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Abstract 
Objective: In recent years, with ongoing climate change and the increasing fre-
quency of extreme weather events, drought disasters have become increasingly 
prominent. By utilizing existing precipitation observation data from meteoro-
logical stations, investigating the propagation patterns between meteorological 
and hydrological droughts in the Shijiu Lake area can help scientifically formu-
late hydrological drought response strategies, improve water resource dispatch 
efficiency within the lake region, and enhance disaster prevention and mitigation 
capabilities. Methods: This study focuses on Shijiu Lake as the research subject. 
Based on the Global Surface Water Mapping Layers V1.4 product (hereafter re-
ferred to as GSWE), monthly lake water surface areas of Shijiu Lake from 1990 
to 2021 were extracted to identify the hydrological drought characteristics within 
the lake region. Combined with monthly precipitation observation data from the 
surrounding Lishui China National Basic Meteorological Station (Station ID: 
58340) and the Gaochun China National Basic Meteorological Station (Station 
ID: 58339), the meteorological drought characteristics of the area where the lake 
is located were identified. An event-based drought propagation analysis method 
was applied to reveal the lag time of hydrological drought formation following 
the occurrence of meteorological drought in the Shijiu Lake basin. Conclusion: 
1) Between 1990 and 2021, hydrological and meteorological droughts occurred 
most frequently in winter and spring within the Shijiu Lake area, requiring par-
ticular attention. 2) The direct impact of precipitation reduction on lake water 
surface area in the Shijiu Lake area lasts approximately 3 months, with the most 
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pronounced effect occurring at around 2 months. 3) The average propagation 
time from meteorological to hydrological drought in this region is 1.6 months. 
When it is predicted that meteorological drought of moderate intensity or above 
(SPI < −1.0) will occur in this region at the 9-month SPI time scale, attention 
should be paid to the potential occurrence of hydrological drought, and relevant 
water resource dispatch plans should be prepared in advance. 
 

Keywords 
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1. Introduction 

In recent years, with the increasing frequency of extreme weather events, drought 
occurrences have also become more frequent. In China, the average annual area 
affected by drought reaches 2.16 × 105 km2, accounting for over 60% of the total 
area impacted by meteorological disasters, with resulting grain losses exceeding 10 
billion kg per year (Lai et al., 2020). 

Meteorological drought typically serves as the starting point of drought evolu-
tion. Precipitation deficits propagate progressively through the hydrological cy-
cle into soil moisture, surface runoff, and groundwater systems, ultimately evolv-
ing into hydrological drought (Van Loon & Laaha, 2015). Using satellite-based 
dynamic monitoring of water surface area as a hydrological drought indicator and 
characterizing the meteorological-hydrological drought propagation patterns has 
emerged as a burgeoning research hotspot in domestic and international drought 
studies in recent years. Internationally, Pekel et al. (2016) constructed a 30 m res-
olution global surface water dataset (JRC GSWE) based on approximately 3 mil-
lion Landsat scenes, revealing a net loss of approximately 9 × 104 km2 in global 
permanent surface water during 1984-2015, with over 70% concentrated in the 
Middle East and Central Asia, thereby establishing a data foundation for water-
area-based drought monitoring. Li et al. (2025a) fused MODIS and Landsat data 
through deep learning to produce monthly 30 m resolution water area maps for 
approximately 1.4 million lakes globally during 2001-2023, finding that seasonal 
dynamics dominate 66% of global lake areas, and that seasonal extreme events can 
double the shrinkage of contracting lakes within short periods or fully offset the 
expansion of growing lakes, underscoring the significant impact of extreme cli-
mate on lake hydrological processes. Domestic studies have predominantly fo-
cused on Poyang Lake as a representative study area: for instance, Zheng et al. 
(2025) reconstructed monthly water surface areas for 2000-2023 based on Land-
sat-MODIS data, proposed using a Standardized Water Index (SWI) to identify 
hydrological drought, and revealed a lag of approximately 2 months in the prop-
agation from meteorological drought in the inflow catchments (Xiushui, Xinjiang, 
and Raohe rivers) to hydrological drought in the lake region; Xiong et al. (2025) 
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developed a Dynamic Water Drought Index (DWI) based on the GLAD-GSWD 
dynamic water product, finding that DWI was significantly and positively correlated 
with SPI in 88.2% of sub-basins in the middle reaches of the Yangtze River during 
1999-2020, with a median meteorological-hydrological propagation lag of 6 months; 
Ye et al. (2025) proposed a Standardized Hydrological Drought Index based on in-
undation area, demonstrating that station-based water level indices involve consid-
erable uncertainty in characterizing the overall hydrological drought of Poyang Lake, 
whereas inundation area indices offer greater reliability; Yuan et al. (2025) traced 
the inundation area of Poyang Lake during 1994-2023 using Landsat imagery, find-
ing that the annual minimum inundation area decreased significantly at a rate of 
−21.51 km2/a, indicating increasingly severe hydrological drought; Qi et al. (2025) 
developed a seasonal Surface Water Area (SWA) product for the middle and lower 
reaches of the Yangtze River, confirming that SWA exhibited the strongest correla-
tion with precipitation and drought indices in most sub-basins. In summary, domes-
tic and international studies collectively demonstrate that changes in water surface 
area monitored via remote sensing can intuitively reflect the hydrological drought 
conditions of a region. By investigating the propagation patterns between hydrolog-
ical and meteorological drought, meteorological drought can be leveraged to pro-
vide early warning of hydrological drought, thereby substantially extending the lead 
time for hydrological drought warning, which is of significant indicative value for 
the early warning and monitoring of regional drought conditions. 

The total available water resources of the Shijiu Lake area account for approxi-
mately 52% of the total available water resources of Lishui District. When the water 
level of Gucheng Lake in Gaochun District falls below 7.00 m, water is diverted from 
Shijiu Lake for replenishment. Currently, Shijiu Lake is replenished by Gucheng 
Lake and surrounding small and medium-sized reservoirs such as Zhongshan and 
Fangbian (Li et al., 2025b), and its water resources play a vital role in agricultural 
production and the characteristic crab aquaculture in the surrounding lake region. 
Therefore, by utilizing measured meteorological data combined with lake surface 
area data retrieved through satellite remote sensing, this study conducts an in-depth 
investigation of the propagation relationship between hydrological drought and me-
teorological drought within this region, aiming to provide early warning of impend-
ing hydrological drought based on variations in measured precipitation and to offer 
scientific reference for regional water resource allocation, striving to substantially 
reduce drought-induced economic losses related to agricultural production. 

2. Study Area and Data Sources 
2.1. Study Area Overview 

Shijiu Lake (118˚46'E - 118˚56'E, 31˚23'N - 31˚33'N) is situated at the junction 
of Lishui District and Gaochun District of Nanjing City, Jiangsu Province, and 
Ma’anshan City, Anhui Province. It receives inflows from the Shuiyang River, Qingyi 
River, and Zhanghe River, draining the mountainous regions of southern Anhui, 
as well as the Xinqiao River and Natural Bridge within Lishui District, and ulti-
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mately discharges into the Yangtze River via the Guxi River and Qingshui River 
(Yu et al., 2010), belonging to the Yangtze River basin. The highest water level oc-
curs from July to August, whereas the lowest water level occurs from December 
to March of the following year. The total water surface area of Shijiu Lake is 212.22 
km2, and the elevation of the deepest lake bottom ranges from 4.43 to 4.93 m. The 
lake region is rich in aquatic products, among which the “Three Delicacies”—
icefish, crabs, and wild ducks—are the most renowned. 

2.2. Data 
2.2.1. Global Surface Water Mapping Layers 
The primary dataset used in this study to extract the water surface area of Shijiu 
Lake during 1990-2021 is the Global Surface Water Mapping Layers V1.4 prod-
uct (hereafter referred to as GSWE) provided by the Joint Research Centre (JRC) 
of the European Commission. 

2.2.2. Precipitation Data 

 
Note: Administrative boundary of Nanjing: derived from the basic geographic information 
data of the Second National Land Survey of China, provided by the National Geomatics Cen-
ter of China (NGCC); Locations of the two national basic meteorological stations: plotted 
using the official longitude/latitude coordinates of the stations, obtained from the China Me-
teorological Administration/National Meteorological Information Center (CMA /NMIC). 

Figure 1. Distribution map of national basic and regional meteorological stations in Nan-
jing, China. 
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The precipitation data for 1990-2021 are obtained from the measured monthly pre-
cipitation records of the Lishui China National Basic Meteorological Station 
(Station ID: 58340) and the Gaochun China National Basic Meteorological Station 
(Station ID: 58339) (their specific locations are shown in Figure 1). This study 
employed monthly precipitation data, all derived from in-situ observations at me-
teorological stations. In accordance with the observation specifications of the China 
Meteorological Administration (CMA), these data underwent a rigorous quality-
control (QC) procedure and exhibit both completeness and representativeness. As 
Shijiu Lake is situated at the junction of Lishui District and Gaochun District of 
Nanjing City, Jiangsu Province, and Ma’anshan City, Anhui Province, the Lishui 
China National Basic Meteorological Station (Station ID: 58340) and the Gaochun 
China National Basic Meteorological Station (Station ID: 58339) were adopted in 
this study (Figure 1). The measured monthly precipitation data can truly reflect 
the variations of meteorological elements within the study area. 

2.2.3. Watershed Boundary Data 
The watershed boundary mask used for Lake Shijiu water-area extraction was de-
rived from the fundamental geographic information dataset of the Second Na-
tional Land Survey (2007-2009), administered by the former Ministry of Land and 
Resources (now the Ministry of Natural Resources) of China. The mask is a vector 
polygon delineating the lake’s basin/lake boundary, digitized from the hydrog-
raphy and administrative-boundary layers at a scale of (1:50,000) and referenced 
to the CGCS2000 coordinate system. The source dataset was quality-controlled 
through integrated interpretation and field verification, map-sheet edge-match-
ing, topological and attribute checks, and national-level accuracy assessment per 
the Technical Regulations for the Second National Land Survey (TD/T 1014-
2007). 

3. Data Processing 
3.1. Water Surface Area Data Extraction 

Surface-water detection in the JRC Global Surface Water (GSW) Monthly History 
product was performed with an expert-system classifier that assigns each Land-
sat pixel to water, non-water, or invalid observations (e.g., clouds, shadows, snow, 
ice) and generates monthly water-history maps by temporally collating these pixel 
classifications (water band encoding: 0 = no data, 1 = non-water, 2 = water; Pekel 
et al., 2016). To reconstruct a consistent Surface Water Inundation (SWI) time se-
ries for Shijiu Lake, dynamic water boundaries were first constrained using long-
term water occurrence (>5%) to isolate seasonally inundated zones, while narrow 
connected river channels and tributaries were decoupled by morphological open-
ing combined with seed-point connected-component labeling. To further mitigate 
contamination from invalid observations (clouds, shadows, and SLC-off gaps), 
monthly scenes with a valid-observation fraction below 70% were discarded, and 
the raw surface water extent in retained scenes was normalized by the valid-obser-
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vation ratio. 
Throughout the above procedure, all monthly water-history maps and the result-

ing water extents were strictly clipped to and aggregated within the Lake Shijiu wa-
tershed boundary mask described in Section 2.2.3. This polygon—delineating the 
lake basin from the Second National Land Survey dataset—constitutes the fixed spa-
tial domain for the monthly water-area calculation: only pixels falling inside the ba-
sin are retained for area summation, so that connected rivers, seasonally inundated 
peripheral wetlands, and terrain outside the basin are explicitly excluded, and any 
invalid observations occurring within the domain are handled as specified above. 

3.2. Standardized Drought Indices 

The Standardized Precipitation Index (SPI) and the Standardized Water Index (SWI, 
archived in this study as the Drought Water Index) were both derived by fitting a 
two-parameter Gamma distribution to their respective time series (McKee et al., 
1993; WMO, 2012; Nalbantis & Tsakiris, 2009). For a variable x > 0, the Gamma 
probability density function is 

( ) ( )
11 ea xf x x

a
β

αβ
− −=

Γ
 

where α > 0 and β > 0 are the shape and scale parameters, estimated by the method 
of moments independently for each calendar month (McKee et al., 1993; WMO, 
2012). For SPI, monthly precipitation was first accumulated over each considered 
time scale (1, 3, 6, and 9 months); the probability mass at zero precipitation was 
then accounted for by setting 

( ) ( ) ( )1G x q q F x= + −  

where q is the probability of zero precipitation and F(x) is the Gamma cumulative 
distribution function (McKee et al., 1993). For SWI, the monthly lake surface 
area—extracted from the JRC Global Surface Water dataset (Pekel et al., 2016)—
was used directly, so no zero-value correction was required (Nalbantis & Tsakiris, 
2009). The resulting cumulative probability was transformed to the standard nor-
mal distribution via the probit (inverse normal CDF) function, 

( ) ( )( )1SPI or SWI G x−= Φ  

so that both indices have zero mean and unit variance and are standardized sepa-
rately for each calendar month (McKee et al., 1993; Nalbantis & Tsakiris, 2009). 
A hydrological drought event was defined as a continuous period during which 
SWI remained below −0.5 for at least two consecutive months, with the −1.0 level 
denoting moderate or stronger hydrological drought (McKee et al., 1993; Nalbantis 
& Tsakiris, 2009). 

4. Results and Discussion 
4.1. Monthly Water Surface Area Data of Shijiu Lake 

Analysis of the water surface area data of Shijiu Lake retrieved from satellite remote 
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sensing reveals that Shijiu Lake is a distinctly seasonal lake (Figure 2): December 
to March of the following year constitutes the dry season, while April to October 
constitutes the wet season. Meanwhile, the largest standard deviation occurs in 
November (Figure 3), indicating drastic fluctuations in the lake water surface area 
during November. Analysis of the intra-annual variation coefficients of the lake wa-
ter surface area over the years (Figure 4) shows that the extreme ratio (Amax/Amin) 
ranges from 1.3 to 3.19, with the largest intra-annual fluctuation occurring in 1995 
(3.19). 

 

 
Figure 2. Shijiu Lake—monthly water surface area. 

 

 
Figure 3. Shijiu Lake—monthly standard deviation of lake area. 
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Figure 4. Shijiu Lake—annual extreme value ratio of water area. 

4.2. Analysis of Hydrological Drought Characteristics of Shijiu 
Lake 

 
Figure 5. Shijiu Lake monthly drought index (SWI) time series (1990-2021). 

 
Calculation of the water surface area drought index (SWI) for Shijiu Lake during 
1990-2021 reveals that drought-prone periods were concentrated in the early 1990s, 
as well as in 1995, 2001, 2004, and 2018-2019, among which 2001 had as many as 
8 drought months. The longest continuous drought occurred from July to Decem-
ber 2018 (spanning late summer to winter and lasting half a year); the most severe 
event was a two-month consecutive drought in late 1997, with an average SWI as 
low as −2.08, reaching the extreme drought level (Figure 5). The highest drought 
frequencies occurred in February, May, and July (34.38%), while the lowest was 
in October (18.75%). Although the mid-summer period (July-August) exhibits 
a relatively high mean value, its inter-annual variability is large and droughts may 
still occur (Figure 6). Seasonal variation analysis shows that the mean SWI in win-
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ter and spring is close to 0 and their drought frequencies are the highest, both at 
31.25% (Table 1). Therefore, these two seasons constitute the period with the 
highest hydrological drought risk and warrant particular attention. 

 

 
Figure 6. SPI Shijiu Lake SWI monthly climatology (1990-2021). 

 
Table 1. Shijiu Lake SWI seasonal variation. 

Season Mean SWI 
Standard 
Deviation 

Drought 
Months 

Drought 
Frequency 

Spring 0.0221 1.0001 30 31.25% 

Summer 0.2531 1.0683 27 28.12% 

Fall 0.1653 1.0296 23 23.96% 

Winter 0.0033 1.0436 30 31.25% 

4.3. Analysis of Meteorological Drought Characteristics in the 
Study Region 

Analysis of the four time-scale SPI series (1-month, 3-month, 6-month, and 9-
month) at the Gaochun Station (Station ID: 58339) reveals (Figure 7) that 1997 was 
the most drought-affected year in the medium-to-long term. Three significant 
drought periods occurred during 1991-1992, 1997, and 2011; in particular, the “suc-
cessive winter-spring drought” in early 2011 reached an extreme intensity of −2.95 
on the SPI-6 scale. Within the 32-year sample, approximately 30% of the months 
experienced droughts of varying degrees (SPI < −0.5), drought events in Shijiu Lake 
are dominated by mild drought, with total occurrence ranging from 28.8% (SPI-6) 
to 32.2% (SPI-9) (Figure 8 and Figure 9). Inter-seasonal differences are relatively 
small, but the tendency toward long-term winter drought (SPI-9) is the strongest 
(median = −0.14) (Figure 10). 
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Figure 7. SPI multi-time-scale time series 1990-2021. 

 

 
Figure 8. Drought frequency by time scale. 
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Figure 9. Drought frequency distribution by time scale. 

 

 
Figure 10. SPI distribution by season and time scale. 

4.4. Analysis of the Correspondence between Lake Water Surface 
Area and Precipitation 

Using the measured monthly cumulative rainfall data from the Lishui China Na-
tional Basic Meteorological Station (Station ID: 58340) and the Gaochun China 
National Basic Meteorological Station (Station ID: 58339), then lagging the lake 
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water surface area data on a monthly basis (Figures 11(a)-(b)), it was found that 
a positive correlation exists when the response time ranges from 0 to 4 months, 
whereas a negative correlation occurs when the response time exceeds 4 months. 
Furthermore, at a response time of 2 months, the correlation coefficients between 
the lake water surface area and the precipitation data of both stations reach their 
maxima, exhibiting a moderate correlation strength. This indicates that the pre-
cipitation in the current month exerts the most pronounced promoting effect on 
the lake water surface area two months later within this region. 

 

 
Figure 11. Correlation coefficient of propagation lag between rainfall and Shijiu Lake area. 

 
To distinguish the true lagged response of lake surface area to precipitation 

from the shared seasonal variation between the two series, we applied a standard-
ized monthly anomaly transformation to both the monthly precipitation and wa-
ter surface area (SWI) records prior to correlation analysis—i.e., by subtracting 
the climatological mean of each calendar month and dividing by the correspond-
ing monthly standard deviation—and evaluated statistical significance using the 
effective-sample-size approach of Pyper and Peterman (1998), which accounts for 
serial autocorrelation (effective sample size N_eff ≈ 360 - 378; the 95% significance 
threshold was approximately ±0.10). The results show that after removing the sea-
sonal cycle, both stations exhibit a significant positive lagged response of lake sur-
face area to precipitation. At Lishui station (58340), the response is significant at 
p < 0.01, while at Gaochun station (58339), the strongest response occurs at a lag 
of 1 month (p = 0.001). Taken together, the optimal lag time for meteorological-
to-hydrological drought propagation is approximately 1 - 2 months, and the sta-
tistical significance of the lagged correlations after deseasonalization confirms that 
this response is not a spurious correlation driven by shared seasonal variation. 

4.5. Analysis of the Propagation Patterns of  
Meteorological-Hydrological Drought 

Using the monthly precipitation data of the Lishui China National Basic Meteor-
ological Station (Station ID: 58340) and the Gaochun China National Basic Mete-
orological Station (Station ID: 58339), the SPI values at different time scales (1, 3, 
6, and 9 months) were calculated. Based on the SPI values, meteorological drought 
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was classified into mild drought (−1.0 < SPI < −0.5), moderate drought (−1.5 < 
SPI < −1.0), and severe drought (SPI < −1.5). Meanwhile, given that the influence 
of precipitation on the lake water surface area exhibits a weak-to-moderate posi-
tive correlation within a lag of 1 - 3 months in this region, the meteorological-
hydrological drought events occurring within the region were defined according 
to the following criteria (Kwon et al., 2019). 

1) The onset of a hydrological drought event cannot precede that of its corre-
sponding meteorological drought event. 2) A hydrological drought event cannot 
occur more than n = 3 months after the end of the meteorological drought. 3) A 
hydrological drought event is triggered when SWI ≤ −0.5 and terminated when 
SWI > −0.5, and each event can be triggered only once. 4) The propagation time 
is computed only from the first hydrological drought event falling within the me-
teorological drought’s duration. 

Based on this analysis (Figure 12): 1) The average propagation time from various 
types of meteorological drought events to hydrological drought is 1.56 months; 2) 
Based on the average of the two stations, when moderate meteorological drought 
occurs, the probability of hydrological drought occurrence is the highest, yet the 
propagation time is the longest, at 1.65 months; whereas when severe meteorolog-
ical drought occurs, the propagation time is the shortest, at 1.45 months. 3) At 
both stations, it is clearly evident that when the SPI time scale is 9 months and the 
meteorological drought intensity is moderate or above, the probability of hydro-
logical drought occurrence is the highest. 

 

 
Figure 12. Statistical characteristics of meteorological-hydrological drought propagation. 

5. Conclusion 

Based on the monthly water surface area data of Shijiu Lake during 1990-2021 ex-
tracted from the Global Surface Water Mapping Layers V1.4 product (hereafter re-
ferred to as GSWE), and the comparative analysis with the monthly precipitation 
data of the Lishui China National Basic Meteorological Station (Station ID: 58340) 
and the Gaochun China National Basic Meteorological Station (Station ID: 58339), 
this study reveals the correlation between hydrological drought and meteorologi-
cal drought in the Shijiu Lake area and draws the following conclusions: 

1) The frequencies of both hydrological drought and meteorological drought 
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are the highest in winter and spring within the Shijiu Lake region; 
2) The direct influence of reduced precipitation on the lake water surface area 

in the study region lasts approximately 3 months, being most pronounced at 
around 2 months. Therefore, when continuously low precipitation occurs in the 
region for more than or equal to 2 months, special attention should be paid to the 
changes in the water surface area of Shijiu Lake, and timely warning information 
can be issued; 

3) The average propagation time of meteorological-hydrological drought in this 
region is 1.6 months. When moderate or more severe meteorological drought 
(SPI < −1.0) at the 9-month SPI time scale is predicted to occur in the region, at-
tention should be paid to the possible occurrence of hydrological drought and rele-
vant water resource allocation should be planned in advance. 

The remote-sensing-retrieved water surface area data of Shijiu Lake obtained 
in this study reflect the variation patterns of the lake water surface area and can 
effectively identify hydrological drought events. Combined with the meteorologi-
cal drought indices derived from the measured monthly precipitation data of the 
Lishui China National Basic Meteorological Station (Station ID: 58340) and the 
Gaochun China National Basic Meteorological Station (Station ID: 58339), this study 
objectively reveals the propagation patterns of meteorological-hydrological drought 
in the Shijiu Lake region, providing important scientific reference and relevant data 
support for agricultural production, water resource allocation, and disaster preven-
tion and mitigation in the region. In the future, precipitation data from the Anhui 
region upstream of Shijiu Lake will also be incorporated to further analyze the oc-
currence and propagation mechanisms, scale effects, and influencing factors of 
drought in the Shijiu Lake area. 
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