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Abstract: With advancements in remote sensing technology and the increasing availability of re-
mote sensing platforms, the capacity to monitor droughts using multiple satellite remote sensing
observations has significantly improved. This enhanced capability facilitates a comprehensive un-
derstanding of drought conditions and early warnings for extreme drought events. In this study,
multiple satellite datasets, including Gravity Recovery and Climate Experiment (GRACE), the Global
Precipitation Measurement (GPM) precipitation dataset, and the Global Land the Data Assimilation
System (GLDAS) dataset, were used to conduct an innovative in-depth characteristic analysis and
identification of the extreme drought event in the Poyang Lake Basin (PLB) in 2022. Furthermore, the
drought characteristics were also supplemented by processing the synthetic aperture radar (SAR)
image data to obtain lake water area changes and integrating in situ water level data as well as the
Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation index dataset, which provided
additional instances of utilizing multi-source remote sensing satellite data for feature analysis on
extreme drought events. The extreme drought event in 2022 was identified by the detection of
non-seasonal negative anomalies in terrestrial water storage derived from the GRACE and GLDAS
datasets. The Mann—Kendall (M-K) test results for water levels indicated a significant abrupt decrease
around July 2022, passing a significance test with a 95% confidence level, which further validated the
reliability of our finding. The minimum area of Poyang Lake estimated by SAR data, corresponding
to 814 km?, matched well with the observed drought characteristics. Additionally, the evident lower
vegetation index compared to other years also demonstrated the severity of the drought event. The
utilization of these diverse datasets and their validation in this study can contribute to achieving
a multi-dimensional monitoring of drought characteristics and the establishment of more robust
drought models.

Keywords: extreme drought; PLB; GRACE; MODIS; GPM

1. Introduction

Hydrological drought refers to a specific occurrence in a particular region and the
period where the availability of water resources is inadequate due to an insufficient or
uneven distribution of precipitation. It is one of many global natural disasters [1]. Against
the backdrop of ongoing global warming and human activities, extreme events are be-
coming increasingly frequent worldwide, causing severe damage to agriculture, water
resources, and ecosystems, and having profound impacts on society, the environment,
and the economy [1-3]. While the impacts of extreme drought events have been exten-
sively documented, their measurement and definition remain challenging, underscoring
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the importance of identifying the characteristic features of such events within the research
domain. Poyang Lake is the largest freshwater lake in China and is also one of the regions
where hydrological drought events occur most frequently [4,5]. The effective identification
of drought characteristics for the Poyang Lake Basin (PLB) is of great significance for
maintaining local ecological balance, supporting agricultural production, providing food
security, promoting economic development, and ensuring the daily water needs of the
populace are met.

Drought monitoring based on meteorological station observations faces challenges
related to sparse data sampling, making it difficult to achieve continuous and uniform
coverage over large areas [6-8]. The advantages of remote sensing satellite technology;,
such as large-scale observation, high frequency, high quality, and cost-effectiveness, have
provided a new approach to drought monitoring. Currently, remote sensing technology
has become the main means of drought monitoring [9]. The land water storage variation
data obtained from the Gravity Recovery and Climate Experiment (GRACE) mission has
been widely utilized in drought monitoring in many regions [10-13]. The fluctuation in
lake water levels obtained through field data and satellite altimetry is one of the impor-
tant indicators for drought monitoring and early warning [14]. The Synthetic Aperture
Radar (SAR) images from the Sentinel-1 satellite overcome the limitations of cloud cover
and temporal resolution in Landsat and Moderate Resolution Imaging Spectroradiometer
(MODIS) satellites. By applying certain processing and computation techniques, the high
spatiotemporal resolution image data obtained can be used to extract lake boundaries and
water body change information, effectively reflecting drought conditions [4,15,16]. The
launch of the Global Precipitation Measurement (GPM) mission based on the Tropical Rain-
fall Measuring Mission (TRMM) has provided important precipitation data for interpreting
the mechanisms behind drought formation in drought monitoring [17-20]. Considering
the limitations in reflecting vegetation growth, vegetation indices have also been used for
drought monitoring [9,21,22].

The characteristics of drought events include the duration, severity (maximum de-
gree), and spatial extent of the drought. Various meteorological and hydrological data are
commonly used to estimate the severity of drought [23,24]. Multi-satellite platform remote
sensing techniques have been validated as an effective tool for accurately characterizing
spatiotemporal conditions of drought, with wide applications in different regions [25-27].
A study utilized the GRACE-FO to detect extreme events in the middle and lower reaches
of the Yangtze River in 2019, and the results show that the Gravity Recovery and Climate
Experiment Follow-On (GRACE-FO) could effectively monitor extreme drought events [28].
In addition, a previous study automatically estimated and analyzed drought characteristics
based on monthly precipitation data [29]. Furthermore, some studies have included the
variable of the area when characterizing the features of drought events [30,31]. How-
ever, it is important to note that extreme drought events are complex natural phenomena,
encompassing multiple dimensions, and relying on a single indicator often falls short
in providing a comprehensive understanding of all the characteristics associated with a
drought event [32-34]. Previous studies have examined drought events in the PLB [35,36],
but few studies have adopted a comprehensive and integrated approach to investigate
drought event characteristics in the river basin. To address this research gap, this study
utilizes a combination of multi-satellite remote sensing data and field observations to
comprehensively describe and analyze the characteristics of the extreme drought event in
the PLB. This includes dimensions such as precipitation, land water storage, evaporation,
vegetation response, water level, and area.

This study was performed with multi-satellite remote sensing data and in situ data,
and the main objectives of this study were (1) to characterize the extreme drought event in
the PLB in 2022, and (2) to identify drought events in the PLB. The findings of this research
provide a novel approach to drought monitoring based on multi-source data, which holds
practical significance for the development of satellite-based drought characterization.
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2. Materials
2.1. Study Area

Poyang Lake is situated in the middle and lower reaches of the Yangtze River (see
Figure 1a). The Hukou Station (see Figure 1b) is located at the confluence of the PLB and the
Yangtze River, providing crucial hydrological information to ensure the proper utilization
and planning of water resources in the Yangtze River Basin. Poyang Lake exhibits seasonal
variation and interannual variability in its hydrological characteristics. During spring
and summer, the water level rises, significantly expanding the lake surface. In winter, the
water level decreases, causing the lake surface to shrink [37]. The drought in the PLB was
intensifying due to climate and human activities [38]. The operation of the Three Gorges
Dam has an impact on water levels and river flow. It changes the seasonal variations of
the river, particularly during the dry period of the annual reservoir filling season, which
typically occurs from September to October [39].
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Figure 1. Location of the study area and concerned hydrological stations ((a) the location of the
Yangtze River basin; (b) the location of the PLB).

2.2. GRACE Data

The GRACE-FO satellite was jointly developed by NASA (National Aeronautics
and Space Administration) and DLR (German Aerospace Center). GRACE-FO is the
successor to the original GRACE mission and has comparable accuracy. The RL06 version
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GRACE-FO Level 2 data products used in this study were obtained from the Center for
Space Research (CSR) at the University of Texas, the GeoForschungsZentrum in Potsdam
(GFZ), and the Jet Propulsion Laboratory (JPL). The data can be downloaded from https:
/ /www2.csr.utexas.edu/grace/RL06.html, accessed on 31 July 2023. The research data
cover the time from June 2018 to December 2022, with a monthly resolution and a spatial
resolution of 0.25°. The spherical harmonic coefficients are truncated at the 60th degree. In
the data processing, a first-order term replacement was performed to account for the motion
of the Earth System Center of Mass (CM) relative to the center of the solid Earth surface
geometry (CF) [40,41]; the second-order terms of the gravity solution based on the GRACE
gravity field model had uncertainties, which were replaced with SLR data [42,43]. Due to
the presence of noise in the GRACE-FO data, smoothing was applied using a Gaussian
radius of 300 km. Additionally, to mitigate the north—south striped noise in the GRACE
gravity field model, decorrelation processing (specifically PAM6) was performed [44,45].
To compensate for signal attenuation caused by filtering and signal truncation, this study
employed a constrained forward modeling approach to restore the true strength of the
signal [46].

In comparison to the CSR RLO6 spherical harmonics solution, the Mascon solution
offers greater user friendliness and direct applicability for investigating water storage
variations [47,48]. In this study, considering the consistency of spatial resolution of 0.25°,
the Mascon products from the GRACE-FO RL06 version published by CSR were selected.

2.3. GLDAS Model

The objective of the NASA Global Land Data Assimilation System (GLDAS) is to utilize
advanced land surface modeling and data assimilation techniques to obtain observational
data products based on satellite and ground-based measurements, in order to generate
optimal fields of land surface states and fluxes [32,49]. The data version used in this
study was GLDAS_NOAHO025_M_2.1. Relevant data can be downloaded from https:
//disc.gsfc.nasa.gov/datasets?keywords=GLDAS%20NOAH&page=1, accessed on 31 July
2023. The research data covers the time from June 2018 to December 2022, with a monthly
resolution and a spatial resolution of 0.25°. The soil moisture, snow water, and vegetation
canopy water data from the GLDAS were primarily used in our study.

2.4. Inland Water Level Time Series

The water level data utilized in this study were derived from pre-processed data
obtained through the DAHITI method. This method employs multi-mission satellite al-
timetry to estimate time series of inland water levels. The Inland Water Hydrology Time
Series Database (DAHITI) was developed in 2013 by the German Geodetic Research Insti-
tute at the Technical University of Munich (DGFI-TUM) with the objective of providing
comprehensive water level time series for inland water bodies. The DAHITI method
incorporates an improved outlier suppression technique and a Kalman filter approach,
merging cross-calibrated multi-mission altimetry data from Envisat, ERS-2, Jason-1, Jason-2,
TOPEX/Poseidon, and SARAL/AltiKa, while accounting for their associated uncertain-
ties [50]. The data can be obtained from https://hydroweb.theia-land.fr/, accessed on
31 July 2023. The study data cover the time from 17 June 2002 to 21 June 2023, with a
daily temporal resolution. It is important to note that the sampling intervals are not evenly
distributed.

In addition, DAHITI provided optical images (such as Landsat and Sentinel-2) that
were used to derive time series of lake and reservoir surface areas [51]. In this study,
we utilized the surface area time series of Poyang Lake. The data cover the time from
20 August 2002 to 21 February 2021, with a daily temporal resolution. It is important to
note that the sampling intervals are not evenly distributed.
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2.5. Sentinel-1 SAR Image Data

Optical remote sensing satellite images suffer from limitations such as inadequate
observations and susceptibility to weather conditions. However, SAR remote sensing
technology offers distinct advantages, including its ability to penetrate surface cover layers
unaffected by weather conditions and its high temporal resolution [52]. The Sentinel-
1 mission consists of a dual-satellite system, Sentinel-1A and Sentinel-1B, which were
launched on 3 April 2014 and 25 April 2016, respectively. Sentinel-1 operates in a near-polar
Sun-synchronous orbit, providing a covering range of up to 250 km. The Sentinel-1 mission
collects data every 6 days on both satellite constellations and every 12 days on a single
satellite. In regions with increasing latitude and specific areas of interest, more frequent
revisits are conducted for targeted collection purposes [53]. With a spatial resolution of up
to 10 m, Sentinel-1 data were acquired in this study through the cloud computing platform
Google Earth Engine (GEE). VV polarization data were specifically utilized to extract the
water body extent of Poyang Lake. The data processing was conducted using JavaScript
code debugging on the platform available at https://earthengine.google.com/, accessed
on 31 July 2023. The automatic threshold segmentation method was used to extract the
inundated area of Poyang Lake from January 2018 to June 2023. The study data cover the
time from 2 January 2018 to 11 June 2023. The daily data are organized in cycles, with
each cycle being approximately 12 days in length. The obtained area is compared with the
publicly available Poyang Lake area data from DAHITI, showing good accuracy [51].

2.6. MODIS Data

Global observation data were obtained through the Moderate-Resolution Imaging
Spectroradiometer (MODIS) carried on board the Terra and Aqua satellites (developed by
National Aeronautics and Space Administration) [54]. The land standard product MOD13
series, specifically MOD13C2, with a monthly global 5.5 km normalized vegetation index,
was used in this study. The data were obtained through https://ladsweb.modaps.eosdis.
nasa.gov/, accessed on 31 July 2023. The research data encompass the period from June
2018 to December 2022, with a temporal resolution of one month and a spatial resolution of
0.25°.

2.7. GPM Data

Given the spatially uneven distribution and limited density of ground stations, achiev-
ing comprehensive coverage of the entire PLB poses a challenge. Additionally, radar
technology for rainfall measurement is economically demanding. To address these limita-
tions, the GPM program was chosen as the precipitation dataset for this study [55]. The
GPM is an international satellite mission conducted in collaboration between NASA and
JAXA. It utilizes multiple sensors, satellites, and algorithms to obtain higher-precision
precipitation data through satellite network and gauge inversion. GPM provides global
coverage and offers microwave-based rainfall and snowfall data products within a 3 h
timeframe, as well as microwave-infrared data products within a 30 min timeframe. Its
coverage extends to the polar regions. The precipitation dataset used in this study was the
GPM IMERG Early Run Daily Precipitation product (GPM_3IMERGDE) version 06. The
dataset was downloaded from https:/ /www.earthdata.nasa.gov/, accessed on 31 July 2023.
The research data cover the period from 1 June 2018 to 31 December 2022, with a daily
temporal resolution and a spatial resolution of 0.1°. Monthly accumulated precipitation
data were derived from the original data through aggregation.

2.8. ERAS Reanalysis Dataset

ERA5-Land offers a comprehensive and consistent depiction of surface water and
energy cycles spanning several decades. This dataset provides detailed records dating
back to 1950, with a temporal resolution of 1 h and a spatial resolution of 0.1° [56]. This
study utilized a post-processed subset of the complete ERA5-Land dataset, which was
pre-computed to provide monthly averages. The data can be downloaded from https:
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//cds.climate.copernicus.eu/cdsapp#!/search, accessed on 31 July 2023. The research data
cover the period from June 2018 to December 2022, with a temporal resolution of one
month and a spatial resolution of 0.1°. This study primarily relied on precipitation and
evapotranspiration data from the ERA5 reanalysis dataset.

2.9. In Situ Data

This study utilized water level data recorded at the Hukou and Jiujiang hydrological
stations. The data were obtained from the official websites of the Water Resources Depart-
ment of Jiangxi Province and the Jiujiang Hydrological Bureau. The research data consist
of daily data from 1 January 2000 to 13 July 2023.

3. Methodology
3.1. Estimation of Terrestrial Water Storage (TWS) Variations Using GRACE
3.1.1. Estimation of Water Storage Variations

A series of spherical harmonics can be used to represent spherical observations. Mass
variations occurring within the Earth’s surface layer (including the hydrosphere, atmo-
sphere, and lithosphere) with a thickness of approximately tens of kilometers are the main
sources of the Earth’s mass changes. It is assumed that this layer is a thin shell of the
Earth'’s sphere. Let the surface density variation of the thin shell be Ao (6, ¢), which can be
expressed in terms of spherical harmonic coefficients as follows [57]:

ACy | _ S(ki+1) > cosm¢ | .
{As,m} = Inap. 2+ 1) /AJ(G, ¢) Py (cos ) {s’m;mp }sm@dedcp 1)

where ACy,,, and ASy,, are the spherical harmonic coefficients (SHs) corresponding to the
spherical observations after subtracting the background field (SHs are dimensionless). !
and m are the order and degree corresponding to the spherical harmonic coefficients; k;
(dimensionless) represents the loading Love number of degree /; a(km) and p, (km/m?)
represent the average radius and average density of the Earth; Ac (kg/m?) represents the

surface density variation at the location (90° — 6, ¢); and Pj,, is the normalized associated
Legendre function.

However, an infinite order is an ideal case. When truncated to a finite order, the
formula becomes

(21+1)
(ki +1)

Ao (6, ¢) = % ;’iOZfﬂ:OIN)lm(cos 6) (ACy,cosmep + ASy,sin me) ()

In general research, water storage variations are often expressed in terms of equivalent
water height. The calculation formula is as follows:

e
Pw

Ah 3)

where p;, is the density of water, which is assumed to be 1000 kg/m?3.
From the formula mentioned above, the water storage variation encompasses various
components such as surface water, groundwater, and other relevant factors.

3.1.2. Filtering Method for GRACE Data

The errors of GRACE spherical harmonic coefficients increase with higher degrees, and
there is a strong correlation between odd-degree coefficients and odd-degree coefficients,
as well as between even-degree coefficients and even-degree coefficients, when coefficients
with the same degree m are compared. However, there is no such pattern observed for
coefficients with different parity. The phenomenon manifests as a north—south “striping
effect” in the spatial domain [44,57-59]. After the substitution of low-degree terms, further
processing is required for GRACE spherical harmonic coefficients. Gaussian smoothing and


https://cds.climate.copernicus.eu/cdsapp#!/search
https://cds.climate.copernicus.eu/cdsapp#!/search

Remote Sens. 2023, 15, 5125

7 of 25

decorrelation filtering of high-degree terms are necessary to mitigate the influence of noise
on the coefficients. Gaussian smoothing can effectively reduce the impact of high-degree
noise in the GRACE data and partially eliminate some north—south striping. However,
using a large Gaussian filter radius can lead to issues such as signal leakage or attenuation.
On the other hand, decorrelation filtering can effectively address striping errors. After
multiple experiments, this study found that the combination of Gaussian smoothing with a
radius of 300 km and high-order decorrelation filtering (P4M6) achieved the best filtering
effect. This method effectively removes high-frequency noise and north-south strip errors
in the GRACE signal without causing excessive signal distortion due to a large filtering
radius.

1
Wo = " 4)
1 {1+ 1
“ = o <1—zb - b) ©
214+1
Wi =——"FW+w (6)

b
Among them, Wy, Wy, and W1 represent the weights for the Oth, 1st, and (I 4 1)th

orders, respectively, b = 1-!2152(1) . After filtering, Equation (2) becomes the following:
27TA0e oo - 21+1 .
Ao(6,¢) = 3Pe 52 0 Z5u—oWiPiy (cos 0) Ekz+1; (ACyycosmep + ASp,sinmep) — (7)

Gaussian filtering can effectively suppress the influence of noise. Although expanding
the radius of Gaussian filtering can also remove striping to some extent, it may introduce
signal leakage and decay issues. In order to eliminate noise without significantly affecting
the original signal, decorrelation filtering is introduced to remove the north-south striping.
The formula for decorrelation filtering is as follows:

_ P
ACim =) Qpl’ ®)
i=0

where ACy,, (dimensionless)represents the pth order fitting result of the spherical harmonic
coefficients and Qj,, (dimensionless) represents the fitting coefficients.

3.1.3. Inversion of Water Storage Variations

As mentioned in Section 3.1.1, the calculation is performed using truncated spherical
harmonic signals, which inevitably leads to signal attenuation and leakage. Moreover,
the error in the GRACE signal is significantly larger for orders beyond 60. Therefore, it
is common practice to truncate the orders to 60 for mass variation inversion. The process
of Gaussian filtering further attenuates the signal and causes leakage to other regions. In
this study, the issue mentioned above is addressed using an iterative recovery inversion
method.

The specific steps are as follows:

(1) Smooth the equivalent water height observations, EWHO0, obtained after Gaussian
filtering. This is referred to as the original model.

(2) Expand the original model, EWHO, into spherical harmonics and apply the same
smoothing method as in step (1) to obtain the recovered signal, EWHI.

(3) Expand EWHI into spherical harmonics and calculate the difference between the
GRACE observations and the recovered signal (EWH1-EWHO0), denoted as EWH2.
Also, calculate AEWH = EWH2 — EWHO.
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(4) Set EWHO = EWH2 and repeat steps (1-3) iteratively until AEWH is below a specified
threshold or the predetermined number of iterations is reached (The threshold set in
this study was determined through multiple experiments to be 15) [46].

3.2. Estimation of TWS Changes from GLDAS Model

The changes in terrestrial water storage can also be simulated using hydrological
models:
GLDASTwsc = SMS + SWS+CWS )

Among them, Soil Moisture Storage (SMS), Snow Water Storage (SWS), and Canopy
Water Storage (CWS) represent the equivalent soil moisture, snow water equivalent, and
canopy water equivalent, respectively. Before plugging them into the formula, further
processing is required: the sums of these three data groups are globally expanded into
spherical harmonics and truncated to 60 degrees. After applying the same filtering method
as GRACE, spherical synthesis is performed and subtracted from their respective time
series’ annual mean values.

3.3. Dynamic Monitoring of Water Level Changes

To further reveal the hydrological characteristics of PLB, the Mann—-Kendall (M-K) non-
parametric test is employed to analyze the hydrological changes, trends, and magnitudes of
PLB. M-K is a non-parametric statistical test method [60]. It was initially proposed by Mann
in 1945 and further improved by Kendall and Sneyers [61]. Its advantages include not
requiring the measured values to follow a normal distribution, not assuming linearity of
the trend, and being unaffected by missing values and outliers. It has been widely applied
in trend significance testing of long time series data [62]. The statistical test method is as
follows (all of them are dimensionless):

Vo) ° > 0)
z={ 0(S=0) (10)
S+1
VTS (§<0)
s = e i sgn(xj —x;) (11)
i=1 j=it1
-1(60<0)
sgn(f) = { 0(0=0) (12)
1(0>0)
E(s)=0 (13)
Var(s):n(n—l)(Zn—l—S) (14)

18

3.4. Evaluating Changes in Flooded Area Based on Radar Image Data

The utilization of satellite remote sensing images to obtain water information for
large-scale water body identification and monitoring has garnered considerable attention.
Optical remote sensing images are commonly employed to extract water bodies based on
their spectral characteristics. In recent years, radar image technology has rapidly advanced
and been applied in the field of water body extraction. Commonly used methods for
extracting water bodies based on radar images include thresholding, filtering, DEM-based
approaches, and gray-level co-occurrence matrix-based approaches [63—65]. The grayscale
threshold segmentation methods currently applied most frequently include the maximum
between-class variance algorithm, entropy thresholding method, and bimodal histogram
method. The maximum between-class variance method used in this study was proposed
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by Nobuyuki Otsu in 1979 and is an adaptive threshold determination method [66]. The
algorithm assumes that image pixels can be divided into background and target parts based
on a threshold. Then, it calculates the optimal threshold to distinguish these two types of
pixels, maximizing the discrimination between them.

3.5. Vegetation Index from MODIS Data

The Normalized Difference Vegetation Index (NDVI) is a remote sensing index used
to assess vegetation condition and growth vitality. It characterizes the extent of vegeta-
tion coverage by calculating the difference between visible light and near-infrared band
reflectance [67]. The following formula is used to calculate NDVI:

NIR — R

DVl = ————
N NIR +R

(15)

In Equation (15), NIR refers to the reflectance value in the near-infrared band of the
remote sensing image, and R refers to the reflectance value in the red band of the remote
sensing image. The NDVI values range from —1 to +1. Values closer to +1 indicate a higher
vegetation coverage, while values closer to —1 indicate a lack of vegetation coverage. The
data are sourced from MODIS.

4. Results and Analysis
4.1. Variations of PLB’s Water Storage

To evaluate the inversion results of the GRACE model using the spherical harmonic
coefficient method, this study selected the spherical harmonic coefficient data from the
RLO6 version of three institutions, namely CSR, GFZ, and JPL, for July 2021. By combining a
300 km Gaussian filter and Swenson P4M6 decorrelation filter, as well as the signal leakage
correction iterative recovery method, the distribution of TWS variations was inverted. At
the same time, this study selected two GRACE Mascon datasets, namely CSR Mascon and
the global land surface model GLDAS, for validation. The results are shown in Figure 2,
which indicates that the water storage variation in Poyang Lake exhibits overall stability,
but also demonstrates different distribution patterns in local areas. There is a trend of water
storage in the northwest direction of the basin, while the water volume in the southeastern
region of the basin is rapidly depleting. After comparison, it was found that the inversion
results of the spherical harmonic coefficients published by CSR, GFZ, and JPL are consistent
with the trend distribution of the Mascon results. However, the water storage variation
is underestimated. The inversion results of the leak-corrected CSR spherical harmonic
coefficients are closest to the Mascon results, indicating that the water storage variation
based on GRACE spherical harmonic coefficients has a high level of accuracy. However,
the water storage variation based on the GLDAS hydrological model is not significant
enough. Although the local water storage characteristics can be observed, the amplitude is
small. This may be due to errors in the GLDAS model itself and unknown quality factors.
Many studies have shown that the water storage variation estimated by GLDAS is mainly
underestimated due to the inability to account for changes in groundwater storage [68-70].
This underestimation is most pronounced in the annual amplitude [71-74]. In summary,
the spherical harmonic coefficient method performed well and could accurately capture
the water storage status in different regions, showing good agreement with the Mascon
model results. However, GLDAS performed poorly, with a more severe underestimation of
water storage.
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Figure 2. Comparison of spatial distribution of TWS variations in the PLB for July 2021 using different
datasets. (a—f) represent the spatial distribution results of TWS variations obtained from the CSR
spherical harmonic coefficient dataset, GFZ spherical harmonic coefficient dataset, JPL spherical
harmonic coefficient dataset, CSR Mascon dataset, CSR spherical harmonic coefficient dataset with
leakage correction, and GLDAS hydrological model calculations, respectively. (The resolution of all
six images is consistent, and different color bars have been set for each).

Figure 3 presents a comparison of the time series of water storage variations in the
PLB from June 2018 to December 2022, as obtained from four different datasets. The leaked-
corrected spherical harmonic coefficient inversion results exhibited the closest resemblance
to the Mascon product results. Notably, the peak and trough variations in TWS in 2019,
2020, and 2022 were significantly underestimated, and the maximum values occurred
earlier. In June 2022, there was a sudden decrease in TWS, followed by a gradual recovery
starting in November. From July to the end of 2022, a significant negative anomaly in
TWS was observed. The negative anomaly period in 2022 was longer compared to the
years 2018-2021, and the point at which the negative anomaly in TWS ends is still not
observed on the comparison shown in Figure 3. The drought event occurring in the PLB
will continue to develop, and the actual duration of the negative anomaly in TWS will be
longer. Furthermore, the magnitude of the negative anomaly in TWS in 2022 was smaller
compared to other years, indicating a deeper impact from the drought.
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Figure 3. Comparison of TWS variations sequences obtained from different datasets (the labels from
left to right, respectively, represent the time series of TWS changes obtained by the CSR Mascon
dataset, CSR spherical harmonic coefficient dataset with leakage correction, GLDAS hydrological
model, and CSR spherical harmonic coefficient dataset) in PLB from June 2018 to December 2022.

The time points at which the four sequences reach their peaks and troughs were
basically the same, indicating that the oscillation period and phase of the inverted TWS
variations are consistent. Moreover, the magnitudes of the peaks and troughs were also
similar, indicating similar amplitudes of the sequences. Compared to the results of GRACE
spherical harmonic coefficients, GLDAS exhibited a smaller amplitude and inconsistent
phase.

Table 1 presents a comparison of sequence parameters obtained from six different
datasets, including trend, annual amplitude and phase, and semi-annual amplitude and
phase. It can be observed that the parameter results are essentially the same as the sequence
results. Specifically, the parameters of the six sequences obtained from the GRACE dataset
are consistent. The PLB experienced a year-on-year decline from 2018 to 2022, with a trend
of approximately —1.526 cm/year. The annual component plays a dominant role in the
periodic fluctuations of TWS variations and is approximately five times the amplitude of
the semi-annual component, averaging over 83 mm. The average annual phase of 27.31°
obtained from the first three datasets reveals the erratic fluctuations in water volume in the
PLB in recent years, which have been influenced by climate. The trend component results
of the TWS time series not only demonstrate the favorable performance of the GRACE
data analyzed in this study but also reveal the future trends of drought in the PLB. This
information can assist relevant authorities in making more informed and timely decisions
for the utilization and management of water resources.

To analyze non-seasonal abnormal conditions of drought, the seasonal variations were
removed from the original TWS. As shown in Figure 4, short-term negative TWS anomalies
occurred in 2019 and 2021, while a long-term negative anomaly was detected in 2022 (from
July to the end of 2022), consistent with the drought conditions observed in Figure 3. This
reflects a severe drought event in the PLB in 2022.
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Table 1. Comparison of decomposed results of the TWS variations time series in the PLB obtained
from different datasets, covering the period from June 2018 to December 2022.

Dataset Trend Amplitude 1 Phase 1 Amplitude 2 Phase 2
(cm/yr) (Annual Cycle) ©) (Semi-Annual Cycle) ©)
CSR —0.87 —5.14 7.64 1.30 —6.25
JPL —0.78 —5.14 10.94 122 —9.29
GFzZ —0.72 —5.08 6.35 1.22 —12.14
FM CSR —1.53 —8.43 25.43 1.73 27.44
CSR Mascon —1.65 —11.00 21.56 2.26 10.14
GLDAS —0.63 —4.87 34.96 0.49 —37.19
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Figure 4. Comparison of TWS variations sequences obtained from different datasets (the labels from
left to right, respectively, represent the CSR Mascon dataset, CSR spherical harmonic coefficient
dataset with leakage correction, GLDAS hydrological model, and CSR spherical harmonic coefficient
dataset) in PLB from June 2018 to December 2022 (non—seasonal).

4.2. The Water Level Dynamics of PLB

In this study, data collected from the Inland Waters Hydrology Time Series Database
released by the Technical University of Munich, Germany, and in situ data collected by
the Jiangxi Provincial Department of Water Resources were used to evaluate the water
level of Poyang Lake. The Hukou station in the PLB was selected for this assessment.
The year 2022 witnessed the most drastic water level fluctuations in the past decade (see
Figure 5), with the lowest water level reaching approximately 30% of the highest water
level. The water level started to decline as early as June, earlier than in other years, and
continued to decrease until October before showing slight recovery. The decline in water
level may be linked to human activities [75,76]. The recovery period of the water level was
delayed compared to other years (see Figure 6a). From July, the monthly average water
level in 2022 was significantly lower than the mean (monthly mean from 2000 to 2023),
particularly in September when it dropped to 49% of the mean. The amplitude of water
level fluctuations was substantial. The annual average water level was only 10.75 m, which
was a 22% decrease compared to the water level in 2020 and significantly lower than the
average annual water level of the past decade. It should be noted that 2022 was the driest
year in nearly 20 years, except for 2011. The drought event in 2022 lasted for a long duration
and was severe in intensity.
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Figure 5. (a-i) represent the monthly average water level statistical information (including maximum,

minimum, and mean values) of Hukou Station obtained from on-site observations during the period

from 2014 to 2022, respectively.
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Figure 6. Comparison of the water levels for the same period. (a) Daily variations in water levels for the
years 2016, 2018, 2019, 2020, and 2022; (b) monthly average water levels for the year 2022 represented by
yellow bars, and monthly average water levels from 2000 to 2023 represented by blue bars.



Remote Sens. 2023, 15, 5125

14 of 25

The MK trend test for the Hukou station in Poyang Lake is shown in Figure 7. The
results indicate that there was a corresponding trend change in the water level at the Hukou
station. From 2003 to 2016, the water level showed a decreasing trend, representing a period
of low water levels. From 2016 to 2023, the annual average water level test results showed
fluctuation around zero on the UF line, indicating that the water level changes during this
period exhibited volatility. The water level of the lake showed an upward trend from 2019
to 2020. The upward trend slowed down after 2021 and eventually turned into a downward
trend in 2022. The M-K abrupt change test shows that the UF line intersects with the UB
line in July 2022, and the intersection falls within the confidence interval [-1.96, 1.96]. This
indicates a significant abrupt decrease in water level around July 2022. In addition, the MK
trend test accurately detected the severe drought events that occurred in 2000, 2001, 2011,
and 2013 [77-79].
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Figure 7. The average annual water level changes at Hukou Station from 2000 to 2022 were analyzed.
(a) Rankings of the average annual water levels from 2000 to 2023 are displayed above the bars;
(b) The trend analysis of the annual average water levels from 2000 to 2022 was conducted using the
M—K test. The resulting plot includes the orange-red line representing the UF statistic, the purple
line representing the UK statistic, and the black dashed lines representing the critical lines at the
significance level of o = 0.05 (statistical values of +1.96).

To enhance the reliability assessment of the GRACE model results, a comparison was
conducted among the equivalent water height in PLB, in situ observations, and DAHITI
data (Figure 8). The variation in TWS was consistent with the water level changes, con-
firming the reliability of the GRACE estimation of PLB’s water storage changes. It can also
be observed that the DAHITI data tend to significantly underestimate or overestimate the
water level peaks and valleys.
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Figure 8. The comparison of terrestrial water storage anomalies (TWSAs) in the PLB includes data
obtained from the GRACE gravity field model covering from June 2018 to December 2022 (blue line),
water levels derived from the DAHITI dataset spanning from 27 January 2018 to 25 May 2023 (orange
line), and observed water level data from the Hukou station encompassing from 1 January 2018 to 13
July 2023 (purple line). The data period is restricted from January 2018 to July 2023. The inconsistent
data spans and sampling intervals are due to variations in data availability.

4.3. Water Body Changes in Poyang Lake

In order to analyze the changes in the area of Poyang Lake, SAR data were used
to calculate the lake area from July 2018 to June 2023. The surface time series obtained
from DAHITI utilized optical imagery data from Landsat and Sentinel-2 from July 1986 to
February 2021, combined with five water indices to extract water bodies. The data have a
certain level of reliability. As shown in Figure 9, the surface area time series obtained from
DAHITI was used to validate the area time series evaluated from SAR imagery data. The
results show a fitting accuracy of 0.88 between the two datasets. However, the DAHITI
area data have issues such as data gaps and inconsistency, which cannot accurately reflect
the area during certain time periods.
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Figure 9. The SAR area from 2018 to 2021, the DAHITI area from 2018 to 2021, and the residuals
between them.
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Figure 10 presents the monthly average area time series of Poyang Lake from January
2018 to June 2023, calculated and processed using SAR image data. The submerged area
of the lake exhibits a pronounced trend of variability. Notably, from August to November
2022, the submerged area reached its minimum, measuring approximately 1000 km?. The
results show that the lake area, calculated from SAR image data recorded on August 27th,
reached a minimum of 814 km?. Throughout the study period (2018 to 2023), significant
interannual variations in the submerged area were observed. The maximum submerged
area was recorded in July 2020, expanding to over 4000 square kilometers, which aligns
with the documented flood event that occurred during that period. Moreover, the minimum
area observed in 2022 coincided with the documented drought in the middle and lower
reaches of the Yangtze River. Furthermore, the TWS variations observed by the GRACE
model also demonstrate consistent variations with the trends in the SAR area series. June
2022 served as a turning point, with a sudden decrease in the area, followed by fluctuations
around 1000 km? from September to December. There was a slight recovery in the area at
the beginning of 2023. The results confirm that SAR image data can also reflect the changes
in water storage in the PLB.
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Figure 10. The monthly time series data of Poyang Lake area assessed by SAR images and the
monthly time series data of TWSA in the PLB obtained from the GRACE gravity field model from
2018 to 2023.

The division of water and non-water areas was accomplished by employing the
threshold calculated using the maximum between-class variance. The period from June to
August is typically recognized as the flood season. For this study, early August was selected
as the research timeframe to analyze the lake area from 2015 to 2022. Figure 11 illustrates
that the water mask area of Poyang Lake reached its peak in both 2016 and 2020, while it
was the lowest in 2022. This observation aligns with the water level and GRACE results.
By conducting a comparison, it becomes evident that there was a significant decreasing
trend in the water area during 2022, indicating the occurrence of a severe drought and an
earlier onset of the dry season.
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Figure 11. The water bodies of Poyang Lake extracted from SAR image data in early August from
2015 to 2022. (a-h) The dark green areas represent the water body regions extracted for each year,
while the orange-red area represents the water body of Poyang Lake in early August 2022 used for
comparison.

4.4. Comprehensive Analysis of PLB Drought Conditions

The variations in water storage monitored by the GRACE satellite, changes in the
lake water body area observed by the Sentinel-1 satellite, and fluctuations in lake water
levels obtained from field data acquisition can provide a comprehensive analysis of the
drought phenomenon in 2022. In addition, normalized vegetation indices and precipitation
data are commonly used as auxiliary indicators and data for monitoring and assessing the
severity and spatial distribution of drought. By integrating data from these indicators, a
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more comprehensive assessment of the extent and impacts of drought can be achieved.
From Figure 12 and the Appendix A, it can be observed that the vegetation index in the
PLB from June to October 2022 was significantly lower than the same period in other
years, and the decrease occurred approximately one month later than the inflection point of
declining water storage. This situation was widely observed throughout the entire Jiangxi
province. However, by November—December, there was some improvement in vegetation
growth, and the total water storage variation derived from GRACE satellite data showed a
rebound in November. This indicates that vegetation growth in 2022 was severely affected
by drought and to some extent reflected the severity of the drought.
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Figure 12. Difference in vegetation normalization index between 2018 and 2022 (subtract the data
from 2022 at the same time period from the data of the past 18 years). (a-h) represents the differences
for the months from June to December and the following January of the next year.

Precipitation data are one of the important indicators for monitoring drought. When
dividing the entire year into the dry season (March—August) and rainy season (September—
February) based on the percentage of monthly average precipitation to annual precipitation,
the rainy season accounts for 74.1% of the annual precipitation. The highest cumulative
precipitation during the rainy season was recorded in 2020, reaching 1524.1 mm. In July
2020, the water body area reached its maximum in nearly five years. In contrast, the
cumulative precipitation in the rainy season of 2022 was only 1316.9 mm. Comparing the
precipitation data obtained from GPM with the TWS derived from GRACE calculations (see
Figure 13), they show consistency, with TWS exhibiting a noticeable lag of approximately
1-2 months. However, solely relying on this comparison cannot determine whether the
cause of drought is primarily driven by a decrease in precipitation.

Furthermore, the analysis was conducted using the ERA5 reanalysis dataset to examine
the difference between evapotranspiration and precipitation data. As shown in Figure 14,
the diff (difference between precipitation and evaporation) was consistent with the trend of
the GRACE curve. During the drought period, the precipitation was significantly lower
than the evaporation, resulting in negative values for the diff, and the GRACE curve
also indicates a decrease in water volume. This consistency further confirms the close
association between precipitation, temperature, and drought events. It can be reasonably
inferred that the prolonged insufficient precipitation and extensive evapotranspiration are
the direct drivers exacerbating this drought.
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Figure 13. The monthly time series data of precipitation in the PLB from 2018 to 2022 and the monthly
time series data of TWSA in the PLB obtained from the GRACE gravity field model.
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Figure 14. The difference of precipitation and evapotranspiration in PLB from 2018 to 2022. “Devia-
tion” represents the difference between precipitation and evapotranspiration (purple line), while the
red bars and blue bars represent precipitation and evaporation, respectively. The precipitation and
evapotranspiration data are sourced from the ERA5 reanalysis dataset. The yellow coordinate axis
lines represent the range of the purple line.

5. Discussion

This study primarily utilized the monthly scale gravity field model derived from
GRACE-FO to calculate the changes in TWS, which served as the main indicator reflect-
ing the severity, extent, and duration of drought in the PLB in 2022. It monitored and
analyzed the hydrological conditions in the PLB from June 2018 to December 2022, suc-
cessfully detecting the extreme drought event that occurred in 2022. However, due to the
approximately one-year gap between the GRACE mission and the GRACE-FO mission, the
obtained GRACE data suffer from a short time span, which partially weakens the general
applicability of the conclusions. In future research, efforts will be made to overcome this
issue and fill in the data gaps during the transition from GRACE to GRACE-FO missions.

The results obtained from the processing of GRACE data show good consistency with
water level data and SAR area. However, it should be noted that the various parameters
involved in the GRACE data processing used in this study, such as the Gaussian filtering
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radius, are specifically tailored for the PLB, and the selection of these parameters can affect
the efficiency of the iterative recovery method. In future research, factors such as the basin
area and parameter selection will be taken into consideration for further investigation.

In addition, this study comprehensively reflects the drought situation using multiple
sources of data and speculates on the causes of drought, attributing insufficient precipitation
and excessive evapotranspiration as direct triggers. A significant body of research suggests
that the underlying reasons for this drought in the Yangtze River and its tributaries are
influenced by the El Nifio/Southern Oscillation with a lag effect [31,80]. Further research
will delve into deeper levels of analysis to prepare for prediction and historical estimation.

To further validate the SAR area time series, external water level data from the on-site
Hukou station and DAHITI were utilized. Figure 15 clearly demonstrates the relationship
between water level and lake surface area by fitting linear and polynomial functions to
the data. Furthermore, ten-fold cross-validation was performed using the obtained linear
model. It can be observed from Figure 15¢,d that the models obtained by linear and cubic
fitting of the measured water level data and SAR area achieved the highest accuracy, with
ten-fold cross-validation R? exceeding 0.88, indicating the strong generalization ability of
the models. From Figure 15e,f, when replacing the SAR area data with DAHITI area data,
the ten-fold cross-validation R? was slightly lower than the SAR results. However, the R
values obtained from linear and polynomial fitting of DAHITI water level data and DAHITI
area data were significantly lower than the fitting accuracy of the measured water level
data and area, indicating the low accuracy of DAHITI water level data (see Figure 15a,b)).
This further confirms the good accuracy of lake area calculations in this study.
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Figure 15. The relationship between the area and water level of Poyang Lake. (a,b) represent the linear
and quadratic fitting results of DAHITI water level and DAHITI area from June 2002 to February 2021.
(c,d) represent the linear and cubic fitting results of measured water level data from Hukou station and
SAR area from January 2018 to June 2023. (e,f) represent the linear and cubic fitting results of measured
water level data from Hukou station and DAHITI area from June 2002 to February 2021. The left column
displays the results of linear fitting, while the right column displays the results of non—linear fitting
(we conducted quadratic and cubic non—linear fitting, retaining the best non-linear fitting result). The
inconsistent data spans and sampling intervals are due to variations in data availability.



Remote Sens. 2023, 15, 5125

21 of 25

6. Conclusions

This study primarily utilized the monthly scale gravity field model derived from
GRACE-FO to invert the TWS variations, which served as the main indicator for inferring
the drought severity, extent, and duration in the PLB in 2022. High spatiotemporal resolu-
tion data on water storage changes in the PLB were obtained, allowing for the identification
of the extreme drought event in 2022 and the flood event in 2020. Additionally, multiple
monitoring approaches, including rainfall, elevation measurements, and water level data,
were integrated to comprehensively monitor drought events in the basin, supplementing
the means of drought monitoring and providing data support for drought prevention
and control. The extreme drought event in the PLB in 2022 was identified based on the
following research results:

(1) The sustained negative TWS anomaly observed in the PLB in 2022, from July to
December, by GRACE-FO and GLDAS.

(2) Long-term data indicated an extended period of abnormally low water levels, with a
continuous decline from June to October 2022, reaching a minimum water level of
only 6.4 m. Furthermore, the M-K trend test was utilized to capture a sudden change
in water levels that occurred in July 2022.

(3) The minimum lake area in nearly five years, obtained from SAR image data, occurred
in 2022 with an area of only 814 km?.

(4) It was observed that there was a highly inadequate precipitation during the summer
of 2022, with only 7.161 mm of rainfall in the PLB in September.

Furthermore, the vegetation index corresponded to the occurrence of extreme drought
events, manifesting as a temporal lag of approximately one month compared to TWS
variations, and in terms of spatial extent, it resulted in persistent water shortages that
impacted vegetation growth across almost the entire PLB.

In conclusion, the characteristics of the extreme drought in the PLB in 2022 are the
anomalous TWS observed by GRACE-FO and GLDAS, insulfficient precipitation, extremely
low water levels, and continuous widespread shrinkage of the lake area. The data show
that the extreme drought event in the PLB in 2022 had a long duration, wide-ranging
impacts, and high intensity.

Additionally, this study also identified a flood event in 2020, which to some extent
demonstrates the suitability of the methods and analysis applied in this research to study
flood events. Moreover, the methodology of this study provides a prior basis for establish-
ing more accurate drought models in the PLB in subsequent studies.
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Figure A1. Difference in vegetation normalization index between 2019 and 2022 (former minus latter).
(a—h) represent the differences for the months from June to December and the following January of
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