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A B S T R A C T   

In the Belt and Road Initiative (BRI) countries, freshwater systems are sensitive and prone to natural variability, 
human interventions and climate change. Yet, freshwater vulnerability has not been quantified at the BRI scale. 
The primary goal of this study was to identify and quantify the most vulnerable BRI regions and explain reasons 
for identified vulnerability. The assessment was based on the conceptual framework recommended by the 
Intergovernmental Panel on Climate Change (IPCC), which considers three components of vulnerability 
including exposure, sensitivity and adaptive capacity. Twenty-four key indicators were selected and the TOPSIS- 
entropy-weight algorithm was used to calculate weights and ranks of each component that were then used to 
rank 123 BRI countries based on their closeness coefficient. The results indicate that 69% of them were cate-
gorized as having medium to highest freshwater vulnerability. Of these, countries in developing regions, 
particularly those in Sub-Saharan Africa and in the stretch from South Asia to the Mediterranean, were among 
the highest vulnerable. The analysis revealed that root causes for the highest vulnerability differ among regions. 
In Sub-Saharan Africa, low adaptive capacity was the primary reason for this, while high sensitivity was the 
predominant cause in the most vulnerable stretch of Asia. These findings highlight the importance of developing 
context-specific policies to improve adaption capacity in Sub-Saharan Africa and to decrease sensitivity in 
vulnerable parts of Asia. Therefore, to address hazards associated with the highest level of vulnerability, BRI 
investments should combine adequate water-efficient physical infrastructures with fostering economic perfor-
mance and institutional capacities.   

1. Introduction 

China’s Belt and Road Initiative (BRI) is a grand development 
strategy focused on strengthening economic growth, regional coopera-
tion and integration among BRI countries (NDRC, 2015; OECD, 2018). 
The initiative is designed to stimulate economic growth, facilitate 
regional collaboration and enhance connectivity between China and the 
other BRI countries (NDRC, 2015). So far, more than 100 countries 
(Battamo et al., 2021), with an estimated 4.4 billion population and 
approximately 30% of global GDP (Christopher and Zhang, 2018; 

Cuiyun and Chazhong, 2020) have engaged in the initiative and signed 
cooperation agreements with China (Battamo et al., 2021; BRIP, 2019). 

Given the gigantic volume and extent of this strategy, concerns have 
been expressed about the negative environmental impacts of such a 
large development initiative could cause (Ascensão et al., 2018; Li et al., 
2017; Tracy et al., 2017). These impacts are miscellaneous and need 
efficient environmental governance (Coenen et al., 2021). As a response 
to these concerns, the government of China has pointed out the impor-
tance of developing a greener BRI (Alkon et al., 2019; Ascensão et al., 
2018) and has initiated practical measures to promote this (Cuiyun and 
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Chazhong, 2020). However, the BRI keeps facing challenges due to 
complex environmental, economic, and social conditions (Li et al., 
2021). As the world’s most extensive infrastructure program, BRI in-
vestment projects have significant implications for water security (Alkon 
et al., 2019) and might also put pressure on freshwater systems, thereby 
increasing vulnerability to water resources. 

Since BRI might stimulate exploitation of natural resources, 
including freshwater, it was deemed important to quantify risks to 
freshwater systems posed by BRI so that they can be mitigated (Howard 
and Howard, 2016; Qian et al., 2019; Zhang et al., 2018). Issues of water 
security were observed in Belt and Road regions within China (Zhang 
et al., 2019b). Besides, reductions in supplies of water also occurred 
across BRI countries through virtual water trade (Qian et al., 2019; 
Zhang et al., 2018). Economic developments can trigger long-term 
threats to sustainability of freshwater systems in some BRI countries if 
water resources are not managed sustainably (Howard and Howard, 
2016). 

Freshwater is a critical element for global sustainability and is 
intertwined with sustainable development of ecosystems and the ser-
vices they provide human societies (Koutroulis et al., 2019; Varis et al., 
2019). Availability of water fluctuates due to climate change and human 
interventions, as well as natural variability (Koutroulis et al., 2019; 
Rodell et al., 2018). Furthermore, water deficiency, which is among the 
significant problems limiting socio-economic development and 
perceived as a global system risk (Mekonnen and Hoekstra, 2016), needs 
to be solved (Falkenmark, 2013). In order to deliver results relevant to 
policy-making in the context of combined complexities of natural vari-
ability and pressure from socio-economic development, studies need to 
consider human impacts on freshwater systems (Veldkamp et al., 2017) 
and use coupled approaches that integrate hydrologic variability with 
socio-economic dynamics (Liu et al., 2017). 

The Intergovernmental Panel on Climate Change (IPCC) defined 
vulnerability as a function of three key components: exposure, sensi-
tivity, and adaptation capacity (Parry et al., 2007). An assessment of 
vulnerability should incorporate hydrologic variability, socio-economic 
impacts, and adaptation strategies and be capable of being implemented 
across different geographic scales. Based on the IPCC’s conceptual 
framework, researchers around the world have assessed vulnerability in 
different contexts (Hughes et al., 2012; Leclerc et al., 2020; Zhang et al., 
2019a). In recent years, studies on vulnerability have received attention 
in the context of scarcity of freshwater, while providing solutions based 
on the IPCC’s conceptual framework (Chung et al., 2017; Koutroulis 
et al., 2019, 2018). While remarkable efforts have been made to un-
derstand dynamics of vulnerability of water resources at various scales, 
to the best of authors’ knowledge, no study has systematically investi-
gated freshwater vulnerability in BRI countries by incorporating the 
three components of vulnerability. 

Therefore, a national-level, integrated freshwater vulnerability 
assessment framework was developed and applied to identify the most 
vulnerable regions at the BRI scale. Data from a range of sources and 
combined relevant indicators under each vulnerability component was 
used to establish the ranking order for BRI countries using TOPSIS 
(Technique for Order of Preference by Similarity to Ideal Solution) 
method (Hwang and Yoon, 1981) based on the positive ideal solution (i. 
e., minimum vulnerability) and negative ideal solution (i.e., maximum 
vulnerability). The methodology combined TOPSIS with Geographic 
Information Systems (GIS) visualization and related spatial change pa-
rameters to evaluate vulnerability of freshwater systems within the BRI 
countries. Based on a rigorous investigation, for a set of 123 BRI coun-
tries, twenty-four key indicators describing key challenges that BRI’s 
freshwater systems face were selected, and their average weights 
calculated by component. Finally, BRI countries were ranked based on 
their closeness coefficient, that is, the ranking order developed by the 
TOPSIS algorithm. 

2. Materials and methods 

2.1. BRI regions and country selection 

This study includes 123 countries that have cooperation agreement 
with China under the BRI umbrella. The data was compiled for these 
countries as of February 2020; however the list of included countries 
varies by source, which is quite common in BRI documents (BRIP, 2019; 
OECD, 2018) and studies (Battamo et al., 2021; Coenen et al., 2021; 
Huang, 2019; Huang et al., 2021) as the BRI is an open and inclusive 
platform that does not stipulate a restricted spatial scope (Battamo et al., 
2021; BRIP, 2019; OECD, 2018). The spatial analysis was conducted by 
country, based on data from multiple sources (Table 2). The BRI coun-
tries were categorized into to eight regions (Table 1): (1) North-East 
Asia; (2) South East Asia and Oceania; (3) Russia with neighborhood; 
(4) Central and Eastern Europe; (5) Central Asia; (6) the Middle East & 
North Africa; (7) South Asia and (8) Sab-Saharan Africa. The country 
categories are based on the geographic regions defined under the 
Standard Country known as M49 of the UN Statistics Division. For the 
purpose of this study some of the M49 regions have been modified and 
rearranged as shown in Table 1. 

2.2. Datasets and sources 

The latest available datasets were used to develop a multi-criteria 
decision-making framework and map freshwater vulnerability among 
BRI countries. Based on the literature analysis, various internationally 
recognized dataset records related to freshwater performance were 
given priority (Table 2). In some countries, potentially useful data on 
water resources were available from sources other than those mentioned 
here. However, this study used the sources mentioned in Table 2 because 

Table 1 
BRI regions and the study countries.  

BRI regions Number of 
countries 

Name of the countries 

North-East Asia  3 Mongolia, China, South Korea, 
South-East Asia & 

Oceania  
22 Brunei Darussalam, Cambodia, Cook 

Islands, Fiji, Indonesia, Lao PDR, Malaysia, 
Micronesia, Myanmar, New Zealand, Niue, 
Papua New Guinea, Philippines, Samoa, 
Singapore, Solomon Islands, Tonga, 
Thailand, Timor-Leste, Tonga, Trinidad 
and Tobago, Vanuatu, Vietnam 

Russia with 
neighborhood  

6 Armenia, Azerbaijan, Belarus, Moldova, 
Russia, Ukraine 

Central & Eastern 
Europe  

24 Albania, Austria, Bosnia and Herzegovina, 
Bulgaria, Croatia, Cyprus, Czechia 
(formerly the Czech Republic), Estonia, 
Georgia, Greece, Hungary, Italy, Latvia, 
Lithuania, Luxembourg, Macedonia, 
Montenegro, Poland, Portugal, Romania, 
Serbia, Slovakia, Slovenia, Turkey 

Central Asia  5 Kazakhstan, Kyrgyz Republic, Tajikistan, 
Turkmenistan, Uzbekistan 

The Middle East & 
North Africa  

20 Algeria, Bahrain, Egypt, Iran, Iraq, Israel, 
Jordan, Kuwait, Lebanon, Libya, Malta, 
Morocco, Oman, Palestine, Qatar, Saudi 
Arabia, Syria, Tunisia, United Arab 
Emirates, Yemen 

South Asia  8 Afghanistan, Bangladesh, Bhutan, India, 
Maldives, Nepal, Pakistan, Sri Lanka 

Sub-Saharan Africa  35 Angola, Benin, Burundi, Cabo Verde, 
Cameroon, Chad, Congo, Cote d′Ivoire, 
Djibouti, Equatorial Guinea, Ethiopia, 
Gabon, Ghana, Guinea, Kenya, Lesotho, 
Liberia, Madagascar, Mali, Mauritania, 
Mozambique, Namibia, Nigeria, Rwanda, 
Senegal, Seychelles, Sierra Leone, Somalia, 
South Africa, South Sudan, Sudan, 
Tanzania, Uganda, Zambia, Zimbabwe  
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of their global coverage, including most BRI countries. 

2.3. Indicators selection for adaptive capacity, sensitivity, and exposure 

Based on in-depth literature analysis, twenty-four indicators repre-
senting adaptive capacity, exposure, and sensitivity were selected 
(Table 2). The process for assessing vulnerability is complex and mani-
fold. Therefore, it cannot be measured with single indicators, nor allows 
direct measurements. Several studies have used the approach of iden-
tification and selection of proxy variables (Chung et al., 2017; Hamouda 
et al., 2009; Koutroulis et al., 2019, 2018) and composite indicators 
(Battamo et al., 2021; Varis et al., 2019; Varis and Kummu, 2019), which 
are vital in the process of vulnerability assessment and quantification. 
All three key dimensions of vulnerability have diverse explanations in 
the literature. Below are described how they were approached in this 
study. Exposure is defined as the degree to which a country’s freshwater 
systems are subject to natural variability, ecological deterioration, and 
scarcity, due to climatic and anthropogenic stressors whereas Sensitivity 
(S) is defined as the degree to which a nation is dependent on water 
resources. Adaptive capacity (AC) is defined as a country’s potential to 
govern freshwater systems. AC can be measured in terms of nation’s 
economic capacity, human development, and good governance. 

2.4. Standardization of exposure, sensitivity, and adaptive capacity 
indicators and composite index for each component 

To create unit-less metrics, indicators of exposure, sensitivity and 
adaptive capacity were standardized to a range of 0–1 (Table S1). Data 
were standardized by use of max-min linear rescaling (Eqs. (1 and 2)). 

Positive indicator : xij =
xij − min

{
xij
}

max
{

xij
}

− min
{

xij
} (1)  

Negative indicator : xij =
max

{
xij
}

− xij

max
{

xij
}

− min
{

xij
} (2)  

where xij denotes the standardized value of the jth indicator of the ith 

evaluation object. 
Second, we used a natural-log transformation (Eq. (3)) before max- 

min rescaling, thereby compressing the upper end and expanding the 
range’s lower end. This process minimizes the influence of extremely 
high values that could be spurious but influential. 

(ln[x+ 1]) (3) 

Equal Weight Composite Index method was used for constructing the 
numerical indices for exposure, sensitivity, and adaptive capacity. This 
is a commonly used method in the fields of economy, finance, envi-
ronment, and society when constructing composite indices from ele-
ments that are in broad policy-related uses (Ding et al., 2018). 
Composite indices for exposure, sensitivity, and adaptive capacity were 
calculated as their respective constituent components’ arithmetic mean 
values. The output data derived from this analysis is available in the 
supplementary material (Table S2). 

2.5. Quantification of BRI countries’ freshwater vulnerability using 
TOPSIS method 

2.5.1. TOPSIS method 
The Technique for Order of Preference by Similarity to Ideal Solution 

(TOPSIS) entropy weighting method was used to calculate a measure of 
vulnerability for each country. This technique ranks alternatives ac-
cording to their relative distance to positive and negative ideal solutions, 
representing the conditions obtained when the criteria have extreme 
values (Hwang and Yoon, 1981). TOPSIS has been applied to water 
resource management in different contexts (Alamanos et al., 2018; 

Table 2 
Indicators of exposure, sensitivity and adaptive capacity of the BRI countries vulnerability to freshwater scarcity.  

Component Sub-criteria Indicator Symbol Data Source Year References 

Exposure Water availability and 
variability 

Long-term average annual precipitation 
in deptha 

WRV1 FAO, 
AQUASTAT 

2017 (Chung et al., 2017; Goharian et al., 2016) 

Projected change of annual runoff WRV2 WRI 2013 (Koutroulis et al., 2019, 2018) 
Projected change of annual groundwater 
recharge 

WRV3 ND-GAIN 2013 (Chung et al., 2017) 

Inter-annual variability WRV4 WRI 2013  
Seasonal variability WRV5 WRI 2013  

Water scarcity Renewable internal freshwater resources 
per capita (cubic meters)a 

WRV6 FAO, 
AQUASTAT 

2015 (Kummu et al., 2016; Varis et al., 2019) 

Drought risk severity WRV7 WRI 2013 (Carrão et al., 2016) 
Water quality The proportion of wastewater treateda WRV8 UN-water  (Cai et al., 2017; Chung et al., 2017) 

Sensitivity Population Pressure Population density WRV9 WDI 2018 (Chung et al., 2017; Koutroulis et al., 2019, 
2018) Population growth rate WRV10 WDI 2018 

Dependency on water 
resources 

Annual freshwater withdrawals WRV11 FAO, 
AQUASTAT 

2015 (Huang, 2019) 

Baseline water stress WRV12 WRI 2018 (Hofste et al., 2019) 
Water dependency ratio WRV13 FAO, 

AQUASTAT 
2015  

Watershed Environment Grassland Loss WRV14 EPI 2018  
Wetland Loss WRV15 EPI 2018  
Ecological footprint WRV16 ND-GAIN 2010 (Varis et al., 2019) 

Adaptive 
Capacity 

Natural and physical 
capacity 

Access to reliable drinking Water WRV17 WHO, UNICEF 2017 (Cai et al., 2017) 
Dam capacity WRV18 FAO, 

AQUASTAT 
2015 (Koutroulis et al., 2019, 2018) 

Socio-economic capacity GDP per capita (PPP) WRV19 WDI 2017 (Koutroulis et al., 2019, 2018; Kummu et al., 
2018; Varis et al., 2019) 

Water productivity, total WRV20 WDI 2015 (Cai et al., 2017) 
human development index WRV21 WDI 2018 (Koutroulis et al., 2019, 2018; Kummu et al., 

2018; Varis et al., 2019) 
Governance and 
institutional capacity 

Government effectiveness on governance WRV22 WGI 2017 (Chung et al., 2017; Koutroulis et al., 2019, 
2018; Kraay et al., 2010; Varis et al., 2019) 

Research and development expenditure WRV23 WDI 2017 (Hamouda et al., 2009) 
IWRM implementation WRV24 UN-water 2018 (Vallino et al., 2020)  

a Some values have been inversed to have uniformity in the trend of indicator contribution to vulnerability. 
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Chung et al., 2017; Sadr et al., 2018). Vulnerability for disruption of 
water sources in BRI countries is ranked based on the positive ideal 
solution, where there was no vulnerability and negative ideal solution, 
where there was maximum vulnerability. Hence, the positive ideal so-
lution of vulnerability corresponds to how exposure and sensitivity were 
minimized, and AC maximized. Nevertheless, the negative ideal solution 
of maximum vulnerability corresponds to a condition of minimum 
adaptive capacity and maximum exposure and sensitivity of freshwater 
systems. Thus, each country’s vulnerability was expressed as the relative 
distance to the positive and negative ideal solutions, ranging from 0 to 1 
to reflect lowest to highest vulnerability. The main procedures of TOPSIS 
are presented by the following steps: 

Step 1: The sample evaluating matrix of m objects or possible alter-
natives Ai(i = 1,…,m) and n indices or possible evaluation indicators 
Cj(j = 1,…, n) matrix X′

= (xij)m×n can be formulated as: 

X ′

=

⎡

⎢
⎢
⎣

x11 x12 … x1n
x21 x22 … x2n
⋮ ⋮ ⋮… ⋮

xm1 xm2 xmn

⎤

⎥
⎥
⎦ (4)  

where xij are indices for the ith alternative and jth evaluation indicators; 
m and n symbolize the BRI countries and number indicators under 
evaluation. 

Commonly, units and orientation of the indicators/proxy variables 
are not identical. In order to make various indicators comparable, each 
indicator was standardized in step 2. To consistently solve amongst the 
indicators/proxy variables, normalization was conducted using Eq. 
(5–7). 

Step 2: Sample matrix x is transformed into a normalized matrix x′ as 
follows:  

a) For benefit indicators, the normalization equation can be expressed 
as:    

b) For cost indicators, the normalization equation can be expressed as:    

The standardized decision matrix could be represented as: 

X ′

=

⎡

⎢
⎢
⎣

x′

11 x′12 … x′1n
x′21 x′22 … x′2n
⋮ ⋮ … ⋮

x′m1 x′m2 … x′mn

⎤

⎥
⎥
⎦ (7) 

The entropy weight technique was adopted for determining weights 
of indicators by computing entropy values of indicators based on the 
dispersal degree of datasets. Each indicator’s entropy and entropy 
weight were computed (Eqs. (5) and (6)). Information entropy of indi-
cator ej was calculated (Eq. (8)). 

Step 3: Entropy ej of the jth index x can be computed (Eq. (8)). 

ej = − k
∑m

i=1
pij lnpij,

(

i = 1, 2, 3…, m; and j = 1, 2, 3…, n

)

(8)  

Where pij = rij/
∑m

i=1rij, and k = 1/lnm and k > 0 pij lnpij = 0 is 
also assumed whenpij = 0. 

Step 4: The entropy-based weight of the jth in the indicator was 
calculated (Eq. (9)): 

wj =

(
1 − ej

)

(

n −
∑n

j=1
ej

),
∑m

j
Wj = 1,

⎛

⎜
⎜
⎜
⎜
⎝

j = 1, 2, 3,…, n

⎞

⎟
⎟
⎟
⎟
⎠

(9)  

where 0 ≤ Wj≤ 1. 
Based on the standardized decision matrix "X" expressed in Eq. (4) 

and the calculated entropy weight wj (Eq. (6)); the normalized weighted 
decision matrix WX = (xij) (Eq. (10)). 

Xij = wj × xij ,
(
i = 1, 2, 3,…, m; and j = 1, 2, 3,…, n

)
(10) 

Step 5: Determine the positive ideal (A+) as well as negative ideal 

(A− ) solutions for each indicator (Eq. (11)) 

A+ =
(
v+1 , v+2 , v+3 …, v+n &A− =

(
v−1 , v−2 , v−3 ,…, v−n (11)  

where v+j = maxvij and v−j = minvij. 

Step 6: Calculate distance measures based on Euclidean distances of 
the m-dimensional (Eqs. (12) and (13)). 

D+
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

( (
vij −

)
v+j
)2
, i = 1, 2, 3…,m

√

(12)  

x
′

ij =

max x ij
1 ≤ j ≤ m

− xij

max x ij
1 ≤ j ≤ m

− minx ij
1 ≤ j ≤ m

× 100

⎛

⎜
⎜
⎜
⎝

i = 1, 2, 3,…, m; and j = 1, 2, 3,…, n

⎞

⎟
⎟
⎟
⎠

(6)   

x′

ij =

xij − min x ij
1 ≤ j ≤ m

max x ij
1 ≤ j ≤ m

− minx ij
1 ≤ j ≤ m

× 100

⎛

⎜
⎜
⎜
⎝

i = 1, 2, 3,…, m; and j = 1, 2, 3,…, n

⎞

⎟
⎟
⎟
⎠

(5)   
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D−
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

( (
vij −

)
v−j
)2
, i = 1, 2, 3…,m

√

(13) 

Step 7: Calculate the coefficient of closeness for the ideal solution. 
Comparative closeness coefficient for the alternative i to ideal solutions 
can be computed (Eq. (14)). 

CCi =
D−

i

D+
i + D−

i
, i = 1, 2,…,m (14)  

where CCi ranges from values 1–0. The greater the values are, the 
better the performances of the alternatives. The WRV can be evaluated 
based on CCithe values of adaptive capacity, sensitivity, and exposure 
(Table S3). 

Step 8: Ranking the preferences order for the alternatives. Each 
alternative with the bigger values of relative closeness coefficient has a 
greater priority amongst the options. 

2.5.2. Vulnerability mapping 
The TOPSIS method was combined with GIS for ranking and map-

ping vulnerability to freshwater scarcity of BRI countries. Mapping of 
the adaptive capacity, sensitivity, exposure, and vulnerability was done 
using ArcGIS 10.3 software. The detailed methodological framework for 
the vulnerability assessment is charted in Fig. 1. Five hierarchical levels 
are labeled to scrutinize the ranges in vulnerability such as lowest, low, 
medium, high and highest. This ranking was also used to rank AC, 
sensitivity, and exposure. Subsequently, the resulting indices were used 
to produce maps of AC, sensitivity, exposure and vulnerability. 

Fig. 1. Methodological framework for vulnerability assessment alongside the BRI countries.  
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2.6. Robustness analysis 

Results of the TOPSIS method largely depend on weights of in-
dicators. Sometimes, rankings of alternatives can be modified by 
changing weights of indicators. Robustness analysis of alternative 

rankings resulting from changes in weights of indicators should be 
conducted. 

To test the robustness of the TOPSIS methodology, the weight of each 
component was increased or decreased by 20% and 60%. Then, in the 
same experiment, the remaining indicators’ weights capture the 

Fig. 2. National level aggregated exposure for BRI countries, showing (a) spatial distribution (b) percentage of countries under each exposure level.  
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corresponding changes to make the weights equal to 100. Twenty-five 
different weightings were assigned to the various vulnerability compo-
nents (Table S3). The first set (CC1) used an equal weighting scheme for 
all three vulnerability components. The next twenty-four weighting sets 
(CC2–CC24) apply each component’s weight increased or decreased by 
20% and 60%. These percentages were chosen to reflect the importance 
of each component related to ranking the vulnerability. Finally, a 
TOPSIS ranking was conducted, using the weighting combinations 
provided in Table S3 using MATLAB software, for a total of 123 
countries. 

3. Results 

3.1. Analysis of exposure 

Exposure mapping was done for much of China’s Belt and Road 
Initiative area (Fig. 2a). The exposure chart (Fig. 2b) illustrates that 
roughly 79% of the BRI countries are clustered under medium to highest 
exposure. In contrast, countries with the lowest and low exposure levels 
cover only potential for limitation by sources of water were 3% and 
17%, respectively. 

The freshwater systems in the BRI countries in the Middle East and 
North Africa, South Asia, Central Asia, and Sub-Saharan Africa were 
classified in the highest level of exposure, whereas waters in Russia with 
neighborhood, Europe, and South-East Asia and Oceania were relatively 
less exposed (Fig. 2a). Waters in the Middle East, including Yemen, 
Jordan, Palestine, Saudi Arabia, Oman, Iran, Israel, United Arab Emir-
ates, Iraq, Qatar, Syria and Lebanon, Kuwait, and North Africa, 
including Morocco, Egypt, Libya, Algeria, and Tunisia, exhibited the 
greatest exposure, with index scores greater than 0.801 (Table S2). 
Similarly, waters in Sub-Saharan Africa, including Namibia, Mauritania, 
South Africa, Senegal, Somalia, Gabon, Zambia and Zimbabwe and those 
in South Asia, including Afghanistan, and Pakistan, exhibited the 
highest exposure, with scores greater than 0.793 (Table S2). Waters in 
Central Asia, including Turkmenistan, Uzbekistan, Kazakhstan and 
Kyrgyz Republic, and those in Northern East Asia, such as Mongolia, also 
showed the greatest exposure, with indexes greater than 0.802 
(Table S2). In those regions, where freshwater systems were com-
pounded by the greatest hydro-climatic variability (Koutroulis et al., 
2019; Mekonnen and Hoekstra, 2016) had the greatest exposure. On the 
contrary, the lowest and low levels of exposure occurred for countries 
located in South East Asia and Oceania, including the Philippines, Papua 
New Guinea, Singapore, Indonesia, Malaysia, New Zealand, Brunei 
Darussalam, Cambodia, Vanuatu, Micronesia and Vietnam, in Russia 
with neighborhood, and Central and Eastern Europe, including Austria 
and Poland and North-East Asia, including South Korea, with scores less 
than 0.690 (Table S2). 

The highest exposure occurred in BRI countries and regions with the 
lowest freshwater availability, including the world’s largest dry regions 
(Taklimakan, Thar, Sahara, Kalahari, Kara-Kum, Kyzyl-Kum, Gobi, 
Arabian, and Gobi deserts). In the future, the exposure could be inten-
sified in these driest areas by climate change, hydro-climatic variability, 
global warming, and growing population (Koutroulis et al., 2019). 

3.2. Analysis of sensitivity 

The sensitivity maps (Fig. 3a) reveal, that the broad region of South 
Asia, the Middle East and North Africa, Central Asia, Central & Eastern 
Europe, Southern Africa, and North-East Asia is subjected to high and 
highest sensitivity (Fig. 3a). The chart of sensitivity (Fig. 3b) shows that 
approximately 52% of the BRI countries are categorized as medium to 
highest sensitivity. In contrast, countries with the lowest and low 
sensitivity accounted for 22% and 26% of BRI countries, respectively. 

Primarily BRI countries in South Asia, including Pakistan, India and 
Afghanistan and those in Central Asia, including Uzbekistan, 
Turkmenistan and Tajikistan, showed the highest sensitivity, with scores 

greater than 0.776 (Table S2). Similarly, countries in the Middle East, 
such as Kuwait, Bahrain, Lebanon, Israel, Jordan, Palestine and Iraq, and 
those in North Africa, such as Egypt, Tunisia and Algeria had the highest 
sensitivity, with scores greater than 0.758 (Table S2). In these regions, 
lack of availability of freshwater, compounded by the greatest fresh-
water withdrawals relative to availability (Doll et al., 2014; Famiglietti, 
2014; Wada et al., 2014) resulted in the highest sensitivity. Withdrawal 
of freshwater for irrigation (Wada et al., 2014) is the main contributor to 
this, particularly in Pakistan and India (Dalin et al., 2017). BRI countries 
with a high sensitivity were located in the Middle East and included 
Malta and Oman, Libya in North Africa, China in North-East Asia, South 
Africa and Sudan in Sub-Saharan Africa, Armenia, Moldova and Ukraine 
in Russia with neighborhood, and Italy, Portugal, Luxembourg, Greece 
and Turkey, in Central and Eastern Europe (Fig. 4). Most BRI countries 
in Russia with neighborhood, Sub-Saharan Africa, South East Asia & 
Oceania, and Europe fall into the categories of lowest and low sensi-
tivity, with scores less than 0.675 (Table S2). 

A higher score for sensitivity means that there is greater pressure on 
supplies of freshwater due to more intense consumption. Based on the 
map of sensitivities (Fig. 3), a similar pattern was observed for exposure 
in most of the BRI countries including South Africa but excluding the rest 
of Sub-Saharan Africa. The larger pressure from population, the more 
withdrawals of freshwater relative to availability, greater dependency 
on external water sources, greater disturbances of freshwater like 
pollution and eutrophication, the greater the sensitivity. For example, 
Kuwait scored the highest sensitivity in several parameters as the scores 
for withdrawals of freshwater relative to availability, population growth 
rate, dependency ratio, and baseline water stress were ranked first, sixth, 
first, and seventh, respectively. Alternatively, Guinea exhibited the 
lowest sensitivity because it had low scores for freshwater withdrawals 
relative to freshwater availability, population growth rate, dependency 
ratio, and baseline water stress. Compared to availability of water re-
sources, due to decreased flows, diminishing groundwater and lake 
levels, withdrawals of freshwater contributes most to the sensitivity 
(Mekonnen and Hoekstra, 2016). 

3.3. Analysis of adaptive capacity 

Countries categorized to the lowest and low adaptive capacity (AC) 
classes are in Sub-Saharan Africa and South Asia (Fig. 4a). Approxi-
mately 65.87% of the BRI countries are categorized as medium to lowest 
AC levels, whereas countries with the highest and high AC constitute 
17.46% and 16.67%, respectively. BRI countries in Sub-Saharan Africa, 
including Madagascar, Chad, Sierra Leone, Burundi, Ethiopia, South 
Sudan, Congo, Somalia, Guinea, Sudan, Liberia, Tanzania and Uganda, 
and in South Asia, such as Afghanistan, Nepal and Bhutan had the lowest 
levels of AC, with scores less than 0.443 (Table S2). According to the 
World Bank standards, BRI countries in these regions lag behind in 
economic growth and social development, ranking as low-income or 
middle-income countries. Lack of resources for research and develop-
ment, weak economic status, political instability and history of bad 
governance, weak institutional capacity, and lack of trained talents in 
most BRI countries in these regions contributed to the history of slow 
social progress. 

Similarly, BRI countries in the Middle East, such as Yemen, and in 
South East Asia and Oceania, including Papua New Guinea, Myanmar, 
Tonga and Timor-Leste, also exhibited the lowest AC, with scores less 
than 0.443 (Table S2). This underlines the concerns related to the lowest 
level of AC in these regions. In most Sub-Saharan African countries, the 
rapidly accumulating weak socio-economic factors contributed to their 
highest vulnerability levels. Accordingly, Sub-Sahara African countries 
suffer predominantly from low AC, making freshwater security 
increasingly challenging. 

BRI countries in North-East Asia, including South Korea and China, 
those in Europe including Austria, Czechia, Greece, Cyprus, Portugal, 
Luxembourg, Croatia, Slovakia, Latvia and Italy, Russia with 

A.Y. Battamo et al.                                                                                                                                                                                                                             



Environmental Science and Policy 132 (2022) 247–261

254

Fig. 3. National-level aggregated sensitivity for BRI countries, showing (a) spatial distribution (b) percentage of countries under each sensitivity level.  
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neighborhood and the Middle East, including Israel, Malta, Qatar and 
Kuwait had the highest AC, with mean scores greater than 0.720 
(Table S2). BRI countries in these regions were generally ranked under 
middle-income or high-income countries. By implementing an innova-
tive research and development strategy, building a strong economy, 

good governance, and training international talents, most countries in 
these regions are at the forefront of R&D and had a history of good and 
rapid social progress. The AC of Asian sub-regions varies greatly, being 
the lowest in South Asia, South East Asia & Oceania, particularly in 
Papua New Guinea, Afghanistan, Nepal, Myanmar and Timor-Leste, to 

Fig. 4. National level aggregated adaptive capacity (AC) for BRI countries, showing (a) spatial distribution (b) percentage of countries under each AC level.  
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the highest in North-East Asia for countries like China and South Korea. 
However, it is mostly greater than in Sub-Sahara African countries. 

The lowest AC appeared to prevail in BRI countries with low R&D 
expenditures, notably those located mainly in Sub-Saharan Africa and 
South Asia (Table S1). Similarly, in terms of economy, Sub-Saharan 
Africa was the weakest area with the lowest GDP per capita (Table S1). 
The same applies to South Asia. In contrast, BRI countries in North-East 
Asia, Europe, Russia, South-East Asia, and the Middle East had higher 
R&D expenditure, which largely contributed to them having the highest 
AC. In terms of economy, BRI countries with the most robust economy 
also located in the same regions with R&D expenditure, including North- 
East Asia, Europe, the Middle East, and South-East Asia & Oceania. In 
terms of water productivity, BRI nations in Central Asia, South-East Asia 
& Oceania, and South Asia recorded the lowest, while Central and 
Eastern Europe and Middle East countries demonstrated the highest. 
Human resources development is the lowest in Sub-Saharan African 
nations and South Asia (Table S1) on a BRI scale. Challenges in human 
resources development appeared in the same nations as in the case of the 
economy (Table S1). The BRI countries in Sub-Saharan Africa and South 
Asia have a history of a low level of IWRM implementation and less 
access to basic drinking water, contributing to low AC levels. Similarly, 
the lowest level of governance effectiveness was observed in the BRI 
countries in Sub-Saharan Africa, South Asia, and the Middle East, Cen-
tral Asia. In contrast, Central and Eastern Europe and the Middle East, 
North-East Asia, and Russia with neighborhood show the highest values 
in implementing IWRM and governance effectiveness (Table S1). 

3.4. Analysis of vulnerability 

Vulnerability of each BRI country was determined and then dis-
played by regions (Fig. 5a). BRI countries under the highest to medium 
vulnerable categories comprise 69.05%, whereas the lowest and low 
vulnerable countries cover 12.70% and 18.25%, respectively (Fig. 5b). A 
purely data-driven analysis can identify many of the BRI regions with 
the highest vulnerability and the most significant barriers to sustainable 
development. Such regions and nations include Sub-Saharan Africa, 
including Chad, Burundi, Madagascar, Sierra Leone, Ethiopia, South 
Sudan, Somalia, Congo, Sudan, Tanzania, Liberia, Uganda and Guinea, 
South Asia, including Afghanistan and Nepal, South-East Asia & Oce-
ania, including Myanmar, Papua New Guinea, Timor-Leste and Tonga, 
and the Middle East, including Yemen and Iraq. BRI countries in Africa 
(Sub-Saharan Africa) and Asia (South Asia, Middle East and South-East 
Asia & Oceania) are more vulnerable than those in Europe and Russia 
with neighborhood (Fig. 5). Strikingly, the BRI countries most vulner-
able to scarcity of water were distributed around the Indian Ocean, both 
on the African and Asian continental sides (Fig. 5). For example, the 
TOPSIS ranking order of the top twenty BRI countries, which were dis-
playing high exposure and sensitivity and low AC, were in decreasing 
order: Afghanistan, Chad, Burundi, Madagascar, Sierra Leone, Ethiopia, 
South Sudan, Somalia, Nepal, Congo, Sudan, Myanmar, Yemen, Papua 
New Guinea, Tanzania, Timor-Leste, Liberia, Uganda, Guinea, and 
Tonga (Fig. 6a; Table S2). Among these countries, fifteen are located in 
Sub-Saharan Africa and South Asia except for Myanmar, Yemen, Papua 
New Guinea, Timor-Leste, and Tonga. To the contrary, the order based 
on ranking by TOPSIS of the twenty BRI with the smallest scores were 
Austria, South Korea, Czechia, Israel, Russia, Cyprus, Malta, Greece, 
Qatar, Croatia, Slovakia, Portugal, Luxembourg, Latvia, Kuwait, 
Slovenia, China, Estonia, Italy, and Singapore (Fig. 6b; Table S2). Fifteen 
of these countries except South Korea, Qatar, Kuwait, China, and 
Singapore are in Europe. Interestingly, the least vulnerable BRI coun-
tries are somewhat similar to those with the highest AC (Figs. 5 and 4). 
The only difference occurs in sensitivity, with countries in Sub-Saharan 
Africa having lesser sensitivity, but otherwise, vulnerability becomes 
progressively lower towards the north. 

Although BRI countries in Asia and Africa are classified into the 
highest vulnerability categories, the drivers of vulnerability are 

fundamentally different. Sub-Saharan Africa is dominated by low AC 
(Fig. 4), while South Asia, the Middle East, North Africa, and Central 
Asia are particularly troubled by being sensitive (Fig. 3). In Asia, the 
sensitivity was highest, but at the same time, AC is fundamentally higher 
than those of countries in Africa (Figs. 3 and 4). It is evident that due to 
expected pressures due to changes in climate on headwaters, strong 
economic development and growth in population, baseline water stress, 
and limited government effectiveness can put pressure on freshwater, 
and the demand will likely increase rapidly (Immerzeel et al., 2020; 
Wijngaard et al., 2018). Combined with low AC due to limited effec-
tiveness of governments and weaker socio-economic capacities, and 
high exposure, due to natural water resources variability, limited 
freshwater availability, and degraded water quality and high sensitivity 
due to population pressure, baseline water stress, and degrading 
watershed environment, it is unlikely that BRI countries can sustainably 
meet their freshwater demands. 

3.5. Analysis of robustness of the vulnerability ranking 

With 24 analyses of robustness of the classification of BRI (Fig. 7), 
some changes in ranking of vulnerability based on weights were 
observed (Table S4). Although the TOPSIS is simple, rational, compre-
hensible, and has good computational efficiency and ability to measure 
the relative performance for each alternative in a simple mathematical 
form, TOPSIS ranking highly depends on the weights of indicators. 
Therefore, a robustness analysis of the alternative ranking resulting from 
changes in the weights of indicators was conducted. 

Ranking based on TOPSIS was sensitive to varying weights of com-
ponents, although no drastic changes were observed. In this study, 
spatial correlation coefficients (SCC) were used to illustrate reliability of 
ranking based on TOPSIS and robustness (Fig. 7). The spatial correlation 
coefficients were identical to the ranking results derived from the equal 
weight in twenty-two experiments except in two simulations where 
relatively low values observed (CC11 and CC23). By comparing the 
ranking result from the equal weight with results derived from the 24 
simulations, 92% of the ranking results were identical to the ranking 
result derived from the equal weight. Therefore, it can be concluded that 
there were strong correlations between the equal weight ranking and the 
ranking obtained from twenty-four experiments. Thus, the proposed 
ranking was both reliable and robust. 

4. Discussion 

This is the first assessment to provide insights on freshwater 
vulnerability in BRI countries by evaluating how the three components 
of vulnerability, namely exposure, sensitivity and adaptive capacity, and 
how they interact with each other and at which BRI regions they have 
led to a reshuffling of vulnerability hotspots. Using the TOPSIS ranking 
system and introducing indicators representing vulnerability compo-
nents, the geographic differences in exposure, sensitivity, adaptive ca-
pacity and vulnerability were determined. The vulnerability assessment 
framework developed in this study is useful to relevant policy and 
decision-makers tasked with sustainable environmental management 
along the BRI to relate freshwater challenges of this vast region to 
society’s adaptation capacity and develop mitigation strategies. 

4.1. Adaptive capacity, exposure, sensitivity, and vulnerability analysis 

The analysis of adaptive capacity, exposure, sensitivity and vulner-
ability identified BRI countries with significant barriers to sustainable 
development due to freshwater scarcity, pressure on the watershed 
environment and lack of adaptation capacity (Figs. 2–5). For example, 
comparing the assessments of adaptive capacity (Fig. 4) identifies Sub- 
Saharan Africa as having the lowest AC, which is consistent with the 
conclusions of earlier studies (Battamo et al., 2021; Varis et al., 2019). 
Those authors quantified and concluded that BRI countries in 
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Fig. 5. National-level aggregated distribution of vulnerability among BRI countries, showing (a) spatial distribution (b) percentage of countries under each clas-
sification of vulnerability. 
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Sub-Saharan Africa have lower AC (Varis et al., 2019). Thus, more co-
ordinated efforts should be directed towards increasing AC to achieve 
freshwater security along the BRI countries. 

When results of sensitivity analysis (Fig. 3) were compared with 
results of earlier studies of environmental vulnerability (Nguyen and 
Liou, 2019) and ecological vulnerability (Battamo et al., 2021; Varis 
et al., 2019), a similar pattern of sensitivity was observed among BRI 
countries. Eco-environmental vulnerability was quantified using in-
dicators across five domains, including socioeconomics, land resources, 
natural hazards, hydrometeorology and topography (Nguyen and Liou, 
2019). This study concluded that a considerable fraction of the Asian 
continent is under the greatest eco-environmental vulnerability (Nguyen 
and Liou, 2019). Similarly, when ecological vulnerability was assessed 
using indicators across three domains, including human footprint, nat-
ural hazards, and water scarcity, the BRI countries in Asia fell under the 
greatest ecological vulnerability (Battamo et al., 2021; Varis et al., 
2019). Therefore, increasing efforts should be directed towards protec-
tion of ecological environments in Asia. 

Results of the exposure analysis presented here were consistent with 
previous findings that found the most exposed countries to be located in 
Sub-Saharan Africa (Koutroulis et al., 2019). If adaptation measures are 
not adopted, unparalleled drought risk conditions could occur decades 

earlier in Africa (Ahmadalipour et al., 2019). More significant adapta-
tion measures are needed to resolve the risks associated with greater 
exposure potential for scarcity of waters (Koutroulis et al., 2019). 
Alternatively, excessive withdrawal of freshwater relative to its avail-
ability contributes to water issues from both quantity and quality per-
spectives. For example, in areas of severe freshwater scarcity in Asia, 
such as in eastern China and India, polluted water return flows are 
degrading water quality and exacerbating freshwater scarcity (van Vliet 
et al., 2021). Thus, increasing efforts should be directed towards 
investing in clean water technologies, such as desalination and treated 
wastewater uses, to reduce potential for scarcity of freshwater (van Vliet 
et al., 2021). 

Based on the results of this analysis, vulnerability of BRI countries to 
scarcity of water varied widely. Targeted sustainable development of 
water resources and management policies can be implemented accord-
ing to these types of vulnerabilities. The first category includes BRI 
countries with the highest and high vulnerability levels that had lesser 
adaptive capacities (AC) and greater sensitivities, which are located 
mainly in Sub-Saharan Africa and South Asia (Figs. 3 and 4). Although 
these regions were classified into the uppermost categories of vulnera-
bility, root causes of differences in vulnerability were different partic-
ularly in Sub-Saharan Africa that is subject to lesser socio-economic 
development, while countries in South Asia and South East Asia are 
affected by human population pressure on freshwater as well as envi-
ronmental protection. This pressure is acute, particularly in more 
populated river basins in South Asia, Central Asia, and South-East Asia 
(Varis et al., 2019; Varis and Kummu, 2019). The second category in-
cludes BRI countries with moderate vulnerabilities, located in the Mid-
dle East and North Africa, and Central Asia, which faced double pressure 
of lower socio-economic development and weak environmental pro-
tection (Cuiyun and Chazhong, 2020). The third category includes BRI 
countries with the lowest and low vulnerability, located mostly in Russia 
with neighborhood, Europe, and North-East Asia, which have excellent 
social and economic progress and have paid more attention to extensive, 
coordinated development of economic, social, and environment devel-
opment (Cuiyun and Chazhong, 2020; Huang, 2019). Furthermore, 
some European countries in this category are known for efficiencies of 
using water. For example, Europe has greater average water efficiency 
(27 m3/k€) than worldwide (75 m3/k€, 13.9 MJ/€) (Wang et al., 2020). 

The results presented here are consistent with other global, regional 
and national-level evaluations of freshwater scarcity (Battamo et al., 

Fig. 6. TOPSIS based Ranking of BRI countries based on exposure, sensitivity 
and AC, of (a) twenty most vulnerable countries and (b) twenty least vulner-
able countries. 

Fig. 7. Correlations of equal weight TOPSIS ranking with 24 simulations 
employing various weightings. 
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2021; Varis et al., 2019; Varis and Kummu, 2019). For example, global 
and BRI scale studies that focused on stressed river basins have observed 
a relationship among adaptive capacity, environmental vulnerability 
and resilience (Battamo et al., 2021; Varis et al., 2019), and have 
concluded that the African and Asian continents are among the least 
resilient areas. These continents are characterized by low adaptive ca-
pacity (AC), particularly in Africa while greater ecological vulnerability 
was observed for Asia (Battamo et al., 2021; Varis et al., 2019). Despite 
differences in methodologies and scale of analysis, results of this studies 
were similar to those of river basin-scale analysis. A more direct contrast 
can be implemented on vulnerability with the findings of the previous 
study (Koutroulis et al., 2019). Nations most vulnerable to experiencing 
scarcity of water are mostly located in Asia and Africa (Koutroulis et al., 
2019). Based on the results of the study presented here and the previous 
results (Koutroulis et al., 2019), due to their lower adaptation potential, 
increased exposure and greater sensitivity, there is still a large propor-
tion of BRI countries expected to experience amplified freshwater 
vulnerability, including numerous poorer countries and regions. Unless 
prompt adaptation measures are taken to reduce exposure to freshwater 
scarcity, vulnerability to freshwater scarcity is likely to become a stra-
tegic geopolitical issue (Battamo et al., 2021; Mekonnen and Hoekstra, 
2016), potentially affecting the entire socio-economic development 
process of BRI countries (Battamo et al., 2021). 

4.2. Policy implications and interventions 

The analysis presented here allows us to make recommendations for 
assessing progress and strategies for coping with freshwater vulnera-
bility across the BRI countries. Based on the results of this study the 
following policy recommendations are suggested to promote freshwater 
security along the BRI countries: 

(1) BRI countries with potentially greater exposure to future fresh-
water stress have the lower adaptation capacity stemming from 
the low levels of the human capital, economic resources and law 
enforcement. Particularly, BRI countries in Africa and South Asia 
are most vulnerable due to high exposure and sensitivity and 
lower adaptive capacity. These countries must develop and invest 
in appropriate strategies in order to advance education for the 
sake of sustainability and adaptation to a potentially warmer and 
drier future. Thus, BRI countries with the greatest freshwater 
vulnerability should adequately invest in human capital and 
implement an integrated social-ecological-economic develop-
ment which can be ensured by effectiveness of policies (Cai et al., 
2021). An integrated social-ecological-economic development 
should be strengthened against freshwater vulnerability via water 
saving infrastructure development, circular economy, smart 
technology, human capacity development and quality economic 
growth.  

(2) Fostering multi-level governance and collaboration is critical to 
guaranteeing inclusiveness in policy design processes with rep-
resentatives from all major sectors. As a measure of curbing 
freshwater vulnerability, improving effectiveness of policies is 
thus dependent on good policy design and multi-level governance 
and collaboration. Because of multiple profound inter- 
dependences and inter-linkages, to deliver sustainable water se-
curity, these policy measures should be designed and imple-
mented in a coordinated manner (Cai et al., 2021). 

(3) Develop strategies to minimize risks, both exposure and sensi-
tivity and maximize adaptation, such as developing human tal-
ents and investing in R&D, building a strong economy, 
establishing efficient institutions and governance systems, 
investing on water saving infrastructures to improve access to 
fresh water, that safeguard the freshwater ecosystems and the 
people and simultaneously ensure water, food and energy secu-
rity of the billions of people under the BRI are urgently needed.  

(4) Strengthen policy coordination to let BRI countries recognize that 
freshwater security is one of the keys to their continued socio- 
economic development. This will serve to promote alignment of 
freshwater security and greening BRI countries with sustainable 
development strategies of BRI countries or sub-regions along the 
route.  

(5) Policy and decision-makers from governmental and non- 
governmental organizations should pay close attention to BRI 
countries that this study has identified as the most likely to be 
severely impacted by freshwater vulnerability. These countries 
would benefit most from sustainable water resources develop-
ment projects and investments.  

(6) BRI countries should better share and cooperatively manage their 
limited water resources, develop advanced water infrastructure, 
increase water use efficiencies, efficient water governance, fulfill 
environmental flow requirements, keep ambient water quality 
and be aware of larger adaptation capacities that are required to 
tackle the hazards associated with the highest level of 
vulnerability.  

(7) Water resources plans, programs, projects and investments 
should pay the highest attention and concern to watershed pro-
tection and overall sustainable environmental management 
geared towards building the green BRI and the 2030 agenda for 
sustainable development. 

Although this study has made every possible effort to characterize 
vulnerability of BRI countries to freshwater scarcity, some challenges 
remain and need to be addressed in future studies. This study used only a 
panel dataset to assess freshwater vulnerability of BRI countries; hence, 
the spatial-temporal evolution of these data should be examined in 
future studies. To address local variability in freshwater vulnerability, 
watershed- or river basin-specific indicators should be considered in 
forthcoming studies. The results presented here are country-level ag-
gregates and need to be interpreted with caution especially for larger 
countries. 

Furthermore, only a few indicators were considered due to limited 
availability of data, especially in less developed regions. Most signifi-
cantly, the chosen sets of eight indicators in each component (adaptive 
capacity, sensitivity and exposure) to address the whole range of in-
fluences of BRI countries’ vulnerability to freshwater scarcity are not 
comprehensive. Specifically, fewer watershed environmental protection 
indicators and water quality indicators were included in the sensitivity 
and exposure components analysis, respectively. When additional in-
formation is available additional indicators should be included under 
the exposure, sensitivity and adaptive capacity dimensions. Thus, more 
watershed environmental protection indicators and water quality in-
dicators should be considered in the upcoming studies. Future studies 
need to incorporate more detailed indicators under each vulnerability 
component by combining climatic change scenarios, population growth, 
and other temporal factors that are not encompassed in this study. 
Furthermore, there were challenges in gathering the latest datasets and 
the datasets have not been updated for some indicators in recent years. 
Information needs continuously updating so that indicators and obser-
vations are more accurate. Regular updating of our study is worthwhile, 
particularly if the socioeconomic conditions change remarkably. Oper-
ational studies would benefit from on-line data but here it goes beyond 
the scope of the study. Regardless of the above-mentioned shortcomings, 
the proposed framework remains valuable for vulnerability mapping to 
support sustainable water resources management activities. This map-
ping framework can be applied to other national- or sub-national-scales 
to assess spatial vulnerability by altering the proxy variables and related 
datasets. 

5. Conclusions 

China’s BRI is a development strategy that aims to stimulate 
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economic growth and strengthen connectivity and cooperation across 
BRI countries and regions. However, concerns have been expressed that 
such a large initiative could significantly increase natural resource 
consumption, including freshwater, and contribute to the existing 
freshwater scarcity of the participating countries and regions. This study 
evaluates freshwater vulnerability in 123 BRI countries. A comprehen-
sive conceptual framework was developed for assessing the BRI coun-
tries’ freshwater vulnerability by incorporating indicators representing 
exposure, sensitivity, and adaptive capacity. Applying the TOPSIS- 
entropy-weight-based ranking algorithm and GIS technique helps 
reveal comprehensive vulnerability of BRI countries. 

The main findings show that the most vulnerable countries are 
concentrated in Sub-Saharan Africa and South Asia, while the BRI 
countries with the lowest vulnerability are located in Russia with 
neighborhood, Europe and North-East Asia. Although there are some 
spatial differentiation disparities in BRI countries’ vulnerability to 
freshwater scarcity at the country-level, there are obvious regional dif-
ferences characterized by strong global spatial dependences and a 
ladder-like distribution ascending from the equator to the northern 
hemisphere. Therefore, sustainable water resources development and 
management arrangements that develop advanced water infrastructure, 
better share and cooperatively manage limited freshwater resources, 
save water resources, reduce water pollution and improve economic 
efficiency should be promoted. Furthermore, water resources dependent 
BRI plans, programs, projects and investments should attach the greatest 
importance to watershed protection and overall sustainable environ-
mental management geared towards building the green BRI and the 
2030 agenda for sustainable development. Meanwhile, BRI countries 
should be aware of larger adaptation capacities that are required to 
tackle the hazards associated with the highest level of vulnerability. 
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