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A B S T R A C T   

Coastal river deltas face high risks from multiple natural hazards due to the combined effects of human activities, 
natural processes, and climate change. Vulnerability and risk assessments are essential for reducing and man
aging risks and, in the process, contribute to sustainable development. Despite adopting a social-ecological and 
multi-hazard perspective, previous risk assessments failed to achieve balanced consideration of both social and 
ecological sub-systems. To address this gap, we used an integrated risk assessment framework which incorporates 
the role of ecosystem services (ES) as a core component. A modular indicator library of ES indicators relevant to 
coastal river deltas was used to characterize multi-risks in the Pearl and Yangtze River deltas. Results indicate a 
higher risk level in the Pearl River Delta, with the key drivers of vulnerability and risk varying with scales. 
Visualizing hazard-prone and highly vulnerable areas facilitates the implementation of targeted management 
measures and policies to reduce disaster risks from natural hazards. Ecosystem services have been identified as 
important factors of the risk profiles, and their inclusion in risk reduction strategies ensures that policies can be 
put in place that allow ecosystems to provide services sustainably to communities.   

1. Introduction 

Coastal river deltas are low-lying landforms shaped by sediment 
transport processes under the interaction of fluvial and marine dynamics 
(Anthony, 2015; Dalrymple and Choi, 2007). With abundant natural 
resource availability, deltas are of high economic and ecological 
importance on a global scale and have become important for agriculture, 
urbanization and other human activities (Syvitski et al., 2009). There
fore, deltas should be regarded as dynamically coupled social-ecological 
systems (SES) (Hoitink et al., 2020; Twilley et al., 2016; Zhang et al., 
2022). The current evolution of deltas is affected by the combined ef
fects of human activities, such as the construction of upstream dams and 
coastal dikes, river management decisions, and urban expansion. 
Meanwhile, these anthropogenic changes generate a series of environ
mental impacts, including sediment erosion, land subsidence, sea level 
rise, and increased vulnerability of SES to multiple natural hazards 
(Giosan et al., 2014; Nicholls and Cazenave, 2010; Syvitski et al., 2009). 

The increase in recorded disasters from natural hazards during the 
past two decades compared to 1980–1999 was largely due to a signifi
cant increase in climate-related disasters, affecting over 4 billion people 
and causing nearly $2.97 trillion in global economic losses (CRED, 

2020). Climate-related disasters increased by more than 82% from 3656 
in 1980–1990 to 6681 in 2000–2019, with floods and storm surge events 
accounting for 70% of these (CRED, 2020). As hotspots of global climate 
change, combined with dynamic landscapes, high population density 
and intense pressure caused by human interventions, deltas are facing 
growing risks resulting from natural hazards such as hydrological 
(floods), meteorological (storms) and climatological (drought) events 
(Tessler et al., 2015). Reducing and managing risks as well as achieving 
sustainable development in deltas is a global challenge and aligns with 
the calls of the Sendai Framework for Disaster Risk Reduction 
2015–2030 and the 2030 Agenda for Sustainable Development (17 
Sustainable Development Goals, SDGs) (Brondizio et al., 2016a; Cremin 
et al., 2023). 

Risk assessment aims to identify and characterize areas exposed and 
vulnerable to natural hazards and is an essential step in hazard pre
vention and mitigation (Anelli et al., 2022; Chen et al., 2021). This can 
simplify the risk management process at local, regional and national 
levels, not only facilitating the implementation of targeted risk mitiga
tion measures to protect the existing environments but also supporting 
the development of long-term risk prevention strategies (Gallina et al., 
2016; Sebesvari et al., 2016). Research has increased in recent years, 
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focusing on using risk assessment to map how regional environments are 
threatened by multiple hazards, including socio-economic vulnerability 
analysis (Berrouet et al., 2019; Cutter et al., 2003; Kirby et al., 2019; Su 
et al., 2015; Yang et al., 2019), biophysical perspective on hazard for
mation and potential exposures (Dewan, 2013; Yang et al., 2015), and 
comprehensive assessments by capturing the coupled perspective of 
social and ecological system (SES) (Anderson et al., 2021; Chang et al., 
2021; Depietri, 2020; Hagenlocher et al., 2018; Lozoya et al., 2015; 
Tessler et al., 2015). 

While vulnerability and risk assessments have traditionally focused 
on the socioeconomic contexts when addressing vulnerability of social 
systems, natural hazard events also threaten human livelihoods and 
health by disrupting the supply of natural resources and the stability of 
ecosystems (Ng et al., 2019; Rangel-Buitrago et al., 2020). When natural 
hazards occur, all ecosystems in deltas and various ecosystem services 
are affected. In particular, the primary sector (represented by extractive 
activities such as agriculture, which is crucial for food production in 
delta regions), is extremely vulnerable to the direct impact of natural 
hazards (Brondizio et al., 2016a). Additionally, services such as soil 
quality, erosion control and climate regulation are linked not only to 
biomass production, but are also integral to coastal adaptation and risk 
reduction, such as coastal erosion management strategies (Gracia et al., 
2018). Considering SES in risk assessments is therefore a new general 
trend (Brondizio et al., 2016b; Gracia et al., 2018). Reviews by Sebesvari 
et al. (2016) and Hagenlocher et al. (2019) both revealed that risk 
assessment studies predominantly focused on social dimensions of risk 
with inadequate consideration of ecological and environmental aspects, 
even in SES-based studies. To characterize better the inter-relationship 
of social and ecological systems, incorporating the concept of 
ecosystem services into risk assessment can help integrate the various 
components of the biophysical, ecological, social, and economic envi
ronments (Armatas et al., 2017; Collins et al., 2011; Peng et al., 2023). 

The complex and interdependent characteristics of natural hazards 
mean it is impossible to address single risks in isolation (IPCC, 2022; 
Nhamo et al., 2018). Risk assessments to single hazards fail to provide a 
comprehensive profile of the multiple risks stemming from various 
natural and anthropogenic forces (Gallina et al., 2016), which can 
materialise simultaneously or in a cascading pattern. Recognizing the 
diverse range of natural hazards and climate change impacts in deltaic 
environments underscores the necessity of assessing multiple risks and 
presenting a comprehensive multi-risk profile (Hagenlocher et al., 2018; 
Tessler et al., 2015). Consequently, adopting a multi-hazard risk 
perspective that accounts for the spatial scales of multiple hazards is 
crucial in devising efficient risk reduction and adaptation strategies 
(IPCC, 2022). 

As a coastal nation whose landmass covers a large geographic range, 
multiple climatic regions and ecotypes, China is severely affected by 
numerous environmental disasters. The country is ranked among the top 
ten countries globally most affected by natural hazard-related disasters 
over the period from 2000 to 2019, in terms of hazardous event occur
rences, economic losses, and human casualties, as shown by data from 
the Emergency Events Database (EM-DAT) (CRED, 2020). Notably, 
southern China (Pearl River Delta) and eastern China (Yangtze River 
Delta) have experienced a particularly high incidence of flooding events 
(Kundzewicz et al., 2019). Therefore, flood risk analysis for the Yangtze 
or Pearl River Delta and even China as a whole has received the most 
attention and included studies focusing on model-based flood hazard 
assessment and prediction (Fang et al., 2020; Lin et al., 2020; Xu et al., 
2014; Yin et al., 2020; Zhang et al., 2014; Zhao et al., 2021), and 
vulnerability and risk assessments of flooding (Chen et al., 2021; Jian 
et al., 2021; Sun et al., 2022; Yang et al., 2015). In addition, there are 
vulnerability or risk assessments for other single hazards, encompassing 
cyclones (Sajjad et al., 2020; Yin et al., 2013; Zhang et al., 2017; Zhou 
et al., 2021), storm surges (Li and Li, 2011; Lilai et al., 2016; Xianwu 
et al., 2020), drought (Chen et al., 2016), and pollution (Liang et al., 
2022; Zhu et al., 2019). Previous studies of risk assessments in China 

also lacked an SES perspective, with the emphasis being either on social 
vulnerability or the exclusive assessment thereof (Ge et al., 2013, 2017; 
Sun et al., 2019; Yang et al., 2019; Yu et al., 2018). Currently, there is 
inadequate documentation of integrated vulnerability and risk assess
ments to multi-hazards in these two deltas. In the Yangtze River Delta, 
Liu et al. (2013) mapped the exceedance probability distribution of ty
phoons and flood hazards to human casualties. In another research, the 
Global Delta Risk Index was computed to better identify green infra
structure prioritization in part of the Yangtze River Delta (Ou et al., 
2022). The research predominantly focused on green infrastructure, and 
lacked the inclusion of hazard magnitude and local knowledge to 
determine diverse dimensions of SES vulnerability, particularly those 
hazard-dependent indicators. Consequently, multi-hazard risk assess
ments are needed, encompassing not only the whole Pearl and Yangtze 
River deltas but also an exploration of regional disparities across both of 
these deltaic environments. 

Addressing the above-mentioned gaps, we developed a multi-hazard 
risk index for deltas from an integrated perspective of human, economic, 
and environmental dimensions through a conceptual framework and 
modular indicator-based tools. This study involved the systematic inte
gration of ecosystem services to address the inter-relation between so
cial and ecological systems, using a combination of quantitative and 
qualitative approaches to describe coupled SES dynamics for deltas. The 
application of the new framework aims to assess the vulnerability and 
risks to multiple hazards in the Pearl River Delta and Yangtze River 
Delta, and to understand their regional differences. In this paper we (1) 
determine the overall vulnerability and risk profile of the Pearl and 
Yangtze River deltas; (2) assess which regions in these deltas are at 
higher risk levels to natural hazards, and how these differ within and 
across deltas; and (3) we evaluate how ecosystem services affect 
vulnerability and risk, and how ecosystem service indicators can 
contribute to improved risk management. 

2. Materials and methods 

2.1. Study areas 

The Pearl River Delta (PRD) has a total land area of 55,000 km2 and a 
population of 64 million, which is only located in Guangdong Province 
(Fig. 1) (PSB, 2019). The population density of the delta is 1172 per
sons/km2, which is significantly higher than both China’s average, and 
that of the Yangtze River Delta (YRD) (Table 1). It has become the 
world’s largest metropolitan area in both size and population (The 
World Bank, 2015). From July to September, an annual average of 7–9 
typhoons land in the eastern and southern coastal areas of China (CMA, 
2014). From 2011 to 2020, the average direct loss from storm surges in 

Table 1 
Comparison of biophysical and social characteristics between China, PRD and YRD. 
Source: NBS (2020).    

China PRD YRD 

Biophysical Land area 
(km2) 

9.6 million 55,000 (0.6% 
of China’s total 
land area) 

225,000 (2.3% 
of China’s total 
land area) 

Climate Diverse 
climate due 
to its vast 
territory 

Subtropical monsoon climate with 
abundant rainfall and high 
humidity 

Social Population 
(million) 

1400 64 (4.6% of 
China’s total 
population) 

136 (9.7% of 
China’s total 
population) 

Population 
density 
(person/km2) 

148 1172 750 

GDP (billion 
US$) 

14,306 1258 (8.8% of 
China’s total 
GDP) 

2952 (20.6% of 
China’s total 
GDP)  
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the PRD alone was as high as US$433.5 million per year, exceeding the 
YRD (MNR, 2021). Besides, the PRD region is identified as a significant 
risk hotspot to tropical cyclones (typhoons), requiring the imple
mentation of urgent risk reduction and management strategies (Sajjad 
et al., 2020). 

The YRD is a relatively developed economic region in the eastern 
coastal areas of China (Fig. 2). This study adopts the definition of the 
core region in the Outline of the Yangtze River Delta Regional Integrated 
Development Plan, consisting of Shanghai, 9 cities in Jiangsu Province, 
9 cities in Zhejiang Province and 8 cities in Anhui Province, with an area 
of 225,000 km2 (The CPC Central Committee and General Office of the 
State Council, 2019). The city cluster, led by Shanghai, has been 
recognized as one of the six major urban belts in the world (NBS, 2004). 
As an agricultural and industrial centre, the Yangtze River Delta com
prises 2.3% of the area and about 9.7% of the population of China; as of 

2019, the region has generated nearly 20.6% of China’s total Gross 
Domestic Product (GDP) (Table 1). The Yangtze River Delta is vulner
able to multiple natural hazards such as typhoons, flooding, and storm 
surges due to its geographical location (Ge et al., 2013). According to the 
Bulletin of China Marine Disaster (MNR, 2021), the average direct 
economic loss from 2011 to 2020 caused by storm surges is about US 
$297.7 million per year. 

Managing the risks faced by the delta regions with their distinct 
demographic and economic disparities from the rest of China is critical 
to achieving sustainable development. Furthermore, understanding the 
regional risk differences between the PRD and YRD helps to identify the 
key drivers causing the final multi-risk, then formulating goal-oriented 
adaptation and risk reduction measures. 

Fig. 1. Map of Pearl River Delta. The administrative tracts are marked in yellow and represent the study areas. Data from GADM (2018). Red areas show the extent of the delta 
(data from Tessler et al. (2015), based on geographical characteristics and remote sensing images). 

Fig. 2. Map of Yangtze River Delta. The administrative tracts are marked in blue and represent the study areas. Data from GADM (2018). Red areas show the extent of the 
delta (data from Tessler et al. (2015), based on geographical characteristics and remote sensing images). 
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2.2. Research design 

2.2.1. Risk framework 
This study applies a comprehensive research framework (Delta-ES- 

SES) for deltaic SES vulnerability and risk assessment (Peng et al., 2023), 
which was adapted from Sebesvari et al. (2016). The adapted framework 
integrates various risk components (Risk = Hazard × Exposure ×
Vulnerability) from the spatial perspective of the SES and can be applied 
to single and multiple hazards (Fig. 3). This modular structure estab
lishes the linkage between ecosystem services and vulnerability, taking 
into account the social, ecosystem, and ecosystem service dimensions of 
vulnerability. The indicator-based methodology linked to different 
levels of the indicator library can be easily adjusted for different 
research priorities and assigning weights, which is applicable to the 
characteristics of delta environments and enables intra-delta and 
cross-delta comparisons. 

2.2.2. Risk components and data collection 
Focusing on differences in disaster risk levels across deltas, we used 

datasets at various scales representing multiple factors contributing to 
the vulnerability and risk profile of deltas for further analysis and 
integration. Considering data availability, we assessed the multi-hazard 
risks by administrative unit (city-level). The Delta-ES-SES framework 
classifies risk into hazard, exposure and vulnerability components, with 
additional sub-components. It also allows calculating and comparing 
single hazard risk and identifying the main drivers of final risk scores. 
Supplementary Material 1 provides an overview of the detailed infor
mation and data processing steps of indicators for each component that 
can be used to support future studies. 

2.2.2.1. Hazard and exposure. This study mainly considers four types of 
natural hazards (IFRC, 2022): (1) Hydrological (flooding), (2) Meteo
rological (cyclones and storm surges), (3) Climatological (drought) and 
(4) Mixed (salinity intrusion). The selection criteria of hazard indicators 
(flooding, cyclone, storm surges, and salinity) are spatial data that can 
be mapped in a GIS environment (tool: Arc-GIS version 10.8), using a 
wide variety of data sources from international organizations and pub
lishing papers (Table 2). As for drought, based on the precipitation and 

Fig. 3. Schematic conceptual and methodological structure of the Delta-ES-SES risk framework. The data source for hazard and exposure (the upper right) mainly 
shows the data acquisition process taking the flooding in the Yangtze River Delta as an example. RP_10yr to RP_500yr refer to different return period maps of floods. 
Detailed information for each indicator is included in Supplementary Material 1. 
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potential evapotranspiration data provided by the CCCS (2021) dataset 
from 1979 to 2020, spatially explicit data of drought score and fre
quency were developed for the study area by the Standardized Precip
itation Evapotranspiration Index (SPEI) construction method introduced 
by Vicente-Serrano et al. (2010). Social exposure consists of the per
centage of people and economics (GDP) exposed to these hazards, and 
ecosystem exposure is defined as the percentage of ecosystem area 
exposed to hazard, as Fig. 3 shows. These data are derived from the 
combination of hazard data and spatial data on population, economics 
and Land Use/Land Cover (LULC), respectively, resulting in the mean 
value for each administrative area. 

2.2.2.2. Vulnerability. In this study, vulnerability is composed of (1) 
social vulnerability (social susceptibility, lack of coping and adaptive 
capacities), (2) ecosystem services (provisioning, regulation & mainte
nance, and cultural services), and (3) ecosystem vulnerability 
(ecosystem susceptibility and ecosystem robustness). A list of indicators 
was obtained by combining a systematic review of the deltaic SES- 
related ecosystem services literature and risk assessment papers (Peng 
et al., 2023), then identifying a series of hazard and vulnerability in
dicators for the YRD and PRD by inviting experts to fill out indicator 
questionnaires. Forty-two questionnaires were obtained from experts 
belonging to relevant academic institutions or government sectors in 
China, with knowledge of ecosystem conservation and restoration, 
ecology, climate change adaptation, land management and other related 
backgrounds. Vulnerability to different types of hazards could be 
different and can change over time (Gallina et al., 2016). Expert 
consultation not only distinguishes the directional effects of each 
vulnerability indicator with the hazard (increasing +/decreasing - 
vulnerability), but also adjusts the indicator for the study area. Data 
sources and time periods of indicator data availability vary, and are 
mainly obtained from census data, available global databases, as well as 
data from some published papers. The indicators "Forest Connectivity" 
and "Wetland Connectivity" are calculated from existing databases and 
GIS plugin (Saura and Torné, 2009). Finally, vulnerability is composed 
of 46% social vulnerability and 54% ecological (ecosystem service and 
ecosystem) indicators. Section 2.2.4 provides a specific list of vulnera
bility indicators and their associated weights, and Supplementary Ma
terial 1 provides information on data sources. Further information 
related to the consulted experts is provided in Supplementary Material 
2. 

Various indicators related to social vulnerability are determined 
from expert consultation to present the overall status of the social system 
under the context of vulnerability and risk assessment. This research 
divides indicators into three categories, namely indicators related to 
social susceptibility (11 indicators) and lack of coping (12 indicators) 
and adaptive capacity (3 indicators). Social vulnerability indicators are 
generally available through census data in China. Social susceptibility 
includes indicators related to key services (e.g. indicators ’access to 
irrigation’) and economic and demographic characteristics, such as the 
indicator ’dependency ratio’. Coping capacity reflects the ability of 
humans to address and overcome the adverse impacts of hazards (IPCC, 
2022), which is mainly divided into two aspects: individual & household 
and infrastructure & services. Adaptive capacity refers to the ability to 
reduce adverse risks and impacts, which is assessed by aspects of social 
and governmental management. 

Ecosystem service indicators related to vulnerability are divided into 
provisioning (6 indicators), regulation & maintenance (12 indicators) 
and cultural services (3 indicators). Provisioning services, include in
dicators related to agricultural, forestry and aquaculture production and 
water resources, and jointly determine the ecosystem’s ability to provide 
various materials or energy (Haines-Young and Potschin, 2018). Regu
lation and maintenance services mainly reflect beneficial effects on the 
human environment through biochemical or physical processes (Hai
nes-Young and Potschin, 2018). This research considers soil quality 
regulation, erosion regulation, pollination, biodiversity, natural hazard 
protection, air quality regulation, climate regulation and water regula
tion. Indicators for cultural services are related to human habitation of 
landscapes and environments, and include the development of tourism 
and accessible recreation areas. 

The ecosystem susceptibility to natural hazards indicates the degree 
of the ecosystems to be adversely affected (IPCC, 2022). Ecosystem 
susceptibility indicators are divided into habitat destruction (3 in
dicators: percentage of deforested area, percentage of wetland loss, and 
percentage of area covered by problem soils), habitat degradation (2 
indicators: increased use of chemicals and fertilisers, Normalized Dif
ference Vegetation Index) and habitat fragmentation (3 indicators: for
est connectivity, wetland connectivity and river connectivity). 
Ecosystem robustness shows the ability of ecosystems to stabilise various 
ecological functions and respond to risks (Sebesvari et al., 2016), and 
includes two indicators: percentage of area of nature reserves and 
funding on environmental protection. 

2.2.3. Data processing 
The computed risk index supports a spatial analysis workflow. 

However, as there were no available spatial data for some indicators, 
this study mapped the risk at the administrative scale. For spatial 
datasets, statistical values (mean) for administrative areas were derived 
using the zonal tool in ArcGIS 10.8. As shown in Fig. 3, data processing 
included missing value analysis (mean values of surrounding areas) and 
outlier treatment, as detailed in Supplementary Material 2. Box plots 
were computed to detect the outliers of all data, where outliers were 
defined as data points that were located outside the whiskers of the box 
plot 1.5 * interquartile range. A winsorization or trimmed estimators 
approach was used to process the potential outliers after checking the 
data sources. The second step was to check for multicollinearity within 
each indicator domain. The Correlation Coefficient Kendall’s tau_b was 
used in this analytical procedure (with Kendall’s tau_b > 0.9 indicating 
collinearity) (Hagenlocher et al., 2018). After taking into account the 
data features and the aim of the composite indicator (Nardo et al., 
2005), the rescaling (min-max normalization) method was applied to 
redistribute all indicators to a range with an average of zero and a 
standard deviation of one. Some indicator data were adjusted so that all 
high indicator values indicate high vulnerability and risk. 

2.2.4. Aggregation method 
This study weighted the risk components using a combination of 

Table 2 
Indicators, data type and sources used for hazard and exposure components.  

Category Indicator Time Period Data Source 

Hazard 
Flooding Mean water depth (in m) Return period: 

10, 20, 50, 100, 
500 years 

Francesco et al. 
(2016) 

Cyclone Wind speed (km/h) 
Cyclone frequency 

1970–2009 Peduzzi (2014) 

Storm surge Sea levels (in m) Return period: 
10, 25, 50, 100, 
250, 500, 1000 
years 

Muis et al. (2016) 

Drought Standardized 
precipitation 
evapotranspiration index 
(SPEI) 

1979–2020 Vicente-Serrano 
et al. (2010) 

Salinity 
intrusion 

Salinity (total dissolved 
solids; mg/l) 

1979–2010 van Vliet et al. 
(2021) 

Exposure 
Social 

Exposure 
% of population exposed 
to each hazard 

2020 WorldPop (2018)  

% of economics exposed 
to each hazard 

2019 Xinliang (2017) 

Ecosystem 
Exposure 

Ecosystem exposed to 
each hazard (%) 

2020 NGCC (2020)  
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empirical evidence and the analytic hierarchy process (AHP and 
improved AHP). The AHP has been widely used in risk assessments to 
identify the relative importance of various associated indicators (Ouma 
and Tateishi, 2014; Pathan et al., 2022), which enables a better under
standing of local environments (Ishizaka and Labib, 2011). Regardless of 
the delta environment settings, the drivers contributing to risks and final 
risk scores will be region-specific (Pathan et al., 2022). Given the 
geographic attributes of vulnerability and risk, a combination of stake
holder and scientific knowledge may improve risk assessment and 
disaster management (Morelli et al., 2021). Based on literature analysis 
and IPCC reports (2014), the risk components (hazard, exposure, and 
vulnerability) are calculated based on equal-weighted standardization. 
For the exposure and vulnerability subcomponents (indicators ≤3, see 
Fig. 3), we took the traditional AHP approach to develop pairwise 
comparison matrices for each component. Consistency ratios less than 
0.10 are acceptable (Saaty, 2008). This standard AHP requires pairwise 
comparison, which is not much suitable for multi-indicator research, 
especially if there are more than 10 elements. It is time-consuming and 
may lead to inconsistent judgments. An improved AHP (IAHP) is 
therefore adopted to weigh the criteria of all vulnerability 
sub-components (within ecosystem vulnerability, ecosystem service and 
social vulnerability), which is to change the pairwise comparison to the 
ranking of the elements (Fengwei et al., 2013). The main step is to rank 
the indicators according to expert consultation. The most important 

indicator is assigned a value of 10, the least important is 1, and the 
values of other indicators are assigned values through linear interpola
tion based on the importance order. The other steps are the same as in 
standard AHP, calculating an eigenvector according to the comparison 
matrix, which is the final weight distribution. Fig. 4 presents the final 
distribution of weights in this study. 

Finally, following the modular framework, the (multi-)hazard, 
exposure and vulnerability of the deltaic SES are aggregated by multi
plicative aggregation into a (multi-hazard) risk index, that is, 

RISKSES =HAZSES ∗ EXPSES ∗ VULSES  

Where HAZSES is the hazard score; EXPSES is the exposure score, which is 
calculated as 

EXPSES =
∑n

i=1
(wi ∗ ECSES)

Here ECSES is the different exposure component of SES where wi is the 
weight of each type of exposure indicator. 

Besides, VULSES is the vulnerability score of SES, which use the mean 
of three vulnerability domains (after combining the weights wj), which 
is calculated using 

VULSES =
∑n

j=1

(
wj ∗ VDSES

)

Fig. 4. Final distribution of weights across risk domains. (A) Hazard, Exposure, Vulnerability: equal weights (33%); Exposure and Vulnerability sub-components: 
AHP method; (B), (C), and (D) Weight assignment for sub-components (AHP method) and each vulnerability indicator (IAHP method). The percentages dis
played in these three figures pertain to the vulnerability component. 
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VDSES refers to ecosystem vulnerability, ecosystem services, and so
cial vulnerability, which is calculated using 

VDSES =
∑n

s=1
(ws ∗ VDs)

where ws is the weights of indicators in the sub-component of vulnera
bility domain (VD) (e.g. indicators of ecosystem susceptibility and 
robustness). Here VD is calculated by the aggregation of each 

normalized indicator (xk
’ ) with specific weights (wk). 

VD=
∑n

k=1

(
wk ∗ x′

k

)

Final outputs are visualized using ArcGIS 10.8 based on manual 
equal interval across deltas and quantile classification within the delta, 
respectively. Equal interval classification emphasizes the number of risk 
scores relative to other scores, which visualizes the absolute distribution 

Fig. 5. (A) Multi-hazard risk across the deltas (risk score classification: equal interval); (B) and (C) Multi-hazard risk within the Pearl River Delta and Yangtze River 
Delta, respectively (risk score classification: quantile method). Note: the colours in (B) and (C) are not comparable, specific values are provided in the corre
sponding legends. 
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of risk values for all regions of the two deltas, allowing identification of 
regions with highest/lowest and closest distribution of risk scores. 
Meanwhile, the quantile classification assigns equal number of admin
istrative units to each class, which could interpret the spatial patterns of 
relative risk scores within the delta. The processed data and aggregation 
methodology can be found in Supplementary Material 3. 

2.2.5. Reliability analysis 
We applied the reliability index to examine the data quality used in 

this study, which is adjusted and developed by Hagenlocher et al. (2018) 
and Marin-Ferrer et al. (2017). It involves (1) percentage of missing data 
and outliers for vulnerability indicators, including any that have been 
estimated; (2) percentage of missing hazard data; (3) percentage of 
proxy indicators; and (4) percentage of indicator data at provincial level 
rather than city level. The final reliability index ranges from 0 to 100%, 
and the larger the number, the higher the reliability. Based on this 
approach, the reliability indices for the PRD and YRD are 83% and 82%, 
respectively, and details are provided in Supplementary Material 2. 

3. Results 

3.1. Multi-hazard risk of deltaic social-ecological systems 

Using the Delta-ES-SES framework, we present the risk profiles from 
the multi-hazard risk assessment across the two coastal river deltas, with 
risk scores ranging from 0.028 to 0.183 (Fig. 5). About 42% of the 36 
administrative tracts in the study area are at medium to high risk levels 
(risk score >0.08). Fig. 5(B) and C shows relative multi-hazard risk 
scores within the deltas, which are 0.059–0.163 for the PRD region and 
0.028–0.183 for the YRD region. It can be seen from the data in Fig. 6 
that the average risk to SES in the PRD (risk score 0.099) is higher than 
the YRD (risk score 0.071), and its hazard exposure is also higher than 
the average scores in the YRD. Compared to the YRD, all cities in the 
PRD are at medium to high risk. 

High-risk cities are led by high hazard exposure and moderate to 
high vulnerability, including two cities with the highest risks: Taizhou_J 
(risk score 0.183) in the YRD and Zhongshan (risk score 0.163) in the 
PRD. Most cities in the PRD are characterized by moderate to high 

Fig. 6. Scatter plot of risk assessment results, showing the proxy indices for hazard*exposure and vulnerability used to estimate the risk indices, blue colour for 
Yangtze River Delta (YRD) tracts and orange colour for Pearl River Delta (PRD) tracts. Hazard*Exposure refers to the multiplication of hazard and exposure scores. 
Dot size represents different administrative units: city level, provincial level, and delta level. Taizhou_J and Taizhou_Z represent Taizhou in Jiangsu Province and 
Taizhou in Zhejiang Province, respectively. 
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vulnerability and moderate to high hazard exposure (orange dots in 
Fig. 6), except for Zhaoqing and Guangzhou. These two cities have lower 
multi-hazard exposure, which are located in the interior of the PRD, as 
shown in Fig. 5(B). The risk levels of YRD show large variability, as it is 
shared by four adjacent provinces (blue dots in medium size), with 
Jiangsu (risk score 0.086) having significantly higher average risk than 
Anhui (risk score 0.071), Zhejiang (risk score 0.060), and Shanghai (risk 
score 0.045). Low-risk cities have lower hazard exposure scores, are 
mainly located in central inland areas of the YRD, as shown in Fig. 5(C). 
Generally, cities with higher risk scores are mostly located in the 
northern and southern coastal areas, with moderate to high distribution 
of exposure to hazardous events. There are some exceptions, like Ton
gling and Anqing, which are in the interior of the YRD, and which have 
moderate to high risk levels. In order to understand the risk differences 
and their internal drivers across the study area, the risk components of 
the deltas are visualized separately (Fig. 7). 

3.2. Risk component analysis 

Overall, the PRD has higher multi-hazard exposure (mean value: 
0.187) compared to the YRD (mean value: 0.127). The PRD is facing a 
high probability of hazardous events in the southern coastal regions, 
especially floods, cyclones and storm surges. The northeast coastal area 

of the YRD has the highest multi-hazard risk and is mainly affected by 
storm surges. There are also some areas in the western inland region that 
have higher multi-hazard risks because of the high exposure to drought, 
such as Anqing and Tongling. 

The analysis further indicates internal differences between the 
different risk components of the two deltas, especially the final distri
bution of vulnerability, even when the risk levels are similar. From the 
data in Fig. 7, we can see that while the overall vulnerability difference 
between the two deltas is not high (0.530 in PRD and 0.564 in YRD), the 
scores of different vulnerability components vary. The ecosystem and 
ecosystem service vulnerability in the PRD is slightly higher than the 
YRD, with the social vulnerability score lower than the YRD. This is 
mainly due to the difference in the scores of lack of coping and adaptive 
capacity between the two deltas, which are largely driven by social 
development and economic conditions. 

Results for social vulnerability show discrepancies between devel
oped cities and less economically developed areas both across and 
within the deltas. Areas with higher social vulnerability, especially the 
western and northern YRD, are predominantly characterized by areas of 
lower economic development. Further analysis reveals that the spatial 
distribution of social vulnerability is mainly driven by the scores of 
coping and adaptive capacity sub-components. Generally, both the 
western PRD and the northern YRD show higher ecosystem 

Fig. 7. SES Hazard*Exposure, SES Vulnerability, and corresponding scores of vulnerability domains for multi-hazards: Social vulnerability, Ecosystem vulnerability 
and Ecosystem service vulnerability. Score ranges are based on quantile classification. SES Hazard*Exposure refers to the multiplication of hazard and expo
sure scores. 
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vulnerability. Breaking down the ecosystem vulnerability into 
ecosystem susceptibility and ecosystem robustness reveals high overlaps 
between ecosystem vulnerability and robustness. Ecosystem suscepti
bility mainly contributes to the low to moderate levels of ecosystem 
vulnerability in the central YRD. As for the ecosystem service compo
nent, Zhaoqing and Huizhou in the PRD, as well as the western and 
southern YRD, show higher vulnerability scores. These higher scores are 
shaped by different sub-components; for instance, decomposed scores of 

provisioning, regulation & maintenance, and cultural services 
contribute predominantly to vulnerability scores in the southern YRD, 
Huizhou of PRD, and the western YRD, respectively. 

Combining the spatial distribution of SES vulnerability with the 
other three components indicates spatial variations in the overlapping 
areas of final vulnerability and other components. Following Hagen
locher et al. (2018), we drew the relative contribution of vulnerability in 
the two deltas (Fig. 8), which allows the identification of 

Fig. 8. (a) and (b): Relative contributions of the vulnerability domains, sub-vulnerability components and vulnerability indicators to the final vulnerability score in 
the PRD and YRD. 
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sub-vulnerability components and indicators that have relatively high 
contributions to the final vulnerability score. Key drivers of social 
vulnerability in both deltas include indicators of no access to clean 
water, public health expenditure and funding for scientific research and 
development. Deforested areas and low river connectivity in the PRD 
and wetland loss in the YRD are important drivers of ecosystem sus
ceptibility. Besides, vegetation greenness (NDVI) has a high influence on 
ecosystem susceptibility in the two deltas. Low coverage of nature re
serves and insufficient government expenditure on environmental pro
tection, which belong to ecosystem robustness, are both critical factors 
for the final vulnerability scores. The relatively high contribution of 
these two indicators is also related to being assigned high weights of 
11.8% and 10.7%. The vulnerability distribution in the two deltas is 
mainly driven by ecosystem services and ecosystem vulnerability, with 
social vulnerability, though assigned a weight of 33%, making a rela
tively low contribution (PRD: 16%, YRD: 22%). 

Regulation & maintenance services in the vulnerability of ecosystem 
services include important drivers, especially in soil quality, erosion 
control, climate, water and biodiversity. Water regulation (water 
retention index and water quality index) is the most critical factor 
affecting each delta’s ecosystem services and final vulnerability. In 
terms of provisioning services, agriculture production (biomass) and 
water abstraction for public use (water sources) are the important 
drivers in the two deltas. Total water abstraction for agriculture and 
industry use (water sources provisioning) in YRD also contributes 
significantly to the final vulnerability score. Additionally, percentage of 
tourism to GDP is an important driver of cultural services in PRD and 
YRD. The ecological vulnerability (ecosystem service and ecosystem 
vulnerability) contributed 84% (ecosystem services accounted for 42%) 
in PRD and 78% (ecosystem services accounted for 39%) in YRD. This 
information can help develop targeted risk policies from the perspective 
of environmental strategies. 

4. Discussion and outlook 

4.1. Mapping risks to identify priority issues 

Indicator-based risk assessment combined with GIS has proven to be 
an informative tool for assessing spatial risk distribution and helping 
management at all levels to take appropriate actions to reduce risks. 
There are two main categories of contributions from this research. One is 
to the existing risk assessment research, the proposed Delta-ES-SES 
framework with modular indicator list method has several advantages: 
(1) It allows collecting a large number of different data, and regularly 
updating the original data to obtain new risk scores. Risk scores can be 
easily analysed spatially, allowing managers to capture information at 
different scales; (2) This framework can adjust indicators and weights 
according to the specific situation or development goals of each region 
and can incorporate new hazard types and indicators; (3) Integrating the 
concept of ecosystem services into the vulnerability domain allows 
capturing the health status of ecosystems, but also facilitate identifying 
the corresponding contribution of ecosystem service to vulnerability and 
risk. Furthermore, incorporating customized ecosystem service-based 
protection measures into risk management and reduction ensures that 
ecosystems sustainably deliver services to human and social systems; (4) 
A detailed and subdivided multi-level indicator library allows scientists 
and experts to connect hazards with vulnerability and risk concepts, and 
be more capable of taking risk-informed decisions. 

The other contribution is to the wider community, as our results 
clarified the risk levels of the two studied deltas. Risk assessments at the 
delta and city level primarily serve to identify areas with higher in
cidences of natural hazards, higher levels of economics/population/ 
ecosystem exposure, vulnerability and risks in the study sites (such as 
Zhongshan in PRD and Taizhou_J in YRD), which constitutes the key 
prerequisites for developing effective risk reduction strategies. The final 
risk distribution aligns with findings in other studies concerning the risk 

of the YRD, where the southeastern region consistently exhibits high- 
risk distribution (Bai et al., 2023; Ou et al., 2022). As areas prone to 
natural hazards are likely to experience more recurring and intense 
extreme events in the future (Schwarz and Kuleshov, 2022), there is a 
need for more precise risk assessments at small spatial scales (urban-
rural or village level). This process can better incorporate local knowl
edge and at the same time improve local understanding of risks at 
different levels. Collaboration, preparation and mitigation solutions 
across sectors and scales help advance risk assessments (Ques
ada-Román and Campos-Durán, 2023). 

The analysis shows that the magnitude of risk in an area does not 
always match the underlying vulnerability, with situations of low 
vulnerability-high risk and high hazard exposure-low risk. This type of 
information can be used as supporting evidence for the potential effec
tiveness of existing decision-making with respect to risk reduction 
measures. For example, the high-risk but low-vulnerability tract of 
Yancheng in the YRD could suggest there might be certain useful risk 
prevention and control measures to reduce vulnerability that have been 
implemented in areas highly exposed to multiple hazards. High values in 
frequency, intensity, exposure and vulnerability have jointly led to high- 
risk levels, including in Zhongshan and Foshan in the PRD, and in the 
Yangzhou and Taizhou_J in YRD, which urgently need attention. 
Comparative studies have shown that even though study areas both 
belong to coastal river deltas, they face different major natural hazards. 
Breaking down multiple hazard components shows that the PRD faces a 
high intensity of cyclones and storm surges, while the YRD is more 
exposed to drought. These findings are in line with two separate as
sessments of typhoon risk in China, with the PRD identified as the sig
nificant risk hotspot, followed by Zhejiang Province in the YRD (Sajjad 
et al., 2020; Yin et al., 2013). While not reflected in the calculated risk 
index, we acknowledge the significance of other hazards in the delta 
regions, such as Harmful Algal Blooms (toxic red tide in the study area) 
mentioned during the expert consultation, with official reports con
firming its occurrence in Shenzhen of PRD and several areas of YRD 
(DNR, 2020). 

The distribution of exposed population and economic values, 
denoting social exposure, typically exhibits consistent trends. The defi
nition of ecosystems does not encompass artificial surfaces, potentially 
leading to disparities in spatial distribution between ecosystem exposure 
and social exposure. In densely developed areas, such as the majority of 
the PRD, social exposure levels are higher than ecosystem exposure. 
Through an examination of the spatial profiles in risk, hazard * expo
sure, and vulnerability, we noted a convergence of multi-hazard risk and 
hazard exposure scores, implying that the disparities in risk are 
noticeably associated with hazard magnitude and extent. The future 
trends in risks are significantly impacted by the variability and distri
bution of hazard events, highlighting the key to monitoring these, 
especially at the regional level (Tessler et al., 2015). Using advanced 
machine learning models to simulate, monitor and predict hazardous 
events has been proven effective in hazard description and risk assess
ments (Abu El-Magd et al., 2022; Antzoulatos et al., 2022; Mallick et al., 
2021; Pourghasemi et al., 2021; Towfiqul Islam et al., 2021; Wang et al., 
2015). These techniques deserve further exploration, such as exploring 
the impact of cascading hazards to enhance future risk mitigation and 
reduction measures (Komendantova et al., 2014). 

4.2. Policy implications of vulnerability component 

Priority 1 of the Sendai Framework for Disaster Risk Reduction 
2015–2030 underscores the need to comprehensively grasp all di
mensions of risk, encompassing vulnerability and the environment, to 
inform effective risk management (UNDRR, 2015). It is important to 
assess their social and ecological vulnerability to better minimize 
damage to social systems or ecosystems. The effects of vulnerability 
indicators in risk assessments are not equal in all cities, and they affect 
trends in each vulnerability sub-component differently. Multiple social 
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sectors are exposed to natural hazards, especially the urban areas are 
highly vulnerable to multiple hazards due to population concentration 
and infrastructure density (Jones et al., 2015). For social susceptibility, 
the indicators ’percentage of population without access to clean water’ 
and ’percentage malnourished population’ of PRD and ’percentage of 
families below the poverty line in total households’ of YRD are the main 
influencing factors. In addition to the common key driver of ’GDP per 
capita’, the indicators ’number of hospital beds per 1000 inhabitants’ 
and ’public health expenditure’ were found to be the driving factors 
affecting the coping capacity of the PRD. This means that the 
improvement of the medical system is an angle worthy of attention in 
future risk response in the PRD. Meanwhile, environmental protection 
policies and scientific research funding would have a relatively large 
impact on the adaptive capacity when facing risks. This study further 
highlights the key drivers such as forest and wetland loss for ecosystem 
health, consistent with risk assessment in the Mississippi Delta (Ander
son et al., 2021). 

Systematically incorporating ecosystem services into the vulnera
bility domain enables a more integrated understanding of the health of 
ecosystems and their ability to provide services that are directly or 
indirectly linked to vulnerability components. Ecosystem services cap
ture the intricate interactions between humans and nature, and serve as 
a common link between social and ecosystem vulnerability. It is an 
opportunity to understand better the environmental dimension of risk 
profiles. Meanwhile, ecosystem services are also closely related to con
cepts such as ecosystem-based adaptation (EbA), nature-based solutions 
(NBS) and ecosystem-based disaster risk reduction (Eco-DRR) (IPCC, 
2022; Shah et al., 2023), which have been increasingly accepted to help 
people adapt to adverse effects of climate change (Seddon et al., 2020) 
and to reduce risks from natural hazards (Shah et al., 2020). As 
mentioned before, the key role of water sources (provisioning service) 
and water quality (regulation & maintenance) reflects the high depen
dence of delta development on ecosystem services, especially in the 
Anhui Province (inland of YRD). It connects risk management to water 
resource management and water policy related to the restoration of 
aquatic ecosystems (Grizzetti et al., 2016). Conducting vulnerability 
assessments from biophysical (water quality) and economic (water 
abstraction) highlights the interdependence of humans and ecosystems. 
Likewise, agricultural productivity is the key human activity in both 
deltas, not only directly related to human well-being but also reflecting 
the need for risk management in areas highly dependent on agriculture 
(or other biomass productivity). This could inspire a range of 
ecosystem-based sustainable conservation practices in agroforests and 
farmland, which also maintain and improve ecosystem services such as 
food provision, soil nutrient regulation and climate regulation (Blaser 
et al., 2018). Cultural context is also an aspect of vulnerability, and it 
includes valuable cultural components such as heritage and tourist at
tractions. The number of nature reserves and the development of 
tourism are important for understanding the stability of ecosystems. All 
of these introduce the method of assessing SES with the role of 
ecosystem services to sustainably manage, protect and prevent damage 
to ecosystems and their services (De Lange et al., 2010). Even in 
hazard-prone regions, better SES health can be achieved in long-term 
and sustainable ways by conserving natural resources and landscapes. 

4.3. Limitations and way forward 

To the best of our knowledge, our study is the first to conduct 
comparative SES-based risk assessments in the YRD and PRD regions and 
with a framework that incorporates the role of ecosystem services. 
Identifying areas with high-risk levels in these two most prosperous, 
densely populated, and hazard-prone areas is an effective way to reduce 
the negative impact of multiple natural hazards. Its application has 
certain limitations, such as the uncertainty brought by the use of expert 
weights (Gonzalez-Ollauri et al., 2023). In order to address this issue, we 
compared and analysed different risk profiles with expert weights and 

equal weights, and found that there were no obvious differences in risk 
scores. Nonetheless, the influence of expert-assigned weights on the 
relative contribution of vulnerability subcomponents and their respec
tive indicators is an unavoidable factor. The accuracy of the data also 
needs to be continuously improved. It should be noted that the risk 
assessment relies on differences in various components across regions. In 
this study, we made maximum use of available spatial data as well as 
existing data appropriate to the study area. However, some data on 
vulnerability indicators were not available for small administrative re
gions, so we had to use average provincial data and profile the risk map 
at the city-level. We deem this has only a minimal impact on the final 
risk score, as provincial units can illustrate differences in development 
and management levels for the Yangtze and Pearl River Deltas. Because 
of this, we cannot directly capture the distinction between urban and 
rural areas, yet key drivers of vulnerability may differ in rural and urban 
areas (Kc et al., 2021). Due to the distribution of diverse ecosystem 
types, significant differences may exist in the supply of ecosystem ser
vices between urban and rural areas. We, therefore, emphasize the ne
cessity for future research to zoom in on the selected cities in the deltas 
to the county level to capture urban-rural differences for the develop
ment of more targeted regional policy and action plans. 

Despite the emphasis on the progress of SES theory, the practices still 
bring inherent limitations, that is, it is difficult to identify specific 
coupling dynamics and other synergies (Anderson et al., 2021). We 
added the ecosystem services perspective and expert judgments to 
address this and better characterize the vulnerability and risk distribu
tion. Various ecosystems offer different primary ecosystem services; for 
instance, mangroves contribute to biodiversity preservation and miti
gating the adverse effects of coastal natural hazards, and their restora
tion is widely recognized as an ecosystem-based adaptation approach 
(Chausson et al., 2020). This also further emphasizes the data avail
ability of ecosystem service indicators, especially for specific ecosystem 
types, which can be combined with high-resolution spatial data sets and 
local residents’ perceptions of various services. Moreover, although 
static and spatially explicit approaches are highly realistic models, they 
fail to take into account interactions between adjacent areas, which is 
the inevitable compromise between complexity and practicality to 
represent reality in risk assessment (Anderson et al., 2021). 

Quantifying stakeholder values of ecosystem services (requiring 
downscaled research) or system modelling (technically complex) in an 
SES vulnerability context at delta scales poses challenges. Therefore, we 
adopted an interdisciplinary approach to build on existing ecosystem 
service classifications and related research results, using this informa
tion to develop indicators which allowed us to compute indices. Our 
analysis of ecosystem services also reflects trade-offs in reducing 
complexity which brings its own limitations. What is needed in future 
research is small-scale studies with high-resolution spatial data and local 
stakeholders’ involvement to facilitate more reliable assessment and 
comparison of spatially distributed risks. The application of proxy in
dicators also causes uncertainty, which calls on management de
partments at all levels to pay attention to data collection and 
management (Hagenlocher et al., 2018), and can further improve and 
supplement the indicators selected for risk dimensions in subsequent 
research. Additionally, the uncertainty after the COVID-19 pandemic is 
not considered, which affects the development of social-ecological sys
tems, especially socio-economic activities. 

This study will serve as the basis for further analysis of the deltaic 
multi-hazard risk index by incorporating ecosystem service indicators in 
the vulnerability domain. This aims to make the adjustable risk in
dicators and data in this study accessible to stakeholders in the study 
area and linked to ecosystem conservation measures or the deployment 
of nature-based solutions that can be implemented. In fact, this 
comprehensive framework and list of indicators can be replicated and 
adapted worldwide and is relatively easy to use. In the future, we can 
continue to explore the internal differences and develop a framework of 
ecosystem-based adaptation measures. 
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5. Conclusion 

This paper applied an improved vulnerability and risk assessment 
framework for deltaic environments, mainly composed of applicable and 
easily accessible indicators. Vulnerability is quantified with indicators 
linking ecosystem services-based management measures and has been 
applied to the PRD and YRD. It also makes progress towards capturing 
the muti-hazard risk characteristics of all cities in the PRD and YRD 
regions exposed to five natural hazards (i.e. floods, typhoons, storm 
surges, droughts and salt intrusion). In addition to multi-hazard risk, a 
single-hazard risk profile is available for each region. Visualization maps 
allow users to readily compare and interpret the data distribution of 
each area for different risk attributes (hazard, exposure, and vulnera
bility). The risk index also allows looking at specific components and 
their indicators with high contribution to risk, some examples have 
already been given. Given the current divergence in spatial patterns of 
hazard exposure and social and ecological vulnerability within both 
deltas, future risk reduction planning should account for sub-component 
characteristics as well as individual/combined hazard impacts. 

The importance of the proposed risk framework is that it directly and 
systematically incorporates ecosystem services and achieves the balance 
of social and ecological dimensions. It improved a lot on clarifying 
(multi-)hazard risk components and provided an integrated view for risk 
assessments of social-ecological systems. While previous work can also 
discern key risk indicators, the proposed methodology can explicitly 
extract ecosystem service indicators that affect human well-being, and 
which can be optimally used to inform current risk reduction and 
nature-based solutions practices. 
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