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A B S T R A C T

Study region: Poyang Lake, China’s largest freshwater lake
Study focus: The water level variations of Poyang Lake and the combined effects of the upstream 
rivers and the Yangtze River during extreme drought events are not yet fully understood. In this 
study, the temporal and spatial variations of Poyang Lake’s water level and the river-lake in
teractions were investigated using mathematical statistics and regression models.
New hydrological insights for the region: Extreme drought occurrences in Poyang Lake have 
increased over fourfold compared to previous periods since the 21st century. The 2022 extreme 
drought represents the most intense, severe, and prolonged drought event in Poyang Lake since 
1956. It is characterized by unprecedented low water levels during both the flood and dry sea
sons. The study further emphasizes the changes in river-lake interactions during the extreme 
drought, indicating a reduced blocking effect of the Yangtze River on Poyang Lake during the 
flood season and a diminished emptying effect during the retreating and dry seasons. Compared 
to multi-year averages, reduced upstream discharge, Yangtze River flow, and the Three Gorges 
Dam operations during this drought contributed 23.68 %, 38.10 %, and 38.22 % respectively to 
the water level decline. During the drought period, both natural precipitation-driven flow in
crease in upstream rivers and water released from the dam provided short-term relief, though 
insufficient to fully mitigate the drought conditions.

1. Introduction

Lakes, expansive water bodies formed by the accumulation of water in surface depressions, play a crucial role in the Earth’s 
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hydrological cycle (Pi et al., 2022). Globally, over 100 million lakes contain approximately 87 % of the planet’s liquid surface 
freshwater (Peter, 1993; Verpoorter et al., 2014; Woolway et al., 2020). As a crucial component of water resources, lakes play a key 
role in regulating river flows, supporting irrigation, and supplying water for industrial and domestic use (Raymond et al., 2013; 
Williamson et al., 2009). Additionally, they sustain a rich biodiversity, providing essential ecosystem services (Xu et al., 2001). 
However, lakes are highly sensitive to external disturbances such as climate change and human activities (Grant et al., 2021; Woolway 
et al., 2020). Maintaining the stability of lakes is essential for the sustainable development of aquatic ecosystems (Tian et al., 2023).

Drought, defined by below-average water availability, is a prevalent natural disaster with profound adverse effects on water re
sources, agriculture, ecological environment, and socio-economic development (Akyuz et al., 2012; She et al., 2013; Long et al., 2013). 
Droughts affecting lakes can lead to significant social issues by impacting the livelihoods of local populations (Satgé et al., 2017). The 
resulting decline in lake water levels can increase pollutant concentrations and trigger the release of substances from sediments, 
threatening the ecological health of these water resources (McGowan et al., 2005). Among various drought types, extreme droughts 
stand out due to their scarce occurrence yet significant impact, marked destructiveness, and high unpredictability (Zhang et al., 2013). 
For instance, the extreme drought along the Yangtze River in 2006 saw a 54 % decrease in flow at the Datong hydrology station (Dai 
et al., 2008). Severe droughts in the Mekong River-Tonle Sap Lake system have led to significant reductions in river and lake water 
levels, substantially impacting local fisheries and agricultural production (Morovati et al., 2024a). The contraction of Poyang Lake’s 
surface area during extreme drought events triggers a cascade of ecological impacts (Li et al., 2022), including water quality dete
rioration (Li et al., 2020) and habitat degradation (Mu et al., 2022). In recent years, the escalating frequency and intensity of droughts 
worldwide have been attributed to the combined effects of climate change and anthropogenic activities (Chen et al., 2023b). A 
comprehensive understanding of the impact of drought on lakes is essential for improving water resource management and mitigating 
the losses caused by drought.

Poyang Lake, the largest freshwater lake in China, holds a pivotal role as an internationally recognized wetland reserve (Li et al., 
2019; Tan et al., 2015). It serves as the wintering ground for an estimated 95 % of the world’s Siberian cranes (Wu et al., 2009). As one 
of the few lakes directly connected to the Yangtze River, Poyang Lake receives 17 % of its annual inflow from the river (Li et al., 2021). 
The water level in Poyang Lake is influenced by its interactions with upstream rivers and the Yangtze River (Wu et al., 2021), creating a 
distinct seasonal hydrological regime governed by runoff and rainfall (Zhang et al., 2022). This regime is characterized by an area 
exceeding 3000 km2 during the flood season (Chen et al., 2023a; Feng et al., 2012) and a significant shrinkage into a narrow, winding 
channel during the dry season (Liu et al., 2013). Recent shifts in this hydrological regime, driven by climate change and human ac
tivities (Yao et al., 2016), have resulted in altered precipitation patterns and increased extreme drought frequency (Chai et al., 2019), 

Fig. 1. The situation of the extreme drought event at Poyang Lake in 2022 (photographed on October 12, 2022). (a) Poyang Lake turned into the 
Poyang “River”. (b) The bottom of Poyang Lake became passable for vehicles. (c) The extreme drought led to the mass mortality of clams. (d) 
Desiccated bivalve shell.
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with projections indicating more severe droughts in the future (Yao et al., 2023). Human interventions, particularly the Three Gorges 
Dam (TGD) operation, have further modified the lake’s hydrology through water regulation, mitigating flood risks during the wet 
season but leading to earlier and prolonged low water periods during the dry season (Zhang et al., 2012). These combined effects have 
manifested in reduced water levels during several periods of the year (Guo et al., 2012) and an increased joint probability of concurrent 
droughts in Poyang Lake and the Yangtze River during spring, summer, and autumn post-2003 (Zhang et al., 2017). While the 
increasing frequency of extreme events is widely recognized (Zhang et al., 2011), there remains a lack of models to quantify the 
probability of extreme drought occurrence, which is essential for understanding hydrological regime changes in Poyang Lake.

The extreme drought affecting the Yangtze River basin in the summer of 2022 led to a rapid decrease in Poyang Lake’s water levels, 
resulting in a prolonged period of low water conditions. The basin experienced nearly 50 % less rainfall than usual due to the westward 
extension of the western Pacific subtropical high, and the combined effect of high temperatures and heat waves led to a rapid 
worsening of the drought (Xu et al., 2023). The drought significantly reduced the water surface area, leading to severe socioeconomic 
and ecological problems. More than 5.3 million people in Jiangxi province have suffered from its impacts (Hu, 2023). The contraction 
of aquatic habitats has significantly diminished the living and foraging areas for aquatic life, elevating the risk of finless porpoises 
becoming stranded (Xue et al., 2023). The accelerated receding of water levels in Poyang Lake led to fish, initially swept into floodplain 
depressions by currents, being stranded and desiccated into fish jerky before they could return to the river channels in time (Zhang 
et al., 2023). The extensive drying and exposure of the lakebed has made survival difficult for many benthic organisms, such as clams 
(Fig. 1). The abrupt onset of the dry season prompts premature sprouting and growth of floodplain vegetation, leading to widespread 
death of submerged plants before they can accumulate nutrients at their roots (Huang et al., 2022). The reduction in fish and aquatic 
plants poses a significant survival challenge for the wintering migratory birds at Poyang Lake (Guo et al., 2022).

Some studies have been conducted to analyze hydrological regime variations of Poyang Lake under extreme droughts (Zhang et al., 
2017, 2015). Liu et al. (2023b) employed various satellite datasets to investigate the extreme drought event that occurred in the 
Poyang Lake basin in 2022, estimating the lake’s minimum area to be 814 km2. Chen et al. (2023b) found that extreme drought leads to 
a substantial decrease in groundwater levels within the floodplain regions surrounding Poyang Lake, increasing groundwater 
discharge to approximately three times the typical rate. Zhang et al. (2023) explored the impacts and causes of drought in Poyang Lake 
based on long-term series of meteorological and hydrological data, previous research findings and hydrological forecast simulations. 
While existing studies and reports have identified the 2022 extreme drought event as the most severe due to its record-low water levels, 
the characteristics of this drought such as its severity and duration have yet to be quantified in comparison to other historical extreme 
droughts in Poyang Lake. Such quantification is essential for effective drought assessment and response. Previous studies that 
examined the impact of extreme drought events on hydrology have typically focused on overall water level changes, often overlooking 
the complex processes involved. For instance, the TGD released water to the middle and lower reaches of the Yangtze River during the 
drought, but it remains unclear whether this intervention alleviated the extreme drought conditions in Poyang Lake. Moreover, as the 
direct cause of drought, precipitation may not have remained consistently low throughout the drought period and sudden precipitation 
events in the basin could have provided temporary relief. The extent of such relief, however, requires further investigation.

The interactions between Poyang Lake and the Yangtze River have been extensively studied (Guo et al., 2012; Lai et al., 2013; Wu 
et al., 2021). These interactions vary seasonally (Wu et al., 2021). In the wet season, elevated water levels in the Yangtze River exert a 
blocking effect on Poyang Lake, particularly during floods, where the river can even reverse its flow into the lake (Hu et al., 2007). The 
rising water levels in Poyang Lake, due to increased inflows from its basin, can mitigate the blocking effect from the Yangtze River (Wu 
et al., 2021). After the operation of TGD, the regulation of floods has reduced the effect of the Yangtze River on Poyang Lake (Guo et al., 
2012). During the dry season, the lowering of the Yangtze River’s water level leads to an emptying effect on Poyang Lake, which has 
been intensified following the operation of the TGD, resulting in increased outflows from the lake (Mei et al., 2015; Tian et al., 2023). 
Extreme droughts have significantly altered the hydrological regimes between the Poyang Lake basin and the Yangtze River, poten
tially leading to substantial changes in their interactions. Zhang et al. (2015) identified that the conjunction of extreme droughts in 
Poyang Lake and the upper Yangtze River, coupled with the impoundment of TGD, was the main cause of the low water levels in 
Poyang Lake. However, seasonal variations in these interactions during extreme droughts remain unclear, and there is currently a lack 
of quantitative understanding regarding the contributions of the lake basin and the Yangtze River to lake water level changes under 
such extreme conditions.

In this study, mathematical statistics and regression models were used to investigate the variations in water level and the inter
action of rivers and the lake in Poyang Lake basin under extreme drought in 2022. More specifically, this study focuses on (a) the 
spatiotemporal characteristics of hydrological variations during extreme drought; (b) seasonal changes in river-lake interactions under 
extreme drought; and (c) an analysis of the causes behind the water level variations during this period. To quantify extreme drought 
probability, a logistic regression model based on drought indices was developed. To assess the contributions of basin inflows and the 
Yangtze River to Poyang Lake’s water level changes, we proposed a time-lagged multiple linear regression model. This study aims to 
provide new insights into changes in the hydrological regime and the river-lake interactions of Poyang Lake under extreme drought 
conditions. The methods employed are expected to be applicable to the study of other lakes globally.

2. Materials and methods

2.1. Study area

Situated in the middle reaches of the Yangtze River, Poyang Lake (28◦4′-29◦46′N, 115◦49′-116◦46′E) is a prominent hydrological 
feature in the region and a world-famous wetland (Fig. 2a). The Poyang Lake basin covers an area of 162,200 km2, accounting for 9 % 
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of the Yangtze River basin (Zhang et al., 2014). The lake is characterized by a subtropical monsoon climate, with a mean annual 
precipitation of 1485 mm/yr and pan evaporation of 1428 mm/yr (Li et al., 2018). Poyang Lake has obvious seasonal characteristics, 
and its water level goes through four water periods in a year: rising, flooding, retreating, and drying (Jia et al., 2023; Yao et al., 2018). 
The lake is influenced by the inflow from upstream rivers as well as the Yangtze River (Fig. 2b). This results in annual water level 
fluctuations ranging from 8 to 22 m, and corresponding dynamics in the water surface area, varying from less than 1000 to more than 
3000 km2 (Mei et al., 2016). The inflow of Poyang Lake is primarily supplied by five major upstream rivers, namely Ganjiang, Xinjiang, 
Raohe, Fuhe, and Xiushui rivers, which collectively contribute approximately 89 % of the total water input to the lake (Li et al., 2015, 
2018). There were 10,798 reservoirs with a combined storage capacity of 32.8 billion cubic meters in Poyang Lake catchment by 2020, 
including 33 large reservoirs and 260 medium-sized reservoirs (Li et al., 2023b). Upstream water enters Poyang Lake, flowing 
northward through a narrow, deep channel into the Yangtze River. In recent years, the hydrological regimes of Poyang Lake have 
changed due to climate change and human activities such as water conservancy project construction (Huang et al., 2021), land use (Ye 
et al., 2013) and sand mining (Lai et al., 2014), with an increase in the frequency of extreme events (Ye et al., 2014). For instance, since 
the construction of TGD in 2003, Poyang Lake’s water levels have decreased during the wet season, while the onset of the dry season 
has advanced and its duration extended (Feng et al., 2016).

2.2. Data

The station distribution of meteorological data (daily precipitation) is shown in Fig. 2a, covering the period from 1961 to April 
2023, which is from the China Meteorological Data Service Center. The precipitation data is used to investigate the variations in 
average precipitation across the catchment under the 2022 extreme drought and to compare the differences with the long-term average 
precipitation. The hydrological data used for the extreme drought analysis are presented in Table 1. Daily average water level data in 
the lake were obtained from five monitoring stations, namely Hukou, Xingzi, Duchang, Tangyin, and Kangshan, which is used to 
investigate the temporal and spatial variations of the lake water level under the extreme drought. Jiujiang is the closest station to the 
Poyang Lake outlet along the Yangtze River mainstem (Fig. 2). The water level data at the Jiujiang station on the Yangtze River was 
used to study the spatial differences in water levels between the lake and the river. Due to missing discharge data from Jiujiang station, 
discharge at Hankou station, located 270 km upstream (Zhang et al., 2024), was used as a substitute to reflect changes in Yangtze River 
hydrology. To account for the potential influence of tributaries between Hankou and Jiujiang on discharge, a comparison of 2022 
discharge data from both stations was made to evaluate these effects (Fig. S1). The discharge patterns and magnitudes of the two 
stations are closely aligned. In 2022, the average discharge at Jiujiang was 2.26 % higher than at Hankou. The discharge at the Yichang 

Fig. 2. The study area and hydrological stations: (a) Yangtze River and Poyang Lake basin. (b) Hydrological gauging stations of Poyang Lake and 
five major rivers upstream.
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station was used as the Yangtze River variable in the regression model due to its proximity to the TGD, facilitating the exclusion of the 
impact of TGD by accounting for inflow and outflow. Discharge for the five main rivers upstream was obtained from representative 
station data (Table 1). Daily average reservoir water levels and inflow/outflow data since the regulation of TGD in 2003 were collected 
to analyze its impact on the extreme drought in Poyang Lake. The above hydrological data are sourced from the Jiangxi Hydrological 
Monitoring Center.

2.3. Methods

2.3.1. Drought index and characteristics
The Standardized Runoff Index (SRI) is a valuable tool for assessing regional hydrological drought. SRI is based on the Standardized 

Precipitation Index (SPI) proposed by Mckee et al. (1993), which is calculated using the gamma distribution probability density 
function to determine the cumulative probability of precipitation over a given time scale. Assuming the precipitation over a certain 
period is x, the probability density function of the gamma distribution for x is expressed as follows: 

g(x) =
1

βαΓ(a)
xα− 1e− x/β, (1) 

Γ(a) =
∫ ∞

0
xa− 1e− xdx, (2) 

where g(x) is the probability density function, α represents the shape parameter, β denotes the scale parameter, x is the precipitation 
amount, e is the base of the natural logarithm, Γ(α) is the gamma function. The parameters α and β are estimated using the maximum 
likelihood estimation method, as follows: 

α̂ =
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 4A/3

√

4A
, (3) 

β̂ =
x
α̂, (4) 

A = ln x −
1
n
∑n

i=1
ln xi, (5) 

where n is the length of the calculated sequence. When calculating the cumulative probability density function G(x), since the gamma 
function does not include x = 0 but actual precipitation can be zero, the following formula is used for transformation: 

H(x) = q+(1 − q)G(x), (6) 

where q is the frequency of occurrence of 0 in the precipitation series. SPI value is obtained by standardizing H(x) with Gaussian 
function. To eliminate autocorrelation within the sample, SPI values for different months within the time series are calculated 
separately and then combined to obtain the overall time series SPI value. SRI replaces the precipitation amount used in the SPI 
calculation with runoff or water level data. SRI is available in various scales, including monthly, seasonal, and annual, denoted as SRI- 
1、SRI-3、SRI-6、SRI-12, respectively. SRI-1 (month time scale) was calculated in this study using water level data.

To quantify drought characteristics, this study adopts the metrics of drought duration (D), drought magnitude (M), and drought 
intensity (M/D), following the research by Mckee et al. (1993) and Zhang et al. (2015). Drought duration (D) represents the total 
number of consecutive months during which a drought event persists. A drought is considered to commence and terminate when the 

Table 1 
Hydrological data used in this study.

Station Location Data type Period Frequency

Hankou Yangtze River Discharge 1960-Apr.2023 Daily
YiChang Yangtze River Discharge 1960-Apr.2023 Daily
Jiujiang Yangtze River Water level 1960-Apr.2023 Daily
Hukou Junction of Poyang Lake and Yangtze River Water level / Discharge 1960- Apr.2023 / 1970- Apr.2023 Daily
Three Gorges Dam Three Gorges Dam Water level / Inflow / outflow 2003 - Apr.2023 Daily
Xingzi Poyang Lake Water level 1956- Apr.2023 Daily
Duchang Poyang Lake Water level 1960- Apr.2023 Daily
Tangyin Poyang Lake Water level 1962- Apr.2023 Daily
Kangshan Poyang Lake Water level 1960- Apr.2023 Daily
Wanjiabu Xiushui River Discharge 1960- Apr.2023 Daily
Waizhou Ganjiang River Discharge 1960- Apr.2023 Daily
Lijiadu Fuhe River Discharge 1960- Apr.2023 Daily
Meigang Xinjiang River Discharge 1960- Apr.2023 Daily
Hushan Raohe River Discharge 1960- Apr.2023 Daily
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SRI falls below and rises above − 1.0, respectively, while an extreme drought episode is identified when the SRI drops below − 2.0. The 
drought magnitude (M) is expressed as: 

M = −
∑D

i=1
SRI(i), (7) 

where SRI(i) is the SRI value, D is drought duration and i represents the sequential month within a drought event (Chen et al., 2009).

2.3.2. Mann-Kendall rank test
To evaluate the trends and abrupt changes in drought indices, the Mann-Kendall test (MK test), is utilized in this study (Zhang et al., 

2006). For a time series x with n sample size, a rank sequence is constructed as follows: 

sk =
∑k

i=1
ri (k = 2, 3,…, n), (8) 

where ri is as follows: 

ri =

{
+1, xi > xj
0, xi ≤ xj

(j = 1, 2,…, i). (9) 

Assuming the time series possesses randomness and independence, a statistical measure is defined as follows: 

UFk =
[sk − E(sk)]
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
var(sk)

√ (k = 1,2,…, n), (10) 

where UF1= 0, and E(sk) and var(sk) represent the mean and variance of the cumulative number sk, respectively, which can be 
calculated using the following formulas: 

E(sk) =
k(k + 1)

4
, (11) 

and 

var(sk) =
k(k − 1)(2k + 5)

72
(2 ≤ k ≤ n). (12) 

Reversing the time series x in descending order, such that it is arranged as xn, xn-1…x1, the aforementioned process is repeated. 
Concurrently, set UBk = -UFk for k = n, n-1, …, 1, with UBk = 0. Given a significant level of α = 0.05, Uα = ± 1.96. UFk > 0 signals an 
ascending trend, becoming statistically significant at values over 1.96. In contrast, a descending trend is marked by UFk < 0, with 
significance established when it falls under − 1.96. If the UFk and UBk curves intersect and the intersection point lies between the 
critical lines (Uα = ± 1.96), this point is identified as the mutation point.

2.3.3. Regression models
Considering the potential influence of climate change and human activities on the occurrence of extreme droughts in Poyang Lake, 

a model is anticipated to be developed to quantify the probability of these events and to explore their evolutionary patterns. Whether a 
particular month experiences extreme drought can be considered a binary outcome, where the response variable Y is 1 if SRI ≤ -2.0, 
and 0 otherwise. Therefore, logistic regression is useful to quantify changes in Poyang Lake’s extreme drought probability, as follows 
(Stagge et al., 2015): 

log
p(Y)

1 − p(Y)
= β0 + β1t+ β2t2 + β3 sin

(
2πt
T

)

+ β3 cos
(

2πt
T

)

, (13) 

where p(Y) is the probability of Y= 1, t (month) represents time, βi (i = 0, 1, 2, 3) are fitting coefficients, T is the hydrological period of 
Poyang Lake, whose value is one year (Zhang et al., 2022). The sum of the two trigonometric functions represents the periodic hy
drological variations of Poyang Lake.

To investigate the contribution of various factors including the upstream flow of Poyang Lake, natural inflow from the Yangtze 
River, and the regulation of TGD to the water level of Poyang Lake under extreme drought conditions compared to the multi-year 
average, a multiple linear regression model was constructed as follows: 

W = β0 + β1 sin
(

2πt
T

)

+ β2 cos
(

2πt
T

)

+ β3Qu + β4ADV(Qu)

+β5QY + β6ADV(QY) + β7WTGD + β8ADV(WTGD) + ε
, (14) 

and 
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ADV

(

X, d

)

=
Xj + dXj− 1 + … + dj− 1X1

1 + d + … + dj− 1 (X = Qu,QY ,WTGD), (15) 

where W (m) is the water level of Poyang Lake, βi are fitting coefficients, t (day) is the time, T is the hydrological period of Poyang Lake, 
Qu (m3/s) is the sum of the discharge of the five major rivers upstream, QY is the discharge of the Yangtze River (Yichang station), WTGD 
(m) is the water level of TGD, and ε is the error, X represents the variable from day 1 to day j, d is the discount factor from 0.1 to 1. The 
sum of the two trigonometric functions represents the periodic hydrological variations of Poyang Lake itself, which is inspired by the 
research of Xu et al. (2018). ADV (average discounted variables), defined by reference to Wang and Tian (2013) and Xu et al. (2018), 
represents the hysteresis of hydrological effects. The value of d for each ADV is set when the adjusted highest R2 is achieved. The 
contribution of each predictor to the water level of Poyang Lake can be separated by Eq. (7). The impact of TGD encompasses both the 
variable WTGD and changes in the variable QY caused by the dam’s operation. To isolate the effects of the dam, it is essential to use 
Yangtze River flow data unaffected by the dam. This is achieved by combining the flow measurements at Yichang with the inflow and 
outflow data from TGD in our analysis. After that, the water level changes in 2022 due to variations in predictors under extreme 
drought is determined by subtracting their multi-year average contributions to the water level from their contributions during the 
drought period.

2.3.4. Analysis of river-lake interaction
Following Dai et al. (2015), the Water Surface Slope (WSS) is employed to analyze changes in the interaction between Poyang Lake 

and the Yangtze River under extreme drought conditions. WSS represents the change in water surface elevation per unit of horizontal 
distance along the downstream direction. It is computed by calculating the ratio of the difference in water surface elevation between 
two points (i.e., monitoring stations) to the horizontal distance separating them. The formula is as follows: 

WSS =
Zu − Zl

l
, (16) 

where Zu and Zl denote the water levels at the upstream and downstream monitoring stations, respectively, and l represents the 
distance between the two stations. WSS of Hukou-Xingzi and Duchang-Kangshan serves as an indicator of river-lake interaction and the 
rate of water storage change, respectively (Dai et al., 2015).

3. Results

3.1. Historical extreme drought characteristics

The results of SRI-1 values calculated using the monthly water level at Xingzi station are shown in Fig. 3a. The SRI values 
demonstrated characteristics of fluctuating variation. A record low SRI value of − 4.09 in September 2022 marks the driest month for 
Poyang Lake since records began in 1956. Fig. 3b presents the box plot of SRI values, illustrating the overall SRI value distributions 
before and after the construction of TGD. The data reveals a relatively balanced distribution of SRI values across both positive (wet 
conditions) and negative (drought conditions) spectrums, yet with a higher incidence of negative outliers. Notably, the post- 
construction SRI value distribution shows a significant shift towards more frequent negative outliers and an absence of positive 
outliers.

The MK test results for the SRI values at Xingzi station in Poyang Lake are shown in Fig. 4. From the mid-1950s to the mid-1960s, 
the UF curve fluctuates near zero, indicating no significant trend during this period. From the mid-1960s until the end of the 20th 
century, the UF line exhibits an increasing trend, suggesting a gradual alleviation of drought conditions in Poyang Lake, especially 
from the 1980s to the turn of the century, where the UF curve consistently remains above the 0.05 significance threshold, highlighting 

Fig. 3. (a) Temporal variation of SRI-1 values at Xingzi station from 1956 to April 2023 and (b) its box plot.
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a significant reduction in drought conditions. Since the beginning of the 21st century, the UF curve demonstrates a clear declining 
trend, pointing towards a gradual intensification of drought conditions in Poyang Lake. The crossover of the UF and UB lines in 2022, 
positioned between two critical lines, marks the extreme drought event of 2022 as a significant turning point, leading to a notable shift 
in the SRI values.

The extreme dry months (SRI ≤ − 2) of Poyang Lake are shown in Table 2, revealing 17 such occurrences from 1956 to April 2023, 
with four occurring in 2022 alone. To elucidate the temporal trends in extreme dry months, their frequency and cumulative distri
bution are depicted in Fig. 5a. It can be seen that the frequency of extreme dry months has significantly increased since the beginning of 
the 21st century. The probability of extreme drought in Poyang Lake was quantified by logistic regression quadratic model (Fig. 5b). 
Due to the lack of significant trends prior to 2005, the model was reconstructed with the assumption that the values were constant 
before 2005 and followed a temporal trend thereafter (Fig. 5c). Although the small sample size limits the statistical significance of the 
periodicity, the results exhibit substantial periodic variability, peaking in May and reaching its lowest in November (Fig. 5d). The 
regression analysis indicates a continuous increase in the probability of extreme droughts in Poyang Lake in recent years. The average 
likelihood was 1.06 % before the 21st century, and by 2023, this probability increased to over 12 %. The average probability of 
extreme droughts post-21st century is approximately four times higher than that prior to the 21st century. Table 3 details historical 
extreme drought events since 1956, including their characteristics. The 2022 extreme drought event is identified as occurring from 
August 2022 to March 2023. It exceeds previous instances in terms of duration, magnitude, and intensity, marking it as the most severe 
drought event recorded since 1956.

3.2. Spatiotemporal variation of water level in Poyang Lake under extreme drought

The water level variations at Xingzi station in Poyang Lake under the 2022 extreme drought event are shown in Fig. 6. The water 
level experienced a marked decline and remained well below the average from July 2022, with the difference reaching a maximum of 
− 8.12 m in September 2022. September was the driest month (SRI = − 4.09), with the water level at that time reaching only 48.8 % of 
the average (Fig. 7). From October 2022 to March 2023, it remained significantly low, with an average level of 7.43 m and experi
encing four distinct fluctuations. The fluctuations may be related to the upstream inflow and the hydrological variations of the Yangtze 
River, as discussed in a later section. The water level rose in March 2023 and approached the average, marking the end of the extreme 
drought.

Fig. 8a presents the total discharge of the five major upstream rivers under the 2022 extreme drought. A significant decline was 
observed starting from late July, maintaining values significantly below the multi-year average from August to November at only 
26.4 %-36.1 % of the average (Fig. 7). Subsequent significant fluctuations were observed in December this year and February and 
March of the following year with discharge approximately 7, 9.7, and 14.6 times higher than the levels observed prior to these 
fluctuations, which are related to large-scale precipitation in the catchment (Fig. 8b). These three fluctuations in upstream flow 
correspond to increases in Poyang Lake’s water levels in December 2022 and February and March 2023, raising levels at Xingzi station 
by 1.92 m, 2.69 m, and 4.23 m, respectively (Fig. 6). Thus, it is evident that the increase in upstream flow has, to some extent, 
mitigated the extreme drought conditions in Poyang Lake.

The hydrological regime of the Yangtze River mainstream underwent considerable alterations as a result of the 2022 extreme 
drought (Figs. 7 and 9). Since July, the discharge dropped sharply, with a 44 % reduction observed within a single month (Fig. 9a). 
This downward trend persisted until mid-September, reaching a peak deviation from the multi-year average of − 2.3 × 103 m3/s, with 
discharge declining to just 32.4 % of the historical average that month. In October, a surge in flow at Hankou, increasing by 
approximately 60 %, was attributed to the water release from TGD (Fig. 9b), which coincided with the surge observed at Poyang Lake 
in October, leading to a 1.49 m increase in water level at Xingzi station (Fig. 6). Since December, the discharge was approaching the 

Fig. 4. MK test of SRI-1 values at Xingzi station.
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multi-year average, indicating an alleviation of drought conditions in the Yangtze River. In addition to the reduction of natural inflows, 
the construction and operation of TGD have also altered drought conditions, as observed from historical hydrological patterns 
(Fig. S2). After TGD was completed, discharge at Hankou decreased from June to November and increased from December to May. 
However, water levels at Xingzi consistently declined throughout the year. From August to March, the TGD contributed to an average 

Table 2 
Extreme drought month in Poyang Lake from 
1956 to April 2023.

Year/Month SRI-1

1963/3 − 2.36
1963/4 − 3.15
1963/7 − 2.01
1974/4 − 2.07
2006/9 − 2.19
2006/10 − 2.30
2007/5 − 2.35
2009/10 − 2.01
2011/4 − 2.80
2011/5 − 3.33
2013/11 − 2.05
2020/5 − 2.20
2022/8 − 3.54
2022/9 − 4.09
2022/10 − 3.57
2022/11 − 3.33
2023/3 − 2.53

Fig. 5. (a) The times and cumulative distribution of extreme dry months in Poyang Lake from 1956 to April 2023. The probability of extreme 
drought occurrence in Poyang Lake based on logistic regression through (b) whole-segment simulation and (c) segmented simulation. (d) Seasonal 
variations in the probability of extreme droughts.
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drop of 1.06 m in the water level at Xingzi station. Fig. 10b illustrates the operational response of TGD during the extreme drought. In 
the absence of drought conditions in the first half of 2022, the dam operated according to standard regulations, releasing water from 
May to the end of June to free up capacity for the anticipated flood season. However, from July 2022, the hydrological conditions in the 
Yangtze River mainstream shifted dramatically from flood-prone to arid, leaving minimal surplus water for replenishing the middle 

Table 3 
Extreme drought events and their characteristics in Poyang Lake from 1956 to April 2023.

Start and end dates Drought magnitude Drought intensity Drought duration (month)

1963/2–1963/4 − 7.30 − 2.43 3
1963/6–1963/7 − 3.10 − 1.55 2
1974/4–1974–4 − 2.07 − 2.07 1
2006/7–2006/11 − 9.14 − 1.83 5
2007/4–2007/6 − 5.82 − 1.94 3
2009/10–2009/12 − 5.01 − 1.67 3
2011/3–2011/10 − 14.89 − 1.86 8
2013/8–2014/2 − 9.64 − 1.38 7
2020/5–2020/5 − 2.20 − 2.20 1
2022/8–2023/3 − 21.73 − 2.72 8

Fig. 6. Water level variations at Xingzi station under the 2022 extreme drought. The yellow background area represents the extreme drought event.

Fig. 7. Proportion of Poyang Lake water level, upstream river discharge, and Yangtze River discharge during the 2022 extreme drought relative to 
their respective intra-annual averages.
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and lower reaches via TGD. Consequently, by the end of the storage period in November, the water level at TGD was only about 160 m, 
significantly lower than the usual 175 m.

The water level variations at different stations in Poyang Lake exhibit distinct patterns under extreme drought conditions 
(Fig. 10a). The water levels at most stations started to decline sharply from nearly the same peak level, but the magnitude of the decline 
decreased at stations located further south. The water replenishment effect of TGD in October caused an increase in water levels in the 
northern (Hukou and Xingzi) and central (Duchang) regions of the lake, with minimal impact on the southern regions (Tangyin and 
Kangshan). However, the three precipitation events in the Poyang Lake basin led to an increase in water levels across all stations in the 
lake. The spatial variations of the water level under the 2022 extreme drought in Poyang Lake are shown (Fig. 10b). It can be seen that 
the relative positions of water levels among the stations under the extreme drought remain unchanged compared to the multi-year 
average, with the lowest water levels at Hukou station and gradually increasing towards the south, peaking at Kangshan station. 
However, the extreme drought induces differential changes at each station. Jiujiang and Hukou stations experienced nearly identical 
reductions in water levels (about − 3.95 m). From Hukou station southward, the extent of water level decline increases, reaching a 
maximum at Duchang station (-4.32 m), suggesting that the central part of Poyang Lake experienced the most significant drop, being 
the most affected by the extreme drought. Southward from Duchang station, a notable increase in the water level gradient of Poyang 
Lake was observed, suggesting a more gradual decrease in water levels in the southern portion of the lake, which appears to be the least 
impacted by the extreme drought event.

3.3. WSS variations under the 2022 extreme drought

Fig. 11a illustrates the WSS of Hukou-Xingzi under the 2022 extreme drought. In the wet season (July-September), the extreme 
drought led to a pronounced decline in water levels in both Poyang Lake and the Yangtze River, with a WSS that remained largely 

Fig. 8. (a) The total discharge of the five main rivers upstream and (b) average precipitation in Poyang Lake basin under the 2022 extreme drought. 
The yellow background area represents the extreme drought event. Drought conditions significantly altered the precipitation-runoff relationship. 
Under the same precipitation conditions, runoff increase was lower during drought periods.
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consistent with the multi-year average. However, from October 2022 to March 2023, the WSS exhibited lower values than the average, 
indicating a significant reduction in Poyang Lake’s water levels due to the drought. Notably, this decrease was more pronounced than 
the reduction in water levels observed in the Yangtze River. In December, February, and March of the following year, three increases in 
lake water levels, associated with precipitation events within the Poyang Lake basin, led to an increase in WSS.

The WSS of Duchang-Kangshan under the 2022 extreme drought is shown in Fig. 11b. From May to June, the WSS decreased more 
rapidly and approached zero under the effects of substantial upstream inflow and the blocking effect of the Yangtze River, suggesting 
substantial water storage and a generally slow flow in the lake. However, the WSS swiftly rose due to the onset of the extreme drought 
starting from mid-July, significantly exceeding the average, which indicates increased flow velocity and rapidly decreasing water 
storage in the lake. From September 2022 to March 2023, the WSS remained at a higher level with continuous water outflow from 
Poyang Lake. In October 2022, the supplementary water from TGD induced a downward fluctuation in the WSS, alleviating water 
outflow from Poyang Lake. The increase in the upper reaches in December 2022, February, and March of the following year also caused 
downward fluctuations in the WSS.

3.4. Cause analysis of the extreme drought

Fig. 12 illustrates the regression model’s fit, indicating a robust performance (R²=0.8509). This model successfully captures the 
decline in the water level of Poyang Lake during the flood season during the 2022 extreme drought. Dissecting the model to analyze 
individual predictors reveals their effects on water level fluctuations during the drought (Fig. 13). From July, both upstream and 
Yangtze River flows begin to exert a negative influence on the lake’s water levels, marking a marked decline. Specifically, upstream 
flow’s contribution to water levels dropped from a June peak to a July nadir by 3.94 m, while the Yangtze River’s flow contribution fell 
by 2.59 m. From August to November, the reduction in upstream inflow, along with decreased natural inflow from the Yangtze River 
and water storage at TGD, collectively triggered the extreme drought in Poyang Lake. The most significant adverse effect came from 
the reduced Yangtze inflow, its impact on the lake’s water levels being over twice that of upstream flows. After December, as the 
Yangtze River flows neared historical averages (Fig. 10a), its negative contribution to water levels gradually diminished (Fig. 13). 
Three upward peaks in upstream flow in December 2022, February and March 2023 shifted their contribution from negative to 
positive, enhancing water levels by 1.27 m, 1.48 m, and 1.88 m, respectively, corresponding to the peaks in the water level at Xingzi 

Fig. 9. (a) The discharge at Hankou station and (b) water level, inflow and outflow in TGD under the 2022 extreme drought. The yellow background 
area represents the extreme drought event.
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station previously described (Fig. 6). By averaging and aggregating the effects of each contributory factor during the drought period, it 
can be deduced that the respective contribution rates of the decline in upstream discharge, the natural discharge reduction of the 
Yangtze River, and the operation of TGD to the reduction in Poyang Lake’s water level are 23.68 %, 38.10 %, and 38.22 %.

The sensitivity analysis of the effect of annual variations in upstream river flow and Yangtze River flow on the water level at Xingzi 
station is shown in Fig. 14. Reductions in upstream river discharge to 90 %, 80 %, and 70 % result in annual average water level 
decreases of 0.17 m, 0.34 m, and 0.52 m, respectively; while the same reductions of Yangtze River discharge lead to the decreases of 
0.27 m, 0.55 m, 0.84 m, respectively. This analysis indicates that the lake’s water levels are more sensitive to changes in Yangtze River 
discharge. Specifically, the water level’s sensitivity peaks to upstream river flow changes from May to July and to Yangtze River flow 
changes from June to September throughout the year. It highlights that reductions in water may be more likely to cause drought during 
the wet season, a critical factor in the 2022 flood season’s extreme drought, which signals the importance of increased vigilance and 
the adoption of mitigative strategies by relevant authorities to address drought challenges during the wet season.

4. Discussion

4.1. Identification and characterization of extreme droughts

Drought identification is one of the primary challenges in studying extreme droughts (Zhang et al., 2013). During the extreme 
drought of 2022, studies reported it as the most severe drought on record since 1951, as key stations recorded new historical lows 
(Zhang et al., 2023). However, the quantitative characteristics of this drought remain unknown. In this study, the extreme drought 
event of 2022 was defined using SRI. Its characteristics, including drought magnitude, drought intensity, and drought duration, were 
quantified (Table 3). The results indeed support the conclusion that it was the most severe drought. Additionally, the increased 
probability of extreme events may lead to more severe droughts in the future under the effect of climate change (Yao et al., 2023). 

Fig. 10. (a) Temporal variations in water levels at different stations and (b) their mean changes, where JJ, HK, XZ, DC, TY, KS represent Jiujiang, 
Hukou, Xingzi, Duchang, Tangyin and Kangshan station, respectively.
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Anthropogenic interventions, particularly TGD operations, have substantially exacerbated both the frequency and magnitude of 
downstream drought events (Liu et al., 2016). Our logistic regression model quantifies this trend, showing an increased probability of 
extreme droughts in Poyang Lake since the 21st century, extending beyond the qualitative patterns identified by Liu et al. (2011)
through a rigorous probability assessment. The primary cause of this phenomenon is the decline in the water level of Poyang Lake (Li 
et al., 2023a). Since 2003, the average water level has decreased, resulting in a notably higher drought frequency, as drought is defined 
by lower-than-usual water levels (Akyuz et al., 2012). As a seasonal lake, Poyang Lake exhibits distinct seasonal patterns in the 
probability of extreme drought, with a notably higher risk during the wet season (Fig. 5b). These observations are consistent with 

Fig. 11. The water surface slope of (a) Hukou-Xingzi and (b) Duchang-Kangshan in 2022–2023 compared to the multi-year average. The yellow 
background area represents the extreme drought event. The water levels in (a) and (b) represent those at Xingzi station and Kangshan station, 
respectively.

Fig. 12. Comparison of actual water level and predicted water level of Xingzi station. The calibration period of the modified model is from 1970 to 
2017 and the validation period is from 2018 to Apr.2023, which are separated by the black dotted line.
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Zhang et al. (2017), who demonstrated that the synchronous drought events between the lake and the Yangtze River have become 
more pronounced during spring, summer, and autumn from 2003 to 2013, attributed to the weakened blocking effect of the Yangtze 
River. Our study further reveals that the lake’s heightened sensitivity to water level fluctuations during the wet season likely con
tributes to a higher probability of extreme droughts in this period compared to other seasons (Fig. 14).

Drought characteristics analysis is crucial for understanding drought mechanisms and improving drought management. Various 
studies have investigated drought characteristics of Poyang Lake basin using different approaches (Hong et al., 2015; Lai et al., 2024; 
Liu et al., 2020; Ye et al., 2016). Zou et al. (2024) revealed that hydrological drought typically lagged behind meteorological drought 
by approximately 35 days during development and 10 days during recovery periods based on the run theory and Bayesian network. 
Peng et al. (2024) quantified terrestrial water storage variations and drought characteristics in the Poyang Lake basin utilizing a novel 
GNSS-based approach. Recent satellite-based studies have demonstrated the effectiveness of multi-source remote sensing data in 

Fig. 13. Effects of contributing factors on the water level variations of Xingzi station under the 2022 extreme drought compared to the multi-year 
average. The discharge of the Yangtze River represents natural incoming water, which has removed the effect of TGD. The yellow background area 
represents the extreme drought event.

Fig. 14. Sensitivity of Xingzi station water level to (a) upstream rivers discharge and (b) Yangtze River discharge.
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capturing drought characteristics, especially during the 2022 extreme event (Liu et al., 2023b). Our study demonstrated the hydro
logical variations of Poyang Lake, upstream rivers, and the Yangtze River during the 2022 extreme drought. Temporally, the entire 
basin experienced dramatic changes in water levels and discharge, with the drought spanning both flood and dry seasons, consistent 
with the observations of Liu et al. (2023b). Spatially, the impacts of drought exhibited significant heterogeneity across the lake, which 
may be attributed to the variations in flow dynamics and lake topography (Huang et al., 2023; Liu et al., 2023a). While our study 
focused on surface water dynamics during the 2022 extreme drought, groundwater systems also exhibited significant heterogeneous 
responses. Chen et al. (2023b) documented spatially variable impacts on groundwater levels, with maximum declines exceeding 4 m in 
the eastern floodplain while western regions experienced relatively modest drops of less than 1 m. These differential groundwater 
responses further underscore the severity and spatial complexity of this drought event.

Extreme droughts have altered both the magnitude of precipitation and runoff and the relationship between them in the Poyang 
Lake basin (Fig. 8). On the one hand, drought periods experience significantly reduced precipitation, leading to a corresponding 
decrease in runoff. On the other hand, under the same precipitation conditions, non-drought periods exhibit a more substantial in
crease in river flow. For instance, substantial precipitation occurred in the Poyang Lake basin in late November 2023, but runoff 
increase was minimal compared to the pre-drought months (Fig. 8). This occurs because drought conditions alter the precipitation- 
runoff relationship, which manifests in modeling as a decline in fit coefficients (Wu et al., 2024; Tian et al., 2018). Physically, pro
longed drought lowers soil moisture, causing incoming precipitation primarily absorbed by the soil and preventing a significant runoff 
increase (Maurer et al., 2022; Qin et al., 2015). In contrast, during non-drought periods, frequent rainfall keeps soil moisture at a 
saturated level, enabling new precipitation to flow directly into rivers, leading to a notable increase in runoff (Hanel et al., 2018; 
Grigorev et al., 2023).

4.2. River-lake interactions under the 2022 extreme drought

This study confirms that river-lake interactions indeed changed under extreme drought conditions using WSS and regression model 
results. Notably, prior to the extreme drought event in 2022, both the Poyang Lake Basin and the Yangtze River experienced abundant 
water levels. For instance, from January to June, water levels in Poyang Lake and the Yangtze River rose, resulting in consistently low 
WSS values between Hukou and Xingzi, indicating a strong blocking effect of the Yangtze River on Poyang Lake (Fig. 11a). In June, the 
water level in Poyang Lake peaked, and the WSS between Duchang and Kangshan approached zero, suggesting that water levels across 
various stations in the lake had nearly equalized due to the ample water supply (Fig. 10a). However, the sudden onset of an extreme 
drought rapidly disrupted this state. Given that the 2022 extreme drought spanned both the wet and dry seasons of Poyang Lake, it is 
necessary to discuss the seasonal variations in river-lake interactions separately. During the wet season, both the Yangtze River and 
Poyang Lake experienced significant water level declines. The WSS at Hukou-Xingzi did not show significant deviations from the multi- 
year average (Fig. 11), indicating that the Yangtze River still exerted a blocking effect on Poyang Lake. However, the regression model 
results revealed a negative contribution of the Yangtze River to Poyang Lake’s water level changes during the wet season (Fig. 13), 
suggesting that the drought in the Yangtze River may have reduced this blocking effect. The WSS between Duchang and Kangshan 
increased significantly, indicating a continuous reduction in the lake water levels due to decreased inflows from the basin and a 
weakening of the blocking effect of Yangtze River. In the dry season, the WSS results at Hukou-Xingzi indicate a reduced ability of the 
Yangtze River to drain water from Poyang Lake, leading to diminished outflow from the lake into the river. The regression model also 
showed that, under these conditions, the Yangtze River had a positive influence on maintaining higher water levels in Poyang Lake. 
This suggests that the river-lake interaction may have alleviated the drought conditions in Poyang Lake. This is likely because the water 
level in Yangtze River had mostly recovered to non-drought conditions (Fig. 9a), while Poyang Lake continued to suffer from the 
drought (Fig. 6). Unlike the drought events analyzed by Zhang et al. (2015), where low water levels were attributed to simultaneous 
droughts in both systems coupled with TGD operations, our study revealed a distinct pattern in the 2022 extreme drought. This event 
was characterized by an initial phase of concurrent droughts in both the Poyang Lake basin and the Yangtze River, followed by a later 
phase where drought persisted only in the Poyang Lake basin. Our study provides a quantitative approach through regression modeling 
to assess the relative contributions of upstream rivers, the Yangtze River, and TGD operations to water level variations in Poyang Lake. 
It is important to note that the significant reduction in precipitation on both the Yangtze River basin and Poyang Lake basin, rather 
than the operation of TGD, should be primarily responsible for the 2022 extreme drought.

The new insights into river-lake interactions under extreme droughts may provide a theoretical foundation for implementing 
drought mitigation measures through regulation. This study analyzed the impact of basin precipitation and water supplementation 
from the TGD on water levels of Poyang Lake. The contribution of the TGD to alleviating drought in Poyang Lake was found to be very 
limited, indicating that reliance on the dam’s regulation may be insufficient to address extreme droughts in the lake (Xue et al., 2023). 
In contrast, basin precipitation effectively mitigated the extreme drought conditions in Poyang Lake, suggesting that managing inflows 
from the basin could be an effective approach (Dong et al., 2019). Li et al. (2023b) demonstrated that the regulation of a group of 
reservoirs in the basin significantly increased Poyang Lake water levels during the dry season. For example, the Hongmen Reservoir on 
the Fuhe River has diverted water for residential consumption during extreme drought periods, despite its primary function of hy
dropower generation (Xu et al., 2020). However, whether the regulation can effectively address extreme droughts remains to be 
further investigated. Additionally, the proposed hydraulic project is soon to be constructed on the waterway to the north of the lake, 
with a management strategy focused on regulating only during the dry season without intervention during the flood season, which is 
believed to have potential in alleviating droughts in Poyang Lake (Yao et al., 2022). Xue et al. (2023) found that the proposed hydraulic 
project could effectively cope with extreme droughts, such as the one experienced in 2022, restoring the water level to a reasonable 
state. Future research should focus on the hydrological regime changes in Poyang Lake following the construction of this project.
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4.3. Limitations and uncertainties

An uncertainty in this study is related to the time scale of the data, as daily data were used rather than sub-daily data. For studying 
river-lake interactions, sub-daily data may provide greater accuracy. For example, in the Tonle Sap Lake and Mekong River system, 
sub-daily and daily water level profiles exhibit distinct patterns (Morovati et al., 2024b). From a long-term perspective, we found 
consistency between daily and hourly water level data in the Yangtze-Poyang Lake system (Fig. S4 and Table S1); however, certain 
differences were observed in discharge records (Fig. S5 and Table S1). The extreme drought did not alter the temporal patterns of daily 
and sub-daily water levels (Fig. S6a), with their maximum deviation reaching 3.6 % during the 2022 drought (Fig. S6b). Future 
research could benefit from using sub-daily data for a more detailed analysis, with results compared and discussed alongside other 
river-lake systems, such as the Tonle Sap Lake and Mekong River. Beyond data resolution, dataset length is also critical. Although 
hydrological records in this study begin in 1956, records for Poyang Lake date back to 1951 (Zhang et al., 2018). Existing reports 
suggest that even with data from 1951 onward, the 2022 extreme drought ranks as the most severe recorded, though this study does 
not directly validate it. Additionally, the logistic model detected seasonal variations in the frequency of extreme droughts, but the 
results were not statistically significant due to the relatively short time series. Climate change and human activities are likely to 
intensify the magnitude and seasonal patterns of extreme water levels in Poyang Lake in the future (Yao et al., 2023). Future research 
should consider using more larger datasets to explore the seasonal variability under extreme droughts.

In this study, a multiple linear regression model was employed to analyze water level variations in Poyang Lake, incorporating 
average discounted variables to improve the accuracy of model fitting. The limitation of the model lies in its tendency to overestimate 
low water levels, which affects drought analysis by underestimating drought severity. However, this limitation does not significantly 
impact the assessment of drought duration of the event, as it captures the decline in water levels during the wet season (Fig. 12). 
Prediction intervals were introduced to assess this uncertainty (Fig. S3). The 90 % prediction interval generally encompasses low flows 
under normal conditions, but even the 99 % prediction interval failed to capture the observed decline in water levels during the 
extreme drought period, highlighting the severity of this event. The drought, likely exacerbated by multiple interacting factors, proved 
challenging to predict accurately within the current model framework. This discrepancy may stem from alterations in hydrological 
conditions during dry or extreme drought periods, potentially manifesting as changes in the coefficients of predictive variables, 
thereby altering their impact on water levels. Segmented modeling or using more complex nonlinear relationships for fitting may help 
improve the accuracy of low flows simulations. Moreover, the model overlooks several variables, such as groundwater, land use, sand 
mining, and local precipitation and evaporation, which may significantly impact the drought processes of the lake (Liu et al., 2022; Yao 
et al., 2019). Minor streams, groundwater discharge, and rainfall collectively account for approximately 8 % of the lake water volume 
(Li et al., 2015, 2018). Extreme drought conditions can triple the rate of groundwater discharge, with floodplain wetlands experiencing 
a discharge rate approximately 14.5 times higher than in average years during 2022 (Chen et al., 2023b). Excessive evaporation was a 
direct catalyst for the 2022 extreme drought (Liu et al., 2023b). Sand mining reduced the annual water level of Poyang Lake by 
0.26–0.75 m from 2000 to 2014 (Ye et al., 2018). Human activities, such as project construction and land use, diminished the lake 
surface area from 5160 km² to 3860 km² between 1954 and 1998 (Shankman et al., 2006). Future research could aim for further model 
optimization, potentially by integrating more data, segmenting the analysis based on water levels, introducing additional variables and 
considering nonlinear relationships for a more accurate simulation.

5. Conclusions

Based on mathematical statistics and regression models, the temporal and spatial variations of Poyang Lake water level and the 
river-lake interaction under the 2022 extreme drought were analyzed. The probability of extreme droughts in Poyang Lake remained 
stable before the 21st century but has since increased significantly, reaching a level four times higher than before. By identifying 
historical extreme drought events in Poyang Lake and quantifying their characteristics, this study demonstrates that the 2022 drought 
was the most severe since 1956, with water levels significantly lower than any previously observed. Extreme droughts have altered the 
precipitation-runoff relationship in the Poyang Lake basin, limiting runoff response to precipitation during drought conditions. The 
blocking effect of the Yangtze River during the wet season decreased, leading to a rapid reduction in Poyang Lake’s water storage. The 
decline in water levels during the receding and dry seasons weakened the lake’s capacity to recharge the Yangtze River. The relative 
contributions of upstream and downstream river flows to Poyang Lake water level were quantified during the drought. In the second 
half of 2022, the reduction in Yangtze River flow had the most significant impact, more than doubling the contribution from upstream 
river flows. In the first half of 2023, reductions in upstream flow were the primary cause of the lake’s decreased water levels. 
Throughout the drought period, the contribution rates of the upstream discharge, the natural discharge of the Yangtze River and the 
operation of the Three Gorges Dam to the reduction in Poyang Lake’s water level are 23.68 %, 38.10 %, and 38.22 %, respectively.

A limitation of this study is its failure to account for the impacts of groundwater, land use, and sand mining, which may have a 
significant influence on the drought conditions of the lake. Additionally, the scope of this study was limited to the immediate hy
drological impacts, without considering the potential environmental and ecological consequences. Future studies could benefit from 
integrating more comprehensive environmental and ecological data to understand the impacts of extreme droughts. Investigating the 
potential for adaptive management strategies involving the dams could provide solutions for mitigating the impacts of extreme 
droughts.

This study provides new insights into the variations in the hydrological regime of Poyang Lake under extreme drought conditions, 
contributing to improved water resource management in the Poyang Lake basin. It is imperative to consider the flow conditions from 
the upstream areas and the Yangtze River in the research and management of Poyang Lake, indicating the necessity of viewing the lake 
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and rivers as an integrated system. Human activities, such as the operation of water conservancy projects, have a mixed impact on 
lakes. They could potentially increase the frequency of extreme drought conditions, yet possess the capability to mitigate drought 
situations through water supplementation. The regression model proposed in this study is expected to be applicable to other lakes, and 
provides a valuable tool for quantifying the influence of surrounding rivers.
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