistent, because
the GPM data are the result of natural climate change, but the surface drought condition
monitored by the SbAI is the combined result of human activities and natural climate
change. Therefore, Figure 12 shows that the SbAl is directly affected by natural rainfall, but,
at the same time, is not completely regulated by natural rainfall. This shows the incomplete
consistency of the two. Therefore, the two trends are inconsistent in some sub-regions,
mainly because these areas are disturbed by human activities. For example, humans can
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increase water storage capacity by afforestation, thereby reducing the drought conditions.
Conversely, humans can also increase the impervious area through rapid urbanization,
resulting in a decrease in water storage capacity and aggravating drought conditions.
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Figure 12. (a) Correlation analysis between SbAI and GPM data series in the PRB; (b-h) Correlation
analysis between SbAI and GPM data series in Areas 1-7. Note: * represents multiplication sign.

4.2. Comparisons with Previous Studies

Studies have shown that most of the arid and semi-arid regions in the world are
becoming drier, such as the west of America and the Middle East region [47—49]. Other areas,
for example the northwest and southwest regions of China, are becoming wetter [50,51].
Compared with most arid and semi-arid regions, the PRB has a wetter trend, and drought
in arid and semi-arid regions mainly occurs in summer, while drought in the PRB mainly
occurs in winter and spring.

He et al. [52] found that the NDVI in the Pearl River Basin showed a fluctuating
increasing trend (p < 0.01); 81.44% of the Pearl River Basin showed an increase in vegetation
coverage, mainly in the upper and middle reaches of the Pearl River Basin. The areas with
medium and low vegetation coverage are mainly located in the Pearl River Delta. Our
results are in good agreement with those of He et al. (Figure 13). In this study, the SbAI in
the Pearl River Basin showed a significant downward trend (p < 0.05). The SbAI decreased
in most areas of the Pearl River Basin. Areas with an SbAI are mainly distributed in the
Pearl River Delta. The study by He et al. [52] only analyzed the annual NDVI data for the
years before 2015. We obtained NDVI data for recent years and performed a correlation
analysis with the SbAI The results are still consistent.
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Figure 13. Comparisons of SbAl and NDVIresults: (a) Comparison of temporal trends; (b) Correlation
analysis of the two datasets. Note: * represents multiplication sign.

In addition, Zhang et al. [39] found that the Pearl River Basin has become drier in
the monsoon season and wetter in the dry season. Areas with relatively low rainfall are
distributed in the western part of the basin, while humid areas with high rainfall are
distributed in the southeastern part of the basin. The results of this study show that, in the
monsoon season, the basin became drier (the area with severer drought condition became
larger), while in the dry season, the basin became wetter (the area with a wetter condition
became larger). These conclusions are similar to Zhang’s findings.

Our results indicated that the Pearl River Basin presents a wetter trend over the
past two decades. As discussed in Section 4.1, the wetter trend presented by the SbAI
is affected by natural precipitation and human activities. For example, human activities
can change land use, among which afforestation and the resulting water storage capacity
are paramount [53]. In the Pearl River Delta, due to fast urbanization, a large number
of cultivated land and forests have been transformed into impervious areas. Studies [54]
have shown that the cultivated land, forests and waters in the Pearl River Delta decreased
by 15.64%, 2.9% and 7.45%, respectively, from 2000 to 2015, while the impervious surface
increased by 42.1%, of which the transfer ratios of the above three land use types are
23.09%, 11.29% and 7.04%, respectively. The studies by Zhang et al. and Chen et al. have
shown [55,56] that the Pearl River Delta is a high-risk area for decreasing water storage
capacity. In this study, the Pearl River Delta region was reported to gradually be drier. This
drought is not due to a reduction in natural rainfall, but rather a reduction in water storage
capacity caused by human activities.

4.3. Implications for Sustainable River Basin Management

In August 2022, as we wrote this paper, the world was experiencing the worst droughts
in recent decades. The droughts across the Northern Hemisphere—expanding from the
USA to Europe and China—are further adding pressure to global large river ecosystems
already under stress. In recent years, climate change has caused droughts to occur more
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frequently [57,58]. Based on the SbAI and satellite images, this study analyzed the spa-
tiotemporal changes in drought conditions over the past 20 years, providing a valuable
reference drought assessment across the Pearl River Basin. Our research results also provide
consultative information for watershed management, such as agricultural irrigation, water
resource management, and urbanization. Based on our findings, the headwaters of the
Pearl River have become wetter and may sustain more vegetation and agricultural activities.
Crops planted in the dry season should be prioritized. However, most areas of the Pearl
River Basin have displayed a slight trend towards becoming drier in the monsoon season,
which may be related to the rise in monsoon temperatures caused by climate change [38].
In the monsoon season, natural vegetation and human activities have a high demand for
water resources. A more scientific management of water resources is therefore required.
Our study also indicates that that uncontrolled human activities such as excessive water
withdrawal for irrigation and industrial use and fast urbanization to increase impervious
surfaces and reduce water storage capacity can worsen drought conditions. In the Pearl
River Delta region, with rapid urbanization and industrialization, more scientific man-
agement for urban development and more appropriate allocation of water resources are
required for sustainable development.

5. Conclusions

In this study, we calculated the daily SbAI for the whole Pearl River Basin for the
period 2001-2021 using MODIS surface reflectance and surface temperature data, and
further derived the annual and monthly SbAI We investigated the spatiotemporal changes
in drought conditions in the Pearl River Basin. Based on the study results, we obtained the
following findings:

(1) Theinter-annual SbAI in the Pearl River Basin exhibited a significant downward trend.
The decreasing trend in the SbAI was statistically significant in the dry season, and
the monsoon season also showed a decreasing except for an insignificant increase in
June.

(2) In the dry season, areas with droughts are mainly located in sub-regions of Areas
1,2, and 3; as the flood season arrives, the basin receives more water and gradually
becomes humid, and the total area with droughts decreases rapidly.

(3) Inthe past 20 years, most parts of the Pearl River Basin have become wetter. However,
the drought conditions illustrated an insignificant increase in the monsoon season,
corresponding to a more statistically significant shrinking in the dry season.

(4) Overall, the Pearl River Basin has become wetter over the past two decades, which
may be the result of natural and human factors (i.e., increased precipitation and
vegetation coverage); areas with increased drought conditions were likely impacted
by human activities such as water withdrawal for irrigation and industrial uses, fast
urbanization and increased impervious surfaces and the resulting reduction in water
storage capacity.
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