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A B S T R A C T   

Compound Drought and Saltwater intrusion Events (CDSEs) refer to hydrologic drought and saltwater intrusion 
occurring simultaneously or consecutively in estuaries, and exacerbate the negative impacts resulting from an 
individual extreme event. CDSEs have been drawing increasing attention due to their potential adverse impacts 
on water resources, crop production, and food security. A new Standardized compound Drought and Saltwater 
intrusion Index (SDSI) was developed in this study to systematically detect changes in the severity of CDSEs in six 
estuaries (Little Back, Ebro, Rhine, Orange, Pearl River and Murray). The results illustrated that (1) compared to 
the Standardized Runoff Index (SRI), SDSI effectively characterizes and quantifies the occurrences and severity of 
CDSEs in major river estuaries worldwide. (2) Temporally, the SDSI trend varied across estuaries. Specifically, a 
decreasing trend was observed in the Little Back, Ebro, and Orange estuaries, with corresponding Zs values of 
− 2.43, − 3.63, and − 3.23. (3) Spatially, moderate CDSEs occurred more frequently among different estuaries, 
and their frequency, duration and severity varied in different estuaries. Notably, Ebro, Rhine and Murray River 
estuaries had the highest probability of CDSEs, nearing 60%. Among them, the Murray Estuary had the longest 
average duration, spanning 7.68 months, and the highest severity was 5.94. (4) According to the contributions 
analysis, saltwater intrusion plays a dominant role in influencing SDSI severity, accounting for a substantial 
percentage (54%–95.30%) compared to runoff. Notably, the Orange Estuary experienced the greatest impact 
from saltwater intrusion (81.54%–95.30%), while the Murray Estuary had relatively equal contributions from 
hydrological drought and saltwater intrusion.   

1. Introduction 

Estuaries, as pivotal transition zones between the river and marine 
systems, are often located at downstream of rivers, and characterized by 
high population density and large-scale industrial activities, with sub
stantial demands for freshwater. Additionally, they are vital to coastal 
ecosystems and communities around the world (Furlan et al., 2021; He 
et al., 2022; Jia et al., 2021; Zhou et al., 2020). In recent years, there has 
been a global increase in saltwater intrusion in estuaries, which can be 
attributed to human activities such as increased upstream freshwater 
extraction, channel deepening, sand mining, as well as climate 
change-induced factors like extreme droughts and sea level rise. For 
instance, Pearl River Estuary in China (Hu et al., 2019; Zhou et al., 
2020), Murray Estuary in Australia (Thom et al., 2020; Werner, 2010), 
Ebro Estuary in Spain (Genua-Olmedo et al., 2016), and Orange River 

Estuary in southern Africa (Steyl and Dennis, 2010) have all experienced 
severe saltwater intrusion events. In addition, estuaries are frequently 
subjected to hydrological droughts and saltwater intrusion, and these 
two extreme events are interrelated and may occur simultaneously or 
consecutively (Hao, 2022). The concurrence of prolonged drought and 
saltwater intrusion in estuary can exert a profound impact on water 
quantity and quality, adversely affecting drinking water resources, 
agricultural irrigation, wetland vegetation and aquatic population, and 
thus imposing significant stress on vulnerable estuarine ecosystems 
(Conrads and Darby, 2017; He et al., 2018; Jones and van Vliet, 2018). 
Since the impact of Compound Drought and Saltwater intrusion Events 
(CDSEs) is often greater than that of individual extreme events, 
advancing our understanding of the characteristics of such events is of 
vital importance (Hao, 2022). This will help to mitigate disaster and 
provide more insightful information for maintaining ecological stability. 

Estuaries have complex natural and human environments, because it 
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involves the interaction of topography, sea level, freshwater runoff, 
water salinity, wind, and other processes, wherein freshwater runoff is a 
major concern for water managers (Conrads and Darby, 2017; He et al., 
2018; Wang et al., 2020a,b,c). Therefore, hydrological drought with 
runoff deficit incorporates water deficit signals into other hydrological 
parameters. In general, among all drought types, hydrological drought is 
highly valued for its fundamental role in water resources management 
and is also considered to be a thorough drought (Shao et al., 2022; Wu 
et al., 2019). As a result, numerous indicators have been developed to 
evaluate hydrological drought in rivers, such as Surface Water Supply 
Index, Palmer Hydrologic Drought Index, Standardized Runoff Index 
(SRI), Stream Flow Drought Index, and Standardized Streamflow Index 
(Karl, 1986; Nalbantis and Tsakiris, 2009; Shukla and Wood, 2008; 
Vicente-Serrano et al., 2012; Wang et al., 2023). Among them, SRI is 
regarded as the most prevalent approach to quantifying runoff-based 
hydrological drought due to its simplicity and effectiveness (Shao 
et al., 2022; Wang et al., 2020a,b,c). In contrast, water scarcity in es
tuaries (i.e., hydrological drought) may be caused by the effects of 
concurrent hydrological drought and saltwater intrusion. Specifically, 
estuarine hydrologic drought is typically attributed to insufficient up
stream runoff that affects estuarine water resources or water supply. At 
the same time, saltwater intrusion intensifies hydrological drought in 
estuaries through increasing salinity, thereby reducing water quality 
and availability, and worsening water supply shortages (Hao, 2022; Wei 
et al., 2022). Given the complexity of hydrological drought in estuaries, 
the traditional drought indices, which were developed for upland areas, 
may not be well suited for describing water shortage caused by hydro
logical droughts and saltwater intrusion (i.e., CDSEs) in coastal estuaries 
(Conrads and Darby, 2017). Besides, the coastal salinity index may not 
accurately reflect drought conditions in estuaries (Mitra and Srivastava, 
2021). Consequently, it is necessary to develop a multivariate hydro
logical drought index that incorporates saltwater intrusion to reliably 
evaluate water scarcity in estuaries. 

Over the past few years, numerous studies have examined multi
variate compound events (Li et al., 2021a,b; Zhang et al., 2021; 
Zscheischler et al., 2020), which were generally identified using either 
threshold approaches or indicator approaches (Hao et al., 2020; Li et al., 
2021a,b). The utilization of thresholds to define the occurrence and 
frequency of compound extreme events for a specific period has gained 
considerable attention in recent studies (Wu et al., 2019b; Zhou and Liu, 
2018). While this approach has the advantage of visually detecting 
changes in the occurrence of compound events, it does not provide a 

comprehensive understanding of the severity and impacts of multiple 
compound events (Li et al., 2021a,b; Wu et al., 2020). To address these 
limitations, joint extreme indices have been proposed to transform 
multivariate compound events into univariate indices, which enables 
the analysis of more compound event characteristics beyond frequency 
(Hao et al., 2022; Li et al., 2021a,b). A standardized dry and heat index 
based on the ratio of marginal probabilities of precipitation and tem
perature, for example, was employed to measure compound dry and 
heat events (Hao et al., 2018). Furthermore, a standardized compound 
event indicator, based on the copula theory that links the marginal 
distribution of the Standardized Precipitation Index (SPI) and Stan
dardized Temperature Index (STI), has been proposed to assess the 
severity of compound dry and heat events (Hao et al., 2019a). Such 
composite indices provide available tools to enhance our comprehension 
of the frequency, spatial extent and severity of compound dry and heat 
events (Li et al., 2021a,b). To probe into compound extreme events, 
previous studies have concentrated on compound dry and heat events, 
and over the past few decades, some influential hydrometeorological 
events have also been considered as compound extremes, such as com
pound drought and saltwater intrusion (Hao, 2022; Wei et al., 2022). 
Concurrence of hydrological droughts and saltwater intrusion can 
contribute to urban water shortages, become worse with future sea level 
rise, and increase the potential risk to estuarine areas under global 
warming (Hao, 2022; Li et al., 2023). The concurrence of drought and 
saltwater intrusion, for instance, led to water scarcity in cities such as 
Zhuhai, Macau, and Guangzhou, and ultimately reduced drinking water 
supply for around 5 million people in early 2004 (Liu et al., 2019; Shen 
et al., 2018; Wang et al., 2022c,b,d). The drought in the United States in 
2012 affected 22 states and resulted in an estimated $30.3 billion in 
losses and damages. In coastal areas, the drought and saltwater intrusion 
into estuaries had further impacts on the environment, economy, and 
public health (i.e., freshwater supply and shellfish harvesting) (Conrads 
and Darby, 2017; Mitra and Srivastava, 2021). Despite the severe impact 
of CDSEs on estuaries, to the author’s best knowledge, no studies have 
yet reported on the development of relevant indices for monitoring 
compound drought and saltwater intrusion. 

When examining hydrological drought in estuaries using the tradi
tional drought index (SRI), the drought characteristics identified tend to 
be similar to those of runoff distribution. Consequently, salinity distri
bution is often overlooked, resulting in an incomplete picture of estuary 
drought characteristics. To address this issue, a compound extreme 
index was established to monitor and assess the severity of hydrological 
drought and saltwater intrusion, and to verify its reliability in compar
ison with univariate indices (SRI and Standardized Saltwater intrusion 
Index (SSI)), in order to comprehensively investigate the concurrent 
characteristics of such events. This will provide scientific evidence for 
relevant risk assessment and management. 

2. Study area and data 

Previous studies have explored freshwater salinization in different 
regions as well as trends in estuarine runoff, and found that salinization 
increased in 57% of the sub-basins, with a significant downward trend in 
estuarine runoff (Shi et al., 2019; Thorslund et al., 2021). Hence hy
drological drought and saltwater intrusion conditions may occur 
simultaneously in an estuary, negatively impacting the social and 
ecological systems of the estuary. In this study, we quantified CDSEs in 
six river estuaries around the world. 

The study focuses on estuaries spanning different hydroclimatic and 
geographical regions. These regions include Little Back in North Amer
ica, Ebro and Rhine in Europe, Orange in Africa, Pearl River in Asia, and 
Murray in Australia (Fig. 1). The geographical locations of the six es
tuaries, as well as the corresponding monitoring stations for runoff and 
salinity, are clearly marked on the map. Little Back and Rhine estuaries 
are tide-dominated estuaries, while the remaining four estuaries are 
river-dominated estuaries (Table 1) (Bittar et al., 2016; Bourman et al., 

Abbreviations full name 

CDSEs Compound Drought and Saltwater intrusion Events 
SDSI Standardized compound Drought and Saltwater 

intrusion Index 
SRI Standardized Runoff Index 
SPI Standardized Precipitation Index 
STI Standardized Temperature Index 
SSI Standardized Saltwater intrusion Index 
KS Kolmogorov-Smirnov 
QQ Quantile-quantile 
PDF Probability density function 
CDF Cumulative density function 
PP Probability-probability 
PMF Probability multiplication factor 
AIC Akaike Information Criterion 
BIC Bayesian Information Criterion 
LOGLIK Log-likelihood Criteria 
USDM US Drought Monitor 
MMK Modified Mann-Kendall  
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2022; Codden et al., 2022; Cooper, 2001, 2002; Lu et al., 2022; Nienhuis 
et al., 2020; Rijnsburger et al., 2021). Little Back Estuary has a humid 
subtropical climate with an annual precipitation ranging from 1,120 mm 
to 1,326 mm, and a corresponding annual average temperature ranging 
from 16.5 ◦C to 20.9 ◦C (Ogg et al., 2022). Ebro and Murray estuaries 
have a Mediterranean climate, which features hot and dry summers, as 
well as mild and rainy winters. Notably, the rainy and hot seasons in 
these regions are not concurrent. The Rhine Estuary, situated in Europe, 
has a temperate maritime climate characterized by mild and humidity 
conditions, whereas the Orange Estuary has a hot desert climate with 
limited precipitation and high temperature. Lastly, the Pearl River Es
tuary has a subtropical monsoon climate characterized by rainfall and 
heat during the same period, with an annual precipitation ranging from 
1,200 to 2,200 mm (Wu et al., 2018). 

Within these estuaries, all river monitoring locations have at least 15 
years of monthly runoff and salinity data between 1980 and 2020. 
Specifically, monthly runoff and salinity data for the Little Back Estuary 
were downloaded from U.S. Geological Survey (https://waterdata. usgs. 
gov/nwis/rt). The monthly runoff and salinity data for the Pearl River 
Estuary were obtained from the Hydrological Bureau of Guangdong 
Province, and those for the Ebro, Rhine, Orange and Murray estuaries 
were derived from the Global Runoff Data Centre (GRDC, https://www. 
bafg.de/GRDC/EN/02_srvcs/21_tmsrs/riverdischarge_node.html). 
Additionally, the corresponding monthly salinity data for these estuaries 
were derived from previously gathered global salinity dataset (Thor
slund et al., 2021). These data were chosen because they also have been 

used to analyze hydrological drought and freshwater salinization in 
previous studies (Brunner and Stahl, 2023; Conrads and Darby, 2017; 
Thorslund et al., 2021; Wada et al., 2013; Zhou et al., 2020). All monthly 
runoff data used in this study were complete, and all monthly salinity 
data had a data-missing rate of less than 5%, with missing monthly 
salinity data replaced by the mean of the same month in each year (Tan 
et al., 2020, 2022). A summary of the statistical characteristics of all the 
data used in this study, including the monthly runoff and salinity data 
for the estuaries (Table 1). 

3. Methodology 

3.1. Standardized runoff index (SRI) and standardized saltwater 
intrusion index (SSI) 

The SRI was proposed to define and monitor hydrological drought, 
and has been extensively applied in research into hydrological drought 
due to its computational simplicity, low input data requirements and 
applicability to multiple temporal scales (Chen et al., 2018; Valiya 
Veettil and Mishra, 2020; Vicente-Serrano et al., 2012). To more pre
cisely characterize hydrological drought, five distribution functions 
(Lognorm, Logistic, Normal, Gamma and Weibull) were utilized to fit the 
monthly runoff, and the optimal distribution parameters for the monthly 
runoff data were derived using the maximum likelihood estimation 
method (Wang et al., 2022a). The Kolmogorov-Smirnov (KS) test was 
adopted to evaluate the fitting results after the distribution of monthly 

Fig. 1. Locations of the river estuaries used for this study.  

Table 1 
Statistical characteristics of runoff and salinity data in estuary used in this study.  

Estuary Dominate Time series Station Type Statistical characteristics 

Min Median Mean Max 

Little Back Tide-dominated 1994.1–2014.7 USGS-02198500 Runoff (ft3/s) 4298.33 7431.29 9797.82 42489.29 
USGS-21989784 Salinity (psu) 0.02 0.16 0.20 0.70 

Ebro River-dominated 1980.1–2003.4 GRDC-6226800 Runoff (m3/s) 64.36 224.02 304.58 1348.80 
ID 300020 Salinity (μS/cm) 412 901 918.62 1593 

Rhine Tide-dominated 1980.1–2009.8 GRDC-6435060 Runoff (m3/s) 64.36 224.02 304.58 1348.80 
ID 301593 Salinity (μS/cm) 412 901 918.62 1593 

Orange River-dominated 1980.1–2009.12 GRDC-1159100 Runoff (m3/s) 0.94 67.95 168.29 5328.38 
ID 101888_DWS Salinity (μS/cm) 202.75 348.75 373.25 819.67 

Pearl River River-dominated 1999–2016 Dry season Shanshui and Makou Runoff (m3/s) 1760 3501.5 4138.31 13,800 
Pinggang Salinity (mg/L) 5.03 114.88 283.97 2661.1 

Murray River-dominated 1980.1–2009.12 GRDC-5404271 Runoff (m3/s) 4.53 52.08 146.45 1261.50 
ID w00078_A4260550 Salinity (μS/cm) 214.16 458.09 470.23 1054.23  
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runoff data was fitted. The optimal distribution function was then cho
sen using the smallest statistic of KS test (Wang et al., 2022b; Zhang 
et al., 2021). Once the optimal distribution and its estimation parame
ters were determined, the optimal distribution function was then 
transformed to SRI using the standard normal distribution (Vice
nte-Serrano et al., 2012). The computational process is as follow: 

Based on the optimal probability distribution functions and param
eters, the cumulative density function f(x) can be calculated using the 
following the integral equation. 

f (x)=
∫ x

0
f (x)dx (1)  

Once f(x) was determined, the SRI can be computed by converting f(x)
to a standard normal distribution. 

SRI= k
(

ω −
α0 + α1ω+ α2ω

1 + β1ω+ β2ω+ β3ω3

)

(2)  

where 
{
ω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 2ln(f (x))

√
, if f (x)≤ 0.5, then k= − 1

ω =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 2ln(f (x))

√
, if f (x)> 0.5, then k= 1

(3)  

where the constants are α0 = 2.515517, α1 = 0.8023853, α2 = 0.01328, 
β1 = 1.432788, β2 = 0.189269, β3 = 0.001308, respectively. 

Similarly, the SSI was calculated in the same process as SRI, except 
that high values of SSI suggest saltwater intrusion conditions. For con
sistency and comparability with existing standard drought indices, the 
SSI values were multiplied by − 1 to enable negative values of SRI and 
SSI to present drought conditions and saltwater intrusion conditions, 
and positive values of SRI and SSI to present wet conditions and fresh
water conditions. And this study is focused on the one-month scale SRI 
and SSI. 

A smaller value of the KS test indicates a better fit. Based on the 
statistical values, the Lognormal distribution was found to be the 
optimal function for fitting runoff at all stations (Table 2). This result 
confirms that the Lognormal distribution is effective in fitting runoff and 
is consistent with previous research findings (Shukla and Wood, 2008; 
Vicente-Serrano et al., 2012; Wu et al., 2019). For the distribution of 
saltwater intrusion, the five distribution functions vary significantly 
across different estuaries. For instance, the Weibull distribution was 
found to be suitable for fitting Little Back, and Pearl River estuaries, 
while the Lognormal distribution to be suitable for fitting Rhine and 
Orange estuaries. The Gamma distribution was found to be suitable for 
fitting Ebro and Murray estuaries. Furthermore, the quantile-quantile 
(QQ), probability density function (PDF), cumulative density function 
(CDF), and probability-probability (PP) diagrams are utilized to intui
tively compare the optimal distribution functions of runoff and saltwater 
intrusion in both the Pearl River and Little Back estuaries (Fig. 2). For 
example, the PP plot comparing runoff and salinity data obtained from 
the Pearl River and Little Back estuaries, and Lognormal distribution 
function for runoff and Weibull for salinity are almost identical with 
observations (Fig. 2 (a4, b4, c4, d4)), indicating that these distribution 

functions fit the runoff and salinity data of these two estuaries well, and 
can be used to calculat SRI and SSI. In a similar vein, the optimal dis
tribution functions were determined to be used in the calculation of SRI 
and SSI for each estuary. 

3.2. Concurrent drought and saltwater intrusion indicators 

CDSEs were defined by runoff deficit (low SRI) and saltwater intru
sion (low SSI) over the same period. Three types of composite indicators 
were introduced in this study, where the percentile-based method and 
the probability multiplication factor (PMF) method were utilized to 
validate SDSI. The first indicator is the SDSI, where the focus is on the 
CDSEs under hydrological drought and saltwater intrusion conditions. 
Given that copulas have good capability for constructing the joint dis
tribution of multivariate random variables, the joint probability of 
concurrence of two random variables X (runoff series) and Y (salinity 
series) based on copula can be expressed as: 

P(X≤ x ∧ Y > y)=P(X≤ x) − P(X≤ x ∧ Y ≤ y) = u − C(u, v) (4)  

where u = P(X≤ x),v = P(Y ≤ y),C(u, v) is the copula function 
P(X≤ x∧Y ≤ y). 

The joint probability P(X≤ x ∧ Y > y) was then transformed to a 
uniform distribution by fitting a distribution F (Hao et al., 2019a). The 
SDSI can be expressed as: 

SDSI=Φ− 1[F(P(X≤ x ∧ Y > y))] (5)  

where Φ− 1 is the inverse function of the standard normal distribution. 
Based on the optimal fit of marginal distribution functions for runoff 

and salinity data, five candidate copula functions were chosen to 
construct the compound drought and saltwater intrusion model for the 
estuary. The selection of Copula functions was based on Akaike Infor
mation Criterion (AIC), Bayesian Information Criterion (BIC), and Log- 
likelihood criteria (LOGLIK), and the goodness of fit for the selected 
Copula functions was evaluated based on the smallest AIC and BIC 
values and the largest LOGLIK value (Table 3). In general, the selection 
of the optimal copula function varied across estuaries. In accordance 
with the optimal marginal distribution functions for runoff and salinity, 
for instance, the Frank copula was considered to be the optimal joint 
function for three estuaries (i.e., Little Back, Orange and Pearl River), 
whereas the Gaussian copula was the optimal joint function for the 
Murray Estuary. For the Ebro and Rhine estuaries, the optimal joint 
function for runoff and salinity was the Clayton and Gumbel copula. 
Based on the optimal copula functions for runoff and salinity in each 
estuary, the SDSI was constructed. The connection between SDSI and 
normal distribution was observed in each estuary, with the scatter points 
were practically located along a straight line, indicating that SDSI can be 
well-fitted by a normal distribution (Fig. 3). 

According to the categories of compound events proposed by Wu 
et al. (2020), five categories of drought and saltwater intrusion condi
tions were identified: abnormal, moderate, severe, extreme, and 
exceptional drought and saltwater intrusion condition, and the same 

Table 2 
Goodness of fit for marginal distribution functions of monthly runoff and salinity (bold letter indicates minimum values).  

Name Distribution Little Back Ebro Rhine Orange Pearl River Murray  

Lognorm 0.12 0.07 0.06 0.06 0.08 0.12  
Logistic 0.20 0.15 0.08 0.25 0.13 0.26 

Runoff Gamma 0.20 0.09 0.07 0.36 0.11 0.22  
Weibull 0.18 0.09 0.10 0.08 0.14 0.14  
Normal 0.21 0.15 0.13 0.32 0.18 0.28  
Lognorm 0.10 0.07 0.04 0.05 0.10 0.05  
Logistic 0.13 0.08 0.06 0.08 0.27 0.07 

Salinity Gamma 0.10 0.07 0.05 0.06 0.14 0.05  
Weibull 0.08 0.09 0.09 0.10 0.07 0.07  
Normal 0.14 0.09 0.08 0.09 0.26 0.08  
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criteria were used for SRI and SSI (Table 4). These categories were 
similar to the severity levels of drought adopted in the US Drought 
Monitor (USDM) (Svoboda et al., 2002). The fundamental framework of 
the USDM was based on a ranking percentile approach derived from 
statistical data. This approach provides historical context for a given 
value/score by defining the percentage of scores in the related frequency 
distribution that are equal or lower value. In this study, the classification 
standards of 2%, 5%, 10%, 20%, and 30% were considered reasonable, 
thus enabling the categorization of SDSI into five classification corre
sponding to different compound event levels (Table 4). 

Based on previous studies (Hao et al., 2019b; Zhou and Liu, 2018), 
the second indicator is a percentile-based approach to establishing 
threshold levels for hydrological drought and saltwater intrusion. Spe
cifically, the 30% and 70% quantiles of runoff and salinity were 
employed to identify a sufficient number of compound events to validate 
the reliability of the proposed SDSI. Therefore, for the specific thresh
olds r0 and s0 of runoff and salinity, respectively, the occurrence of a 
compound drought and saltwater intrusion event Z can be expressed as: 

Fig. 2. PDF, QQ, CDF and PP plots of five probability distribution functions (Lognormal, Logis, Gamma, Weibull and Normal) for runoff and salinity in Pearl River (a, 
b) and Little Back (c, d) estuaries. 
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z=
{

1,R ≤ r0, S >s0
0, otherwise (6) 

This indicator can be determined through the concurrence of 
drought and saltwater intrusion over a specific period. A value of Z = 1 
indicates the presence of a compound drought-saltwater intrusion event, 

while a value of Z = 0 suggests the absence of such an event. 
Following Zscheischler and Seneviratne (2017), the third indicator in 

this study utilizes PMF method to assess the likelihood of CDSEs. Similar 
to the percentile-based thresholds method, drought and saltwater 
intrusion events were defined using the 30th and 70th percentiles, 
respectively, and the independent joint probability was 0.09. The PMF 
can be express as: 

PMF=
f (Compound drought and saltwater intrusion event)

f (drought) ∗ f (saltwater intrusion)

=
Compound drought and saltwater intrusion event frequency (%)

9%

(7)  

3.3. The modified Mann-Kendall (MMK) trend test method and relative 
importance analysis 

The traditional Mann-Kendall (MK) trend test, as a nonparametric 
statistical test, is extensively used to detect the trend characteristics of 
hydro-climatology series (Wu et al., 2020). The MK method is based 
upon the assumption that time series are independent and random. 
Nevertheless, it is noteworthy that time series tend to have autocorre
lation, which affects the significance of the test results (Huang et al., 
2016). To address this issue, the MMK trend test method has been 
developed to effectively eliminate the autocorrelation component of 
time series and thereby to enhance the test capability of the MK method. 
Consequently, the MMK method is employed in this paper to identify the 
temporal trend characteristics of SDSI in the estuary. The calculation 
process is as follows: 

Firstly, statistic S is calculated as follows: 

S=
∑

i<j
sgn

(
xj − xi

)
(8)  

where 

sgn
(
xj − xi

)
=

⎧
⎨

⎩

1, xj > xi
0, xj = xi
− 1, xj < xi

(9) 

Secondly, the variance of S is computed: 

Var(S) =
n(n− 1)(2n+5)

18
(10)  

thirdly, the modified variance of S is estimated. 

V ∗ (S) =Var(S) ∗ Cor (11)  

where Cor refers to the autocorrelation correction, which can be 

Table 3 
Goodness-of-fit of five candidate Copula functions.  

Estuary Criterion Clayton Frank Gaussian Gumbel Joe 

Little 
Back 

AIC − 330.16 ¡391.27 − 372.67 − 372.32 − 325.49 
BIC − 326.65 ¡387.76 − 369.16 − 368.81 − 321.98 
LOGLIK 166.08 196.64 187.33 187.16 163.74  
AIC ¡56.69 − 51.51 − 48.07 − 56.09 − 54.76 

Ebro BIC ¡53.08 − 47.90 − 44.47 − 52.49 − 51.16  
LOGLIK 29.34 26.75 25.04 29.05 28.38  
AIC − 54.72 − 46.70 − 59.58 ¡60.20 − 52.87 

Rhine BIC − 50.85 − 42.83 − 55.71 ¡56.33 − 49.00  
LOGLIK 28.36 24.35 30.79 31.10 27.44  
AIC − 162.06 ¡204.22 − 202.72 − 185.84 − 149.85 

Orange BIC − 158.18 ¡200.34 − 198.83 − 181.95 − 145.97  
LOGLIK 82.03 103.11 102.36 93.92 75.93 

Pearl 
River 

AIC − 27.76 ¡34.13 − 29.16 − 28.61 − 24.94 
BIC − 25.08 ¡31.45 − 26.48 − 25.93 − 22.25 
LOGLIK 14.88 18.06 15.58 15.31 13.47  
AIC − 62.78 − 63.96 ¡65.72 − 60.49 − 52.54 

Murray BIC − 58.89 − 60.07 ¡61.84 − 56.60 − 48.65  
LOGLIK 32.39 32.98 33.86 31.24 27.27  

Fig. 3. Q-Q plot of SDSI at different estuaries.  

Table 4 
Categories of drought and saltwater intrusion conditions based on the SRI, SSI 
and SDSI.  

Category Compound drought-saltwater 
intrusion condition 

Percentile 
change 

SRI/SSI/ 
SDSI 

Grade 0 Abnormal (20, 30] (-0.8, 
− 0.5] 

Grade 1 Moderate (10, 20] (-1.3, 
− 0.8] 

Grade 2 Severe (5, 10] (-1.6, 
− 1.3] 

Grade 3 Extreme (2, 5] (-2, − 1.6] 
Grade 4 Exceptional ≤2 ≤-2  
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estimated as follows: 

Cor= 1+
2

n(n− 1)(n− 2)
∑n− 1

k=1
(n− 1

)

(n − k− 1)(n − k− 2)rk (12)  

where 

rk =
∑n− k

i=1 (xi − m)(xi+k − m)
∑n

i=1(xi − m)2 (13) 

Finally, the standardized statistic Z is calculated. 

Z=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

S− 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V ∗ (S)

√ ,S> 0

0, S= 0
S+1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V ∗ (S)

√ ,S< 0

(14) 

Changes in the severity of CDSEs may be attributed to changes in 
runoff and salinity. In light of the previous studies (Kang et al., 2022; Wu 
et al., 2020, 2021), this study used a stepwise multiple regression model 
to assess the relative importance of runoff and salinity on severity 
trends, which was calculated by the R package “claimpo”. 

4. Results 

4.1. Performance of SDSI 

The PMF of CDSEs in various estuaries, revealing a consistently high 
value of the PMF has been observed in all estuaries (Table 5). To be 
specific, the Little Back, Orange and Pearl River estuaries exhibit higher 
PMF values, suggesting a greater frequency of compound events in the 
three estuaries. Due to space limitations, the Pearl River and Little Back 
estuaries were used as examples to represent river-dominated estuary 
and tide-dominated estuary, respectively, in order to illustrate the 
properties of SDSI. The SRI, SSI, and SDSI values in the Pearl River and 
Little Back estuaries were compared to better visualization (Fig. 4). Low 
and negative SRI and SSI value indicates severe drought condition and 
saltwater intrusion, respectively. Similarly, a low and negative SDSI 
value indicates compound drought and saltwater intrusion conditions. 
The variation trend of SDSI value was relatively consistent with those of 
SRI and SSI values, and the increase or decrease in SRI and SSI values 
cause SDSI values to increases or decreases accordingly, demonstrating 
the basic properties of SDSI under drought and saltwater intrusion. 
Similar results regarding the comparison of these three indices were 
observed among other estuaries (Figure S1). 

The black rectangular boxes depict the occurrences of CDSEs in Pearl 
River in January 2005 and in Little Back Estuary in June 2002 and 
November 2012, with corresponding SDSI values of − 1.58, − 1.86 and 
− 2.57, respectively (Fig. 4(a) and (c)). These values reflect the severity 
of extreme drought and saltwater intrusion conditions during these 
CDSEs. The percentile-based thresholds method, which identifies the 
occurrence of compound drought events, aligns with the low and 
negative SDSI values (Fig. 4(b) and (d)). While the percentile-based 
thresholds method can identify the occurrence of compound drought 
events using different thresholds, it fails to evaluate their severity level, 
which can be visually represented by the proposed SDSI. Furthermore, 
the green rectangular box illustrates that neither SRI nor SSI was able to 
detect the occurrence of drought (saltwater intrusion) with a threshold 

of − 1 (Fig. 4(a)). However, the compound index (SDSI) effectively 
captured the occurrence of CDSEs, proving its capability to combine 
information on both runoff and saltwater intrusion and to detect CDSEs 
sensitively and accurately. Meanwhile, SDSI was generally lower than 
SRI and SSI, illustrating that the revealed wetness of SDSI is lower than 
that of SRI, while the drought status of SDSI was higher than that of SRI, 
which reflects the severity of SDSI for hydrological drought events 
exacerbated by saltwater intrusion (Fig. 4(a) and (c)). 

Additionally, SDSI captures the characteristics of both hydrological 
drought and saltwater intrusion as it is derived from runoff and salinity. 
The correlation analysis among the three indices reveals a correlation 
coefficient of 0.50 between SRI and SSI for Pearl River. Furthermore, a 
higher correlation coefficient of 0.82 and 0.87 is observed between the 
composite index (SDSI) and the univariate indices of SRI and SSI, 
respectively (Fig. 5). For Little Back Estuary, the correlation coefficient 
between SRI and SSI was 0.88, while those between the SDSI and the 
univariate indices (SRI and SSI) were 0.96 and 0.93, respectively. It is 
noteworthy that the correlation between the two univariate indices was 
obviously lower than that between the SDSI and the univariate indices. 
This suggests that to some extent, SRI may be limited in its ability to 
accurately reflect the occurrence of saltwater intrusion, while SSI may 
not be an optimal tool for assessing hydrological drought. In contrast, 
the constructed composite index (SDSI) is relatively better able to reflect 
the properties of CDSEs, with further evidence for the high sensitivity of 
the SDSI in detecting CDSEs. Similarly, detailed correlation analyses 
were also conducted for the indices of the other estuaries (Figure S2). 

To further demonstrate the properties of the SDSI, scatter plots of SRI 
and SSI were presented in the Little Back Estuary (Fig. 6), where the size 
of the scatter corresponds to the absolute value of SDSI. For instance, the 
dots representing the 2002 and 2012 CDSEs in the third quadrant, 
correspond to the low and negative SRI and SSI values, indicating that 
the SDSI values are smaller when the probability P(X≤ x ∧ Y > y) is 
lower. In addition, an interesting characteristic of SDSI is that there are 
several dots in the second quadrant where CDSEs occur. This indicates 
that although individual events may not be extremes conditions, the 
combination of events can still lead to compound drought and saltwater 
intrusion conditions, which is consistent with the depiction of the green 
rectangular box (Fig. 4(a)). Furthermore, few dots fell into the fourth 
quadrant, which suggests that the probability of saltwater intrusion 
without drought is low. As a result, the SDSI provides a valuable tool for 
evaluating the severity of CDSEs. Similar results about the scatter plot 
between SRI and SSI can also be observed for the other estuaries 
(Figure S3). 

4.2. Temporal variation of CDSEs in estuaries 

The trend characteristic of the severity of CDSEs in each estuary was 
analyzed using the MMK trend test method on the entire time series of 
SDSI and monthly SDSI (Fig. 7). A positive Zs value indicates a 
decreasing trend in the severity of CDSEs, while a negative Zs value 
indicates an increasing trend in CDSEs. The results showed that a 
continuous decreasing trend was observed in the timeseries of Little 
Back, Ebro and Orange estuaries with Zs value of − 2.43, − 3.63 and 
− 3.23, respectively. Notably, the Zs value for Little Back, Ebro, and 
Orange passed the significance test at the 0.01 level, indicating that a 
significant increase in CDSEs during the study period. The increasing 
trend in CDSEs (decreasing trend in SDSI) and declining trend in SSI are 
in accordance with the increasing trend in salinity in the Orange Estuary 
as reported by Thorslund et al. (2021) (Figure S4(b)). The SDSI for the 
Rhine Estuary demonstrated an increasing trend for all months, and the 
overall trend for SDSI witnessed a significant increasing trend with a Zs 
value of 3.75. The Murray Estuary showed an increasing trend except for 
July through November, which exhibited a decreasing trend, indicating 
CDSEs were alleviated. This is in consistence with the results of Thor
slund et al. (2021), which suggest that salinity in the Murray Estuary 
decreased predominantly (Figure S4(b)). As for the Pearl River Estuary, 

Table 5 
The likelihood of compound drought and saltwater intrusion events (bold letter 
indicates high value of PMF).  

Estuary Little Back Ebro Rhine Orange Pearl River Murray 

PMF 2.83 1.39 1.40 2.10 2.06 1.60  
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the SDSI exhibited a decreasing trend in October and November, and an 
increasing trend in January, February and March. The insignificant in
crease in entire timeseries of SDSI suggests that the compound drought 
and saltwater intrusion in the Pearl River during the dry season has been 
alleviated to a certain degree, possibly due to more precipitation and 
corresponding increase in runoff during the dry season in 2013–2016. 
This is in line with the results reported by Huang and Wang (2021), 
which showed significant drought relief after 2013. 

Trends in SRI and SSI may be related to changes in the severity of 
CDSEs. In this study, the trends of the SRI and SSI over the study period 
were also evaluated using MMK (Figure S4(a) and (b)). Notably, a sig
nificant decreasing trend of SSI value less than − 1.68 was observed in 
the estuaries of Little Back, Ebro, Rhine, Orange, and Murray (Figure S4 
(a)). Previous studies have shown a downward trend of runoff in these 
estuaries (Leblanc et al., 2012; Shi et al., 2019; Thorslund et al., 2021; 
Vicente-Serrano et al., 2017). The SSI values for the Little Back, Ebro, 

Orange, and Pearl River estuaries increased, which is consistent with 
previous studies that suggest a decreasing trend in salinity within these 
estuaries (Figure S4(b)) (Liu et al., 2018, 2019; Merchán et al., 2018; 
Romaní et al., 2010; Thorslund et al., 2021). By contrast, an upward 
tendency was observed in the salinity of Murray and Rhine estuaries, 
which is in line with the increasing trend in salinity in previous studies 
(Thorslund et al., 2021; Verbrugge et al., 2012). Verbrugge et al. (2012) 
found a drastic decline in salinity since 1986, owing to the imple
mentation of effective water pollution control measures (i.e., interna
tional treaties aimed at reducing salinity loads of the Rhine). According 
to Loch and Gregg (2018), a crucial intervention for mitigating the 
salinity of the Murray River involves implementing salt interception 
schemes in high-risk areas. Since the implementation of these in
terventions in 1989, the salinity levels in the river have consistently 
remained below the threshold of 800 μS/cm. The increased severity of 
compound extremes caused by reduced runoff and increased salinity 

Fig. 4. Series of three indices (SRI, SSI and SDSI) and occurrence of compound events (1 for occurrence and 0 for nonoccurrence) at Pearl River (a, b) and Little Back 
(c, d) estuaries. 
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Fig. 5. Correlation analysis between indices at Pearl River (a) and Little Back (b) estuaries.  

Fig. 6. Scatter plot between SRI and SSI at Little Back Estuary (the size of the scatter plot is determined by SDSI, and yellow and green indicate negative values and 
positive values, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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may pose significant challenges to the social and ecological systems of 
these estuaries. 

4.3. Spatial analysis of CDSEs in estuaries 

Analysis of CDSEs helps to better understand their condition in es
tuaries against the backdrop of decreased upstream runoff and global 
sea level rise. During the study period, the number of CDSEs varied 
within the six estuaries (Fig. 8). Specifically, the Little Back, Ebro, Rhine, 
Orange, Pearl River, and Murray estuaries recorded 108, 166, 217, 176, 
52 and 215 CDSEs, respectively, corresponding to a frequency of com
pound occurrence of 43.72%, 61.25%, 60.96%, 48.89%, 48.15% and 
59.72%, respectively. In particular, the probability of CDSEs occurring 
in the Ebro, Rhine and Murray estuaries was the highest at nearly 60%. 
To better understand the characteristics of the CDSEs, this study 
compared the frequency of droughts based on the constructed SDSI and 
on other univariate indices (SRI and SSI). Five different thresholds 
(− 0.5, − 0.8, − 1.3, − 1.6, and − 2) were used to classify the severity of 
CDSEs into abnormal, moderate, severe, extreme, and exceptional cat
egories. The number of occurrences of CDSEs was extracted for each 
threshold, and the frequency of occurrences of CDSEs at different levels 
was obtained by dividing the number of occurrences by the total number 
of the months in the study period. Overall, the proportion of CDSEs 
varies at different thresholds (Fig. 8). The moderate CDSEs occurred 
most frequently in each estuary, with a frequency ranging between 15 
and 20%. Notably, the frequency of CDSEs in the Rhine Estuary was the 
highest among all estuaries, with a value of 20.51%. Besides, it is 
noteworthy that exceptional CDSEs may occur even when hydrological 
droughts do not fall into the exceptional categories (as can be observed 
in the Little Back, Ebro and Pearl River estuaries). This observation is 
consistent with the above finding where individual events that do not 
meet the criteria for extreme conditions may lead to extreme impacts 
when occurring simultaneously. Moreover, as the severity level of CDSEs 
increases (i.e., the threshold value decreases), the frequency of SDSI 
becomes more prominent for all estuaries when compared to univariate 
indices (SRI and SSI). Overall, compared to univariate indices (SRI and 
SSI), the use of SDSI resulted in a higher frequency of severe CDSEs 
(including severe, extreme, and exceptional levels). This can also be 

attributed to interaction between drought and saltwater intrusion. 
Prolonged drought could induce saltwater intrusion, while saltwater 
intrusion, in turn, exacerbates drought conditions. Consequently, these 
interactions contribute to the occurrence of more severe compound 
drought and saltwater intrusion events, significantly impacting fresh
water availability within the estuary. 

The SDSI was also used to obtain the characteristics of CDSEs, 
including duration and severity, for each estuary. The variation in CDSE 
characteristics within each estuary is shown in violin plot (Fig. 9), with 
substantial differences observed in the characteristics of CDSEs across 
different estuaries. Specifically, the average durations of CDSEs in the 
Little Back, Ebro, Rhine, Orange, Pearl River and Murray estuaries were 
5.14, 6.38, 4.42, 5.50, 3.06 and 7.68 months, respectively (Fig. 9(a)). 
Similar spatial patterns were observed between CDSEs severity and 
duration, with corresponding mean CDSEs severity values of 3.48, 5.66, 
3.60, 4.54, 2.68 and 5.94, respectively (Fig. 9(b)). Specifically, the 
Murray Estuary had the highest mean severity and longest mean dura
tion of CDSEs among the six estuaries, and the interquartile range was 
larger than that in other estuarine areas, indicating that the Murray 
Estuary experienced a highly variable CDSEs conditions. The kernel 
density distributions of the Little Back, Ebro, and Rhine estuaries had a 
relatively consistent patterns, indicating that these estuaries experi
enced severe and long-lasting CDSEs. Notably, the median duration and 
severity of CDSEs in the Orange Estuary were relatively small, at 2 
months and 0.88, respectively, suggesting that this estuary is primarily 
subject to short-duration and low-severity CDSEs. However, the pres
ence of several outliers in the violin plot suggests the occurrence of 
extreme CDSEs in the Orange Estuary. CDSEs were observed in the Or
ange Estuary from January 2003 to January 2006 (Figure S1(c)), with 
duration and severity of 37 months and 40.55, respectively (Fig. 9), 
which is generally in line with previous studies (Hao et al., 2019a; Masih 
et al., 2014). Compared to the other estuaries, the non-existence of CDSE 
outliers in the Pearl River Estuary can be attributed to the fact that only 
CDSEs in the dry season were considered. On top of that, the charac
teristics (duration and severity) of the univariate indices (SRI and SSI) 
(Figure S5) were also compared to those of the composite index (SDSI), 
and the latter showed more severe duration and severity. These quan
titative results imply that the characteristics of CDSEs pose a higher risk 

Fig. 7. The trend of SDSI at different estuaries.  
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than those of individual events. 

4.4. Relative contribution of change in runoff and saltwater intrusion to 
the SDSI 

In the context of sea level rise, extensive human- and climate-driven 
changes are observed in most estuaries, contributing to a declining trend 
in estuarine runoff and thus rendering estuaries more vulnerable to 
droughts. When hydrological drought coincide with saltwater intrusion, 
a hazard of concurrent drought and saltwater intrusion form in estu
aries, adversely affecting the social and ecological environment of the 
area. This study classifies estuaries into two types: river-dominated and 
tide-dominated estuaries (Table 1). Specifically, river-dominated estu
aries are usually located near the mouth of the river with sandbars being 
physical barriers, characterized by highly variable salinity regimes, 
hydrologic conditions (Bourman et al., 2022; Cooper, 2002; Kärnä et al., 
2015; Lu et al., 2022; Phlips et al., 2023; Wei et al., 2022). During the 
dry season, nonetheless, the freshwater runoff of the river decreases, 
causing a gradual increase in salinity. Tide-dominated estuaries, in 

contrast, are typically located within the mouth of river and form a tidal 
zone. The water level in these estuaries is heavily influenced by tidal 
fluctuations, causing them to vary with the rise and fall of the tides 
(Azhikodan et al., 2021; Bittar et al., 2016; Chen and Zhang, 2020; 
Codden et al., 2022; Desjardins et al., 2012; Hoitink and Jay, 2016; Hu 
et al., 2018; Nienhuis et al., 2020; Qiu et al., 2022; Rijnsburger et al., 
2021). During the drought or low-rainfall period, the decrease in river 
runoff, combined with tidal movements, can make saltwater intrusion 
worse and lead to further increases in salinity levels within the estuary. 
Thus, both river-dominated and tide-dominated estuaries induce salt
water intrusion due to reduced river runoff (Liu et al., 2019; Peters et al., 
2022; Wang et al., 2022a,b,d). 

The severity of changes in the compound drought and saltwater 
intrusion may be influenced by the individual or combined effects of 
variations of runoff and saltwater intrusion. In the case of greater salt
water intrusion, the severity of CDSEs is expected to increase under 
conditions of constant runoff. To further investigate the relative 
contribution of runoff and saltwater intrusion to the severity of river- 
dominated and tide-dominated CDSEs, this study employed stepwise 

Fig. 8. Frequency of compound events at different thresholds at different estuaries. The number in parentheses refer to the number of compound drought and 
saltwater intrusion events. 
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multiple regression model to assess the individual effect of these vari
ables on the SDSI. Four models (First, LMG, CAR, and Last) were selected 
for contribution analysis in this study (Table 6). Generally, the relative 
contributions of runoff and saltwater intrusion to the trends of variation 
of SDSI are consistent in four models demonstrating the robustness of 
the results. In all estuaries except for Murray, the contribution of salt
water intrusion to the change in SDSI was greater than that of runoff (the 
relative contribution of saltwater intrusion exceeds 54%), indicating 
that the effect of saltwater intrusion likely dominates the change in SDSI 
in estuaries. Specifically, saltwater intrusion was the largest contributor 
to the SDSI variation in Orange Estuary, with a range of 81.54%– 
95.30%, much larger than that of runoff. As for the Murray Estuary, the 
relative contribution of hydrological drought and saltwater intrusion to 
the SDSI were comparable. These results suggest that saltwater intrusion 
is likely to dominate the severity of change in SDSI in the estuaries. In 
addition, there is little difference in the relative contribution of SDSI 
between tide-dominated and river-dominated estuaries. 

5. Discussion 

5.1. Sensitivity of marginal distributions, copulas and thresholds 

Copulas are statistical measures that are able to connect any two or 
more relevant variables from arbitrary marginal distributions to flexibly 
yield their joint distributions (Alizadeh et al., 2020). The fewer con
straints and ease of use in joining the marginals together have led to the 
widespread application of copulas in drought assessment and ecological 
researches (Fang et al., 2019). In this study, the SDSI was calculated by 
utilizing the optimal distribution function to fit the marginal distribu
tion and the optimal copula to combine runoff and salinity. Other 
candidate functions, such as the Weibull distribution for runoff, the 
log-normal and gamma distributions for salinity, and Gaussian and 

Gumbel function for the joint copula, showed comparable performance 
for the Little Back Estuary (Tables 3 and 4). This kindled an interest in 
investigating the sensitivity of various marginal distributions when 
using SRI and SSI to assess hydrological drought and saltwater intrusion, 
as well as the sensitivity of different copulas when using SDSI to assess 
CDSEs. Therefore, candidate distribution functions were utilized to 
calculate SRI and SSI, while other copula functions were employed to 
combine runoff and salinity to evaluate sensitivity in this study. A 
comparative analysis was conducted on the SRI, SSI, and SDSI curves 
generated using different distributions and copula functions (Fig. 10, 
Figure S6, and Figure S7). It can be observed that these time series (SRI, 
SSI and SDSI) are highly consistent with each other, while differing 
slightly in the assessment of extreme value conditions, which generally 
aligns with the research results of Liu et al. (2016). Previous studies have 
also indicated the importance of selecting optimal distribution functions 
for hydrological drought assessment, as well as the significance of 
selecting optimal copula functions for multivariate joint indices (Chang 
et al., 2016; Chen et al., 2018; Huang et al., 2016; Liu et al., 2016; Wang 
et al., 2020a, 2020b). 

Furthermore, this study analyzed the characteristics of CDSEs for 
each estuary based on five thresholds (− 0.5, − 0.8, − 1.3, − 1.6, and − 2) 
for comparison (Fig. 9, S8, and S9). According to these five threshold 
levels, as the thresholds became extreme, the frequency of occurrence 
decreased, the duration shortened, and the severity lessened, which is 
generally consistent with previous studies (Guo et al., 2019; Hao et al., 
2019b). CDSEs based on a threshold of − 2.0 indicate the most severe 
condition, and two compound drought-salinity events were identified in 
Little Back Estuary, with an average duration of 2 months and an 
average severity of 0.3. However, using a threshold of − 0.5 was suffi
cient to capturing enough CDSEs for statistical analysis, yielding reliable 
results. The selection of different distributions, copulas, and thresholds 
has a considerable impact on estimating the frequency, severity, and 

Fig. 9. The characteristics of compound events at different estuaries.  

Table 6 
Relative importance of runoff and salinity for the SDSI in different estuaries.  

Estuary First LMG CAR Last 

Runoff Salinity Runoff Salinity Runoff Salinity Runoff Salinity 

Little Back 44.13 55.87 40.45 59.55 37.48 62.52 24.46 75.54 
Ebro 44.68 55.32 42.68 57.32 42.08 57.92 38.25 61.75 
Rhine 45.82 54.18 44.31 55.69 43.89 56.11 41.09 58.91 
Orange 18.46 81.54 12.81 87.19 11.22 88.78 4.70 95.30 
Pearl River 45.96 54.04 44.63 55.37 44.31 55.69 42.02 57.98 
Murray 50.03 49.97 50.05 49.95 50.05 49.95 50.08 49.92  
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duration of extreme events. Exploring these sensitivities offers a more 
comprehensive understanding of the characteristics of CDSEs, revealing 
how these events can be characterized differently based on varying as
sumptions and parameter configurations. Therefore, it can be seen that 
different distributions, copulas and thresholds are extremely important 
for evaluating the extreme conditions of CDSEs. 

5.2. The merits and limitations of SDSI 

Concurrent extreme events have more serious environmental and 
social impacts than individual extreme events (Feng et al., 2023; Zhang 
et al., 2021). Previous studies on compound events are focused on the 
concurrence of droughts and heatwaves in recent years (Hao et al., 2020; 
Li et al., 2021a,b; Wu et al., 2019a, 2021; Yu and Zhai, 2020). However, 
further investigation is desperately needed on other concurrent ex
tremes, such as concurrent hydrological droughts and saltwater intru
sion, as these events can be significantly more severe than individual 
extreme events. For univariate indices, runoff is commonly regarded as a 
primary factor in the occurrence and assessment of hydrological 
droughts (Wang et al., 2021a; Wu et al., 2022; Zhang et al., 2018; Zhou 

et al., 2021). Over the past few decades, due to global warming, hy
drological droughts in estuaries have also been influenced by a variety of 
factors, including precipitation, runoff, topography, tide level, salinity, 
wind speed, etc (He et al., 2018). Therefore, relying solely on 
runoff-based SRI may exert limitations on fully monitoring drought 
conditions in the estuaries. Moreover, a number of studies have 
demonstrated a strong relationship between estuarine drought and 
saltwater intrusion (Conrads and Darby, 2017; He et al., 2018; Jones and 
van Vliet, 2018; Wei et al., 2022). Specifically, during the periods of 
high flow, the intrusion of saltwater upstream is hindered, whereas 
during the drought periods driven by tidal forces, saltwater intrusion 
moves upstream, causing a significant rise in the salinity level of the 
river (Conrads and Darby, 2017; Jones and van Vliet, 2018). The 
concurrence of hydrological drought and saltwater intrusion in estuaries 
can amplify the impacts of these individual extremes, resulting in severe 
consequences for local ecosystems and societies. However, the current 
hydrological drought indices rarely take into account the characteristics 
of saltwater intrusion. This paper addresses this gap by constructing a 
new index that accounts for both hydrological drought and saltwater 
intrusion, and demonstrates its effectiveness in identifying and 

Fig. 10. Comparison analysis of the monthly SRI time series calculated from different distributions for each estuary.  
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evaluating compound drought and saltwater intrusion in estuaries. 
Firstly, the SDSI utilized in this study can serve as an early warning 

system for CDSEs in estuaries, and more accurately reflect the severity of 
these events. It is worth noting that the percentile-base threshold 
method was employed to extract the occurrence of CDSEs in estuaries to 
enhance the robustness of the SDSI. SDSI effectively captured the 
occurrence of CDSEs (Fig. 4(a) and (c)), which were identified using the 
percentile-based threshold method (Fig. 4(b) and (d)). Furthermore, 
SDSI provids insight into the severity of these events. Both methods offer 
distinct advantages. The percentile-based threshold method is simpler 
and easier to calculate, while SDSI is able to distinguish the character
istics and severity level of multiple compound events. Previous studies 
found that the negative effects of compound events are not solely 
determined by their frequency and duration, but also by the grades of 
their severity (Li et al., 2021a,b; Wang et al., 2021b; Wu et al., 2020). 
Therefore, compared to the percentile-based threshold method, SDSI 
proved to be a practical tool for identifying CDSEs. 

Secondly, compared to the traditionally used SRI, SDSI is capable of 
monitoring CDSEs better and shows good consistency with historical 
records. As illustrated by the green rectangular box (Fig. 4), the pro
posed SDSI exhibits greater sensitivity than SRI and can effectively 
capture information on CDSEs, thus overcoming one of the limitations of 
the SRI that only considers runoff. As a standardized index, SDSI rep
resents dimensionless characteristics, thereby enabling the comparison 
of compound events in time and space (Mishra and Singh, 2010; Wu 
et al., 2022). For each estuary, the trend of SDSI is generally consistent 
with that of the drought index (SRI), but SDSI exhibits higher severity 
levels in most cases. To be specific, the wetness state revealed by SDSI 
was lower than that of SRI (SRI with high value), while its drought state 
was higher than that of SRI (SDSI with low value). The principal reason 
is that the SDSI incorporates both runoff and salinity, which results in a 
reduction in water quantity during hydrological droughts in estuaries. 
Additionally, saltwater intrusion exacerbates water scarcity in terms of 
water quality, leading to more severe compound extreme conditions that 
further reduce the water availability in estuaries. The contribution 
analysis based on multiple linear regression further suggests that salt
water intrusion may be the main contributor to the increased severity of 
compound drought and saltwater intrusion in estuaries. Meanwhile, this 
study addresses, to a certain degree, the gap in current quantitative 
research into water scarcity that neglects water quality (Jones and van 
Vliet, 2018). 

Finally, it should be noted that the proposed index has certain lim
itations. CDSEs are influenced by various factors, including precipita
tion, runoff, topography, tide level, salinity, and wind speed (He et al., 
2018). However, this study only considered runoff and salinity in the 
description of CDSEs. Additionally, the discussion only covered five 
commonly used copulas. In future research, the index can be expanded 
to incorporate more variables and establish joint functions among 
multi-variables, and the application of high-dimensional copula will 
become a new research direction (Wang et al., 2020a). Besides, the 
proposed index is illustrated based on the gauged observations of estu
aries in this study. It can be extended for CDSEs monitoring in different 
estuaries worldwide using different types of datasets, including model 
simulations, remote sensing products, and reanalysis products (Hao 
et al., 2020). Moreover, while this study primarily focuses on defining 
CDSEs at a monthly time scale, saltwater intrusion is typically charac
terized using daily time scale data (Zhou et al., 2020). Future research 
should aim to further develop SDSI as the core, and consider charac
terizing compound drought and saltwater intrusion conditions at finer 
time scales (e.g. days or weeks). This could enhance the assessment of 
the impact of CDSEs in estuaries. 

6. Conclusion 

Compared to individual extreme, the compound extreme events 
exert more profound impacts on both the environment and society. To 

date, little attention has been paid to the characteristics of CDSEs, 
especially with regards to the severity of concurrent extreme events. 
SDSI was developed in this study to quantify CDSEs in the estuary. The 
SDSI was further graded to compare the severity of CDSEs during the 
observation period. The conclusions are summarized as follows:  

(1) Through the fitting of five different probability distributions, it 
was found that the optimal distribution functions of runoff in 
estuaries were all Lognorm, while those for salinity varied among 
different estuaries. Additionally, the copula-based SDSI effec
tively characterizes the hydrological drought features of estuaries 
by combining the characteristics of runoff and salinity.  

(2) Compared to the traditional SRI, SDSI sensitively monitors CDSEs 
across all estuaries. Specifically, SDSI typically shows a higher 
severity compared to SRI, representing severe drought charac
teristics in the dry conditions, while indicating lighter wetness 
characteristics in wet conditions. The difference is attributed to 
the exacerbation of drought conditions caused by saltwater 
intrusion, resulting in a more severe water shortage in estuaries.  

(3) The contributions of runoff and salinity to SDSI were quantified 
using four regression models, and the consistency of these four 
models indicates the robustness of the results. Specifically, 
drought induced saltwater intrusion, and salinity was relatively 
more important to the severity of change in SDSI than runoff in 
the estuaries.  

(4) The severity of SDSI was graded according to different thresholds, 
illustrating that moderate CDSEs occurred most frequently 
among all estuarine events. Additionally, serious CDSEs (i.e. se
vere, extreme, and exceptional) were observed more frequently 
in the SDSI compared to the SRI.  

(5) The duration of CDSEs varied among different estuaries, whilst 
similar spatial patterns were observed in the severity of CDSEs. 
Among all estuaries, the Murray Estuary experienced the most 
severe CDSEs, with an average duration of 7.68 months and a 
severity of 5.94. 
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