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sectoral climate change vulnerabilities
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Climate change has become a global burden, requiring strong institutional quality and will-

ingness to mitigate future impacts. Though emissions are transboundary and have the ten-

dency of spreading from high emitting countries to low emitting countries, regional exposure,

sensitivity, and adaptation readiness determine the extent of climate effects. The existing

literature focuses on immediate drivers and damages of emission effects, failing to account

for underlying mechanisms occurring via the nexus between emission levels, economic,

social, and governance adaptation readiness. Here, this study broadens the scope of previous

attempts and simultaneously examines climate change vulnerability across sectors including

ecosystem services, food, health, human habitat, infrastructure, and water. We use the

Romano–Wolf technique to test multiple hypotheses and present the spatial–temporal

severity of climate vulnerability and readiness to combat climate change and its impacts.

Besides, we assess the long-term impact of climate change readiness and income expansion

on sectoral-climate vulnerabilities. We find that high-income economies with high social,

governance, and economic readiness have low climate vulnerability whereas developing

economies with low income have high climate change exposure and sensitivity. Our empirical

evidence could be used to prioritize limited resources in addressing and managing adaptive

actions of extreme climate change vulnerabilities.

https://doi.org/10.1057/s41599-022-01130-7 OPEN

1 Nord University Business School (HHN), Post Box 1490, 8049 Bodø, Norway. ✉email: asumadusarkodiesamuel@yahoo.com

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |           (2022) 9:113 | https://doi.org/10.1057/s41599-022-01130-7 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-022-01130-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-022-01130-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-022-01130-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-022-01130-7&domain=pdf
http://orcid.org/0000-0001-5035-5983
http://orcid.org/0000-0001-5035-5983
http://orcid.org/0000-0001-5035-5983
http://orcid.org/0000-0001-5035-5983
http://orcid.org/0000-0001-5035-5983
http://orcid.org/0000-0002-1659-5155
http://orcid.org/0000-0002-1659-5155
http://orcid.org/0000-0002-1659-5155
http://orcid.org/0000-0002-1659-5155
http://orcid.org/0000-0002-1659-5155
http://orcid.org/0000-0001-7364-1640
http://orcid.org/0000-0001-7364-1640
http://orcid.org/0000-0001-7364-1640
http://orcid.org/0000-0001-7364-1640
http://orcid.org/0000-0001-7364-1640
mailto:asumadusarkodiesamuel@yahoo.com


Introduction

The global climatic condition is changing—as data collected
over four decades show the earth is warming at an
unprecedented level (IPCC, 2021). There is high prob-

ability that climate change will persist for decades and will con-
tinue to hamper humanity (IPCC, 2018). The majority of
scientists associate the earth’s warming trend with the greenhouse
effect caused by greenhouse gas (GHG) emissions (Kerr, 1990;
Wigley and Barnett, 1990). The main causes can be attributed to
—the burning of fossil fuel such as crude oil, natural gas, and coal
to meet the increasing global energy demand—and intensive
agricultural practices to meet the growing global food demand.
Today, the world is experiencing climate change in the form of
extreme weather and variations. For example, the average global
temperature and sea level are estimated to rise between 1.8–4.0 °C
and 0.09–0.88 m by the end of the 21st century, respectively
(SEEFCCA, 2012). Extreme climate events are threat to the
considerable progress made on eradicating global hunger and
malnutrition in the last decades. The global food market is
already experiencing the effect of climate change particularly in
rural areas where harvest crops have declined (Gitz et al., 2016).
The increase in food supply to meet demand is most often
accompanied by deforestation (FAO, 2011). Persistent meteor-
ological drought due to climate change affects water storage,
reducing global water supply (Stagge et al., 2015). Global studies
indicate one in three people are already facing the threat of water
security due to challenges with water shortage (IWMI, 2007;
Vörösmarty et al., 2010). Under current climate conditions, the
availability of reliable surface water is estimated to decline due to
rising variability in river flows triggered by increased variability in
precipitation, and reduction in ice storage and snow (Kundzewicz
and Doell, 2009). Thus, climate change causes the global average
sea level to rise by melting ice sheets and glaciers. Warming of the
water from melting ice sheets and glaciers causes ocean volume to
expand while declining the number of rivers, reservoirs, lakes,
aquifers, and soil moisture (Lindsey, 2021). The degree and fre-
quency of droughts are estimated to increase due to future climate
change vulnerability, primarily due to regional decline in pre-
cipitation and rising levels in evapotranspiration driven by cli-
mate change variability (IPCC, 2013, 2021). Climate change
vulnerability and environmental degradation induced human
activities have affected the current habitat loss and fragmentation
resulting in global biodiversity crisis (Hoffmann et al., 2010).

The Kyoto protocol signed by developed countries in 1997 and
Paris Agreement adopted in 2015 by 196 countries and territories
with the sole commitment of reducing emissions is stalling, even
though many countries are undertaking vigorous emission
reduction policies. The GHG emissions emitted today will cause
decades of climate change effects. Mitigating GHGs has been
unsuccessful due to ineffective governance structures and insti-
tutions in creating effective climate policies, however, adaptation
to climate change effects is possible (Denton et al., 2014;
SEEFCCA, 2012). The barriers to climate change adaptation
include lack of human and institutional capacity, lack of
awareness and communication, and financial constrain (Bergsma
et al., 2012; Stuart-Hill and Schulze, 2010). For example, the $100
billion broken promise of climate financing by developed nations
could hamper trust and effort toward reducing emissions in
developing economies (Timperley, 2021). In the last two decades,
the world has witnessed extensive studies on the potential
impacts of climate change in regional, national, and local
development. The existing literature advances the scientific
understanding of climate vulnerabilities across sectors including
inter alia, economic, ecosystem, food, health, human habitat,
infrastructure, and water. Climate change vulnerability can be

classified as three interacting functions of exposure, sensitivity,
and adaptive capacity (Smit and Wandel, 2006). Thus, climate
vulnerability encompasses a range of methodologies drawn from
multi-disciplinary fields offering valuable insights into reducing
climate risks (USAID, 2014). Vulnerability to climate change
assessment aims to provide insights on developmental policies
that reduce the risk associated with the effects of climate change
(Schneider et al., 2001). The two primary response options to
climate change effects involve mitigation and adaptation. While
mitigation aims to reduce GHG emissions—thereby limiting the
global climate change, adaptation refers to approaches that
moderate adverse effects associated with climate change through
a wide range of policies and responses targeted at vulnerable
systems (Füssel and Klein, 2006). Climate change adaptation
requires knowledge, awareness about exposure, viz. early warn-
ing signs, and adaptation options to deal with climate vari-
abilities (Nunfam et al., 2018). The extent of climate change
vulnerability and its related risks are location-specific and
depends majorly on the effectiveness of governance, quality
public healthcare infrastructure, level of material resources, and
timely access to critical weather threat information (Mateeva,
2020).

Studies have been conducted to advance the scientific under-
standing of climate vulnerabilities and adaptation, however, lit-
erature on sectoral assessment including food, health, water,
ecosystem, infrastructure, and economic activities is sporadic.
The existing literature focuses on immediate drivers and damages
of emission effects, failing to account for underlying mechanisms
occurring via the nexus between emission levels, economic, social,
and governance adaptation readiness. The proposed study con-
tributes to the global debate on climate change mitigation and
adaptation readiness through the selection of indicators in line
with the methodologies and guidelines of the sustainable devel-
opment goals. Here, we examine:

1. the spatial–temporal severity of climate vulnerability across
six sectors namely food, water, infrastructure, human
habitat, health, and ecosystem services.

2. the geographical readiness to combat climate change and its
impacts.

3. the long-term impact of climate change readiness and
income expansion on sectoral-climate vulnerabilities.

Thus, this study broadens the scope of previous attempts by
assessing climate change vulnerability across several sectors. We
simultaneously test multiple hypotheses of climate vulnerabilities
in 192 economies with Romano–Wolf correction technique that
controls the over-rejection of null hypotheses. Advantageously,
Romano–Wolf correction technique (Clarke et al., 2020) account
for the tendency of rejecting the estimated true null hypotheses in
contrast to traditional testing techniques. Hence, produces robust
and consistent p-values via bootstrap resampling of the original
climate data—considering the dependence structure of the
instrumental-variable-based single-equation test statistics.
Because awareness creation is critical to enhancing the knowledge
of early warning signs of climate change and its impact, this study
proposes the engagement of policymakers and researchers to
improve capacity building. Our results could be adopted by
environmental agencies in defining the baseline of climate change
exposure, sensitivity, and adaptive capacity, before implementing
and monitoring adaptive actions.

The subsequent sections of this paper present the conceptual
framework, data sources and characteristics, model estimation
and validation, empirical results and discussion, summary of
findings, and policy implications.
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Methods
Conceptual framework. The conceptual framework presented in
Fig. 1 provides an overview of climate vulnerabilities across sec-
tors namely food, water, health, ecosystem services, human
habitat, and infrastructure. Climate change vulnerability entails
exposure, sensitivity, and adaptive capacity (Smit and Wandel,
2006), hence, the adoption of ND-GAIN (2018) indicators is
crucial to assessing sectoral climate change vulnerabilities. For
example, the sectoral exposure to climate change includes varia-
tions in cereal yield and population growth, variabilities in annual
runoff and groundwater recharge, climate-related vector-borne
morbidities and mortalities, modifications in biome and marine
biodiversity, changes in temperature and flood hazards, and
alterations in hydropower generation and sea-level rise (GFN,
2017; ND-GAIN, 2018; United Nations, 2015; World Bank,
2020). In contrast, sectoral climate change adaptive capacity
comprises agricultural production capacity, access to clean and
reliable water supplies, access to clean and improved sanitation
conditions, biomes protected, trade quality and transportation
structure, access to electricity, and disaster readiness (GFN, 2017;
ND-GAIN, 2018; United Nations, 2015; World Bank, 2020).

Food sector. Positive strides have been made to address the global
impact of climate change in the past decades. For example, global
food production (1986–2009) has increased by 121% in South
America, 81% in Africa, 58% in Asia, and 57% in North America
(D’Odorico et al., 2014). However, based on the estimated 2050
population by United Nations and 2.5% global income growth,
global crop production is projected to increase by 100–110%
before 2050 (Tilman et al., 2011). Agriculture is an important
sector of the economy that provides livelihood to ~36% of the
global workforce—particularly, 50% workforce in Asia and
Pacific, and 66% of the working population in Sub-Saharan Africa
(FAO, 2015). Extreme weather events due to climate change are
reported to affect the agricultural sector in developing countries.
The post-disaster events of 48 developing countries covering 10
years indicate 25% losses and damages caused by climate hazards
such as floods, droughts, and storms (FAO, 2015). The climate
change effect from 1981 to 2010 is found to decrease the global
mean yield of corn, soybeans, and wheat relative to preindustrial
climate (Iizumi et al., 2018). The findings from existing literature
suggest a growing strong relationship between crop yield and
climate variables—inferring future increase in climate change
may have severe impact on crop production (Mavromatis, 2015).

A recent study using the IPCC’s highest climate change
scenario shows global crop yields such as wheat, rice, and coarse
grains will decline by 17% before 2050—given the scenario
remains unchanged (FAO, 2015). The earth’s landmass consti-
tutes 40% dryland which is home to about 2.5 billion people
(FAO, 2011). However, the dryland region particularly in
developing countries, typically in Africa faces challenges with
food security due to challenges to effectively manage and mitigate
decreasing crop yield (Nellemann and MacDevette, 2009).
Climate variables including temperature above or below a certain
threshold by a few days may damage cereal or fruit tree yield
(Wheeler et al., 2000). During the 2003 European heatwave, crops
yield dropped drastically including 36% of maize harvest in Italy,
and 25–30% of fruit and forage harvest in France (SEEFCCA,
2012). The impact of climate change affects the nutritional quality
of food products including rice, maize, millet, and cassava—due
to elevated CO2 reducing the concentrated level of vitamins,
minerals, or protein (FAO, 2015). The adverse effect of climate
change may hamper agriculture production, particularly in
developing countries (specifically in Asia and Africa) where the
livelihood of rural folks depends majorly on farming, hence, may
increase the vulnerability of food insecurity (Nellemann and
MacDevette, 2009).

Water sector. Global water resources are already under threat
even without climate change. The rise in water scarcity is more
pronounced in expanding cities around the globe. The estimated
population growth in the next few decades is projected to double
in size by an estimated 5 billion from 1995 to 2025 in urban areas
(Vörösmarty et al., 2000). It is estimated that climate change
variability along with rampant extreme events including flood,
drought, storm, and cyclones—will escalate the existing situation
in countries already threatened with water insecurity whereas
similar problems threaten areas that have not been severely
affected (UN, 2020).

Irrigation remains the largest human water usage, accounting
for 70% of annual water withdrawal—implying limited water
supply is the bottleneck of sustainable agricultural production
(Siebert et al., 2010). However, some regions in the Middle East
are reported to use water resources as a tool for political leverage
(Cartier, 2021). Studies indicate that decrease in participation
affects the availability of water resources (Gosling and Arnell,
2016; Hayashi et al., 2010; Lionello and Scarascia, 2018). Climate
change is estimated to decrease global groundwater recharge,

Fig. 1 Conceptual framework of sectoral vulnerabilities to climate change and its impacts. Source: Authors’ construction based on ND-GAIN, 2018
indicators. The first two rows of each column designate climate exposure, the third and fourth rows represent climate change sensitivity whereas the fifth
and sixth rows denote adaptive capacity.
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thus, affecting renewable groundwater resources (Kundzewicz
and Doell, 2009). For example, future water availability in the
Maghreb and the Middle East while accounting for demand and
supply will lead to a 12% decrease in water supply and a 50%
increase in water demand (Droogers et al., 2012). A rise in global
temperature could increase permafrost degradation, and runoff
from glaciers, affecting soil erosion and sediment loads in colder
places (Lu et al., 2010). The rise in temperature in the region is
linked to a potential increase in evapotranspiration—which is
mostly visible in late spring and early fall seasons—that are
responsible for the decline in annual surface runoff (Schilling
et al., 2020). Infrastructure improvement and operation practices
could help change the volume and timing of water supply systems
(Connell-Buck et al., 2011). Addressing the uncertainty associated
with climate change variability would require, for example, water
resource managers to move from the traditional approach, viz.
“predict and provide” towards the adaptation of water resources
management approach (Gersonius et al., 2013; Short et al., 2012).

Health sector. The effects of climate change exposure on global
health vary between countries. For instance, the loss of healthy
life years in low-income countries in Asia and Africa is estimated
to be 500 times more severe than that in Europe and the United
States (McMichael et al., 2008). The climate warming of 1.5 °C is
considered hazardous to human lives, which is expected to
exacerbate the physical and mental health of the vulnerable and
poor population. Extreme poverty is reported to affect health
outcomes (viz. morbidity and mortality) and health equity
(Murray, 2006). Hence, individuals with lower economic status
have higher risks of poor health (WHO, 2018b). Thus, climate
change is considered an indicator of the poverty multiplier, which
is estimated to force 100 million vulnerable populations into
severe poverty by 2030 (WHO, 2018a). Evidence from literature is
becoming increasingly clear that climate change variabilities have
a severe impact on human health (WorldBank, 2018). An
increase in warmer temperatures is associated with the rise in
morbidity across countries (Campbell et al., 2018). Prolong
exposure to heat may exacerbate pre-existing cardiovascular and
chronic respiratory diseases among the aged and people with
underlining health conditions (McGeehin and Mirabelli, 2001).
Socioeconomic factors such as income, housing, education, and
employment are highly sensitive to climate change vulnerability
and exposure, which may result in uneven access and distribution
of health facilities. For instance, the Chicago heatwave saw a
vulnerable community experience high rate of heat-related deaths
than community residents that felt secure and safe (Pasquini
et al., 2020). Large-scale environmental changes are reported to
unlikely cause entirely new disease outbreaks, but rather alter the
intensity, range, and seasonality of existing health diseases
(McMichael et al., 2008). Evidence shows the necessity of opti-
mizing the health infrastructure, improving the know-how, and
technical competence of health professionals to curb climate-
induced health risks through treatment, and monitoring
(Mateeva, 2020; McMichael et al., 2008).

Ecosystem services. Climate change affects individual species and
how different organisms interact with others, hence, changing the
structure and functioning of the ecosystem, benefits, and services
provided to society (Weiskopf et al., 2020). The periodic eva-
luation of the current and potential future impact of climate
change on the ecosystem can allow society to better anticipate,
plan, manage and adapt to the necessary changes (West et al.,
2009). The duration, degree, and frequency of extreme climate
events including heatwaves, drought, flood, and forest fires are
altered by long-term climate change (USGCRP, 2018). Recent
studies indicate a 66% probability of increasing the impact of

habitat loss and fragmentation in 18.5% of global ecoregions—
with an estimated 54.1% of all known biodiversity including
birds, mammals, reptiles, and terrestrial amphibians (Segan et al.,
2016).

Ecosystem and biodiversity provide vital regulation services
including easing the impact of extreme events, soil and air quality
maintenance, sequestering carbon, and controlling the spread of
diseases. With the accelerated increase in climate change, carbon
storage remains threatened. Given the increase in forest area in
the last decades, it is still unclear whether the afforestation rate
will continue to outweigh the rate of deforestation (Weiskopf
et al., 2020). The climate-driven threat to forestry production
varies depending on forest type and may likely decrease in forests
where soil water supply is limited in planting seasons (Halofsky
et al., 2020; Latta et al., 2010). Existing studies remain unclear
whether the use of fertilization is still effective as forest ages (Latta
et al., 2010). Additionally, human-induced climatic events
enhance the introduction and spreading of non-native species—
that capitalizes on the changing environment to colonize native
species. The non-native species may dominate by reproduction,
and in some cases lead to the extinction of native species (Schmitt
et al., 2019; Yeruham et al., 2020). Climate change is predicted to
exacerbate the impact of species invasion, with a global economic
cost estimated at $1.4 trillion (Burgiel et al., 2014).

Climate change adaptation and proactive techniques based on
scientific methods to meet the emerging, anticipated, and extreme
weather events are required to sustain the ecosystem and enhance
biodiversity (Holsman et al., 2019). For instance, the scientific-
based data system employed by the US to capture and detect
changes in fish productivity, catch, and abundance. This
approach provides adequate information for decision-making
and management of fisheries including seasonality, annual quota,
stock rebuilding policies, and spatial closures (Weiskopf et al.,
2020). In creating adaptive climate change strategies, institutional
managers could determine relative risks exposure, sensitivity, and
adaptability through climate change vulnerability assessment of
species, and exposure to non-climate stressors (Glick et al., 2011;
Spencer et al., 2019).

Human habitat. Drought and heat waves are significant climate
events that increase risks associated with wildfire. The destructive
wildfire that occurred in California in 2017–2018 is reportedly
caused by extreme summertime forest fire (Williams et al., 2019).
Similarly, Macedonia in the summer of 2007 experienced wildfire
which destroyed an estimated 40,000 acres of forest whereas
severe drought in 2003 caused an economic loss of $330 million
in Croatia (SEEFCCA, 2012). Climate change exposure such as
flooding has become a global phenomenon with varying degrees.
For instance, long heavy rain that occurred in early 2000 caused
the Nzoia river to flood western Kenya, affecting over 800,000
people, killing 237 people, and destroying properties (Cartier,
2021). The climate change effect extended beyond Africa, with
heavy floods in the Middle East that ruined farmlands, particu-
larly in Iran, affecting crop yield (Cartier, 2021).

Global Urbanization is one of the 21st-century megatrends
which cannot be stopped or adjusted. Urbanization is considered
one of the most sensitive sectors to climate change vulnerability.
The 55% of the world’s population constituting 4.2 billion (i.e.,
est. 2018) of the total 7.6 billion lives in urban cities. The estimate
of urban settlement in the future reveals 60%, and 66.4% of the
total world’s population of 8.6 billion by 2030 and 9.8 billion by
2050, respectively (UN, 2020). The majority of urban dweller
population growth is estimated to occur in developing countries
within East Asia, South Asia, and Sub-Saharan Africa (UNDESA,
2019). Urban sprawl is expected to increase, affecting the already
limited resources such as energy, water, sanitation, and waste
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management—that can further spur climate change effects
(Sarkodie et al., 2020). Unstable and rapid urbanization with
slums proliferation and overcrowding often exposes people to
related health risks due to lack of clean and safe water, poor
sanitary conditions, among others. Thus, population growth and
economic development are dominant contributing factors
influencing the increase in the number of people affected by
coastal and river floods (PBLNEAA, 2014).

Infrastructure sector. It is reported that 8 of the world’s largest top
10 cities are located near coastal areas. In the US alone, about 40%
of the population lives in densly populated coastal provinces
prone to rising sea levels—leading to shoreline erosion, flooding,
and storms (Lindsey, 2021). The rising sea level has a direct
impact on humanity by increasing sea floods and coastal erosions
unless costly climate change adaptation including sea defense and
relocation of communities is undertaken. The sea level has risen
at a rate averaging 0.11–0.14 inches yearly since 2013—which is
relatively twice faster than the projected long-term trend (EPA,
2016a). For instance, significant coastal areas sensitive to climate
change vulnerability in European countries (including Denmark,
England, Germany, The Netherlands, and Italy) are already below
normal high tide levels and prone to flooding from storm surges
(McCarthy et al., 2001). A projected 9% of all European coastal
zones are below 5m elevation, particularly in The Netherlands
and Belgium where 85% of the coastal areas are below the 5 m
elevation level. These areas below the 5 m elevation level are
potentially vulnerable to sea-level rise and inundations (EEA,
2005). The effect of rising sea level on groundwater may result in
a short-term and long-term decrease in terrestrial water resour-
ces, ecosystem, and infrastructure (Kirwan and Gedan, 2019;
Knott et al., 2018; Nicholls et al., 2011).

Climate change effect is certain, but adverse impacts or
exposure on the water sector are uncertain. The energy sector is
estimated to take 10% of the world’s freshwater (IEA, 2016). The
dependence of industry and energy sectors on global freshwater is
predicted to grow to 24% by the end of 2050, specifically in
Europe and Asia (UN, 2020). The global freshwater withdrawal
for energy sectors is projected to grow more than 2% by 2040,
with a 60% increment in consumption (IEA, 2016). The global
plan to accelerate the agenda towards switching from fossil fuel
consumption to renewable energy is critical to climate change
mitigation. The global installed renewable power generation
capacity is dominated by 70% hydropower resources (Trace,
2019). While hydropower is considered a sustainable, clean, and
low-carbon source of renewable energy, climate change variability
threatens the future of hydropower. Extreme climate change
events including high recorded temperature and drought could
have exacerbated the already threatened arid and semi-arid areas
in Africa (IPCC, 2007). For instance, the impact of climate change
is estimated to decline hydropower generating capacity from the
Zambezi river basin over the next 60 years (Yamba et al., 2011).
Similarly, the increase in temperature is reducing the Nile river
basin, which is projected to negatively affect the Aswan dam
(Beyene et al., 2010). Besides the impact of climate change
variability, the expansion of hydropower reservoirs has a potential
threat to the indigenous settlement, loss of habitat and
fragmentation, and transboundary conflicts (Ferreira et al.,
2014; Zarfl et al., 2015).

Existing studies showed the impact of extreme climate change
on energy demand (Bradshaw, 2010; Sailor, 2001). For instance,
extreme temperature affects the daily peak of energy demand in
Eastern European countries, due to the intensive use of air
condition during the summer season, and this trend is expected
to continue (EEA, 2004). For climate change vulnerability
adaptive strategy of an engineering-based solution, existing

literature suggests an expansion of hydropower dams, manage-
ment of wetland ecosystems and floodplains with improved
coordinated policies and legislations (Watts et al., 2011). Other
effective adaptation strategies in reducing the vulnerability of
hydropower include increasing power plant efficiency, cohesive
management of dams, and renewable energy diversification such
as wind, solar, and bioenergy (Guerra et al., 2019; Owusu and
Asumadu, 2016). Climate change uncertainty could be considered
in planning hydropower projects including location, dam type,
integrated energy development, and water management policies
(Cole et al., 2014).

Data. This study employs time-frequency data spanning
1995–2017 from the Emission Database for global atmospheric
research (EDGAR, 2020), development indicators database of the
World Bank (2020), and Notre Dame global adaptation index
(ND-GAIN, 2018). The selection of data series for subsequent
empirical assessment incorporates the concept and indicators of
the sustainable development goals into the hypotheses. Our data
include: greenhouse gas emissions per capita (ton CO2eq/cap)—
used as a proxy for climate change while accounting for popu-
lation dynamics, GDP per capita (US$)—used to examine the role
of income level in climate change, climate change readiness
(measured in scores)—consist of economic, social and govern-
ance investment for climate change mitigation and adaptation
mechanisms, and climate change vulnerability (measured in
scores)—comprising of ecosystem services, food sector, health
sector, human habitat, infrastructure sector, and water sector
(ND-GAIN, 2018). Economic readiness involves easiness of doing
business—a form of climate financing, whereas governance
readiness incorporates political stability, corruption control, reg-
ulatory quality, and rule of law. In contrast, social readiness
includes social inequality, innovation, ICT, and education (World
Bank, 2020). Based on the ND-GAIN pre-defined indicators (Fig.
1), the six categories of climate change vulnerability consist score
generated aggregated inputs of two adaptive capacity indicators
for each category (6 × 2), two sensitivity indicators for each
category (6 × 2), and two exposure indicators for each category
(6 × 2). Thus, each of the six categories of climate change vul-
nerability consists of 6 input indicators (6 × 6).

Model estimation. The empirical procedure presented herein
follows a linear panel regression model with six target variables
regressed on several individual regressors separately in multiple
models. For brevity, the model specification can be expressed as
(Clarke et al., 2020):

yai;t ¼ βa0 þ βa1xi;t þ εai;t ð1Þ
where yai;t denotes the multiple target variables a= 1,…, 6 namely
ecosystem services, food sector, human habitat, health sector,
infrastructure sector, and water sector across countries i= 1,…,
192, in annual period t= 1995, …, 2017; βa0 represents the con-
stant across multiple target variables, xi,t represents the regressors
including economic readiness, governance readiness, social
readiness, income level, and GHG emissions as control variable;
βa1 is the estimated parameter of regressors across the 6 target
variables, and εai;t denotes 6 stochastic white noise from a normal
distribution with multivariate specification. To examine the long-
term relationship between climate change vulnerabilities and
readiness to combat climate change and its impacts, we test
several multiple hypotheses.

The Romano–Wolf correction technique is employed to
investigate the multiple hypotheses using the baseline model
specification (Eq. 1)—following the instrumental-variable based
single-equation via two-stage least squares estimator, expressed
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as:

Ecosystem servicesi;t ¼ β0 þ β1Zi;t þ λGHGi;t þ εi;t ð2Þ

Food sectori;t ¼ β0 þ β1Zi;t þ λGHGi;t þ εi;t ð3Þ

Human habitati;t ¼ β0 þ β1Zi;t þ λGHGi;t þ εi;t ð4Þ

Health sectori;t ¼ β0 þ β1Zi;t þ λGHGi;t þ εi;t ð5Þ

Infrastructure sectori;t ¼ β0 þ β1Zi;t þ λGHGi;t þ εi;t ð6Þ

Water sectori;t ¼ β0 þ β1Zi;t þ λGHGi;t þ εi;t ð7Þ
where Ecosystem servicesi,t (Sector 1), Food sectori,t (Sector 2),
Human habitati,t (Sector 3), Health sectori,t (Sector 4), Infra-
structure sectori,t (Sector 5), and Water sectori,t (Sector 6) denote
the outcome variables, Z represents the regressors, viz. economic
readiness, governance readiness, and social readiness, respec-
tively. Equations (2)–(7) are run simultaneously with income
level as endogenous variable used as instruments alongside
country-specific resampling clusters, GHGi,t denotes greenhouse
gas emissions—implemented as control variable.

Ecosystem servicesi;t ¼ β0 þ β1Income leveli;t þ λGHGi;t þ εi;t

ð8Þ

Food sectori;t ¼ β0 þ β1Income leveli;t þ λGHGi;t þ εi;t ð9Þ

Human habitati;t ¼ β0 þ β1Income leveli;t þ λGHGi;t þ εi;t

ð10Þ

Health sectori;t ¼ β0 þ β1Income leveli;t þ λGHGi;t þ εi;t ð11Þ

Infrastructure sectori;t ¼ β0 þ β1Income leveli;t þ λGHGi;t þ εi;t

ð12Þ

Water sectori;t ¼ β0 þ β1Income leveli;t þ λGHGi;t þ εi;t ð13Þ
where income level denotes the independent variable across
country i and time t, whereas ɛi,t is the white noise. Similarly, Eqs.
(8)–(13) are run simultaneously with economic readiness,
governance readiness, and social readiness as treatment variables
used as instruments beside country-specific resampling clusters.
The Romano–Wolf multiple-hypothesis testing procedure incor-
porates model specifications in Eqs. (2)–(13) as baseline models
whereas λ is the estimated parameter for control variable GHGi,t,
with country-specific resampling clusters based on bootstrapping
technique for null distributions.

Model validation. The 24 estimated baseline models are validated
graphically using the Romano–Wolf multiple-hypothesis correc-
tion expressed as (Clarke et al., 2020):

max*;kt;j :¼ maxft*; kðjÞ ; ¼ ; t*; kðAÞ g for j ¼ 1; :::; A and k ¼ 1; :::;K

ð14Þ
where max*; kt;j is the max value of vector ft*; kðjÞ ; ¼ ; t*; kðAÞ g. Here, we
test six hypotheses Ha (i.e., a= 1, …, A) each for the specified
Eqs. (2)–(7), and (8)–(13). Each of the six hypotheses has cor-
responding coefficient of interest ∂a, an estimator of b∂a with
standard error bσa. The alternative hypothesis using the
instrumental-variable-based single-equation via two-stage least-
squares estimator is based on two-sided tests expressed as: H0

a :

∂a ≠ 0 assuming ∂0a ¼ 0, for a= 1,…, A. Studentization of the test
statistic based on data (D) resampling using bootstrapping

technique can be expressed as (Clarke et al., 2020):

c*; ka :¼
b∂*; ka � b∂a

bσ*; ka

ð15Þ

where c*; ka is the test statistics centered around zero assuming the

resampled estimate b∂*; ka minus the baseline (original) estimate b∂a,
k denotes each resample of the original data for each Ha, and bσ*; ka
represents the standard errors of resampled estimates. Thus, each
null hypothesis is rejected if the multiple-testing adjusting
probability value is <5% significance level.

Results
Geographical trends. The spillover effect of GHG emissions is
undeniable, however, varies in concentrations across global
economies as depicted in Fig. 2A (i.e., N= 192, mean= 7.95,
median= 4.01, min= 0.49, and max= 105.58, measured based
on average in ton CO2eq/cap). The geographical distribution of
GHG emissions presented in Fig. 2A accounts for country-
specific population growth dynamics, identifying Palau
(105.58 ton CO2eq/cap) as the highest emitter of GHG emissions
whereas DR Congo (0.49 ton CO2eq/cap) is the lowest GHG
emitter. It is noteworthy that while Palau is a high-income
country in the East Asia & Pacific region, DR Congo is classified
as low-income country in Sub-Saharan Africa. The other top 5
GHG emitters include Qatar (79.23 ton CO2eq/cap), Falkland
Islands (58.28 ton CO2eq/cap), Curaçao (43.18 ton CO2eq/cap),
Kuwait (79.23 ton CO2eq/cap), and Botswana (79.23 ton CO2eq/
cap). In contrast, other 5 low emitters aside DR Congo includes
Burundi (0.49 ton CO2eq/cap), Malawi (0.53 ton CO2eq/cap),

Fig. 2 Geographical distribution of (A) GHG Emissions (B) Income Level.
From green to red in A denotes low to high GHG emissions, whereas from
red to green in B denotes low to high-income level. The method of country-
level data categorization was based on quantiles, used to capture
continuous intervals with uniform distribution. A—mean: 7.95, min: 0.49,
and max: 105.58 (N= 192); measured in ton CO2eq/cap. B—mean: 14,423,
min: 616, and max: 106,471 (N= 183); measured in US$.
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Rwanda (0.54 ton CO2eq/cap), Faroes (0.57 ton CO2eq/cap), and
Solomon Islands (0.65 ton CO2eq/cap). Aside from both GHG
concentration limits (i.e., min: 0.49 ton CO2eq/cap, and max:
105.58 ton CO2eq/cap), the average global GHG emissions is
pegged at 7.95 ton CO2eq/cap—of which 60 economies exceed the
average while 132 economies are below average. Thus, economies
with considerably low GHG emissions are concentrated in Sub-
Saharan Africa and Southern Asia whereas high emitting coun-
tries are found in North America, Europe, Central Asia, Middle
East & North Africa, and Central Asia (see Fig. 2A).

The environmental Kuznets curve (eKc) hypothesis under-
scores the importance of income level in assessing emission
concentrations across economies. The geographical disparities of
income distribution are evident in Fig. 2B (i.e., N= 183,
mean= 14,423, min= 616, and max= 106,471, measured based
on average in US$). The top 5 countries with high average income
level comprise Qatar, Brunei Darussalam, Luxembourg, United
Arab Emirates, and Kuwait. It is evident that majority of low-
income economies are geographically located in Sub-Saharan
Africa, Eastern Asia, and Southern Asia—however, DR Congo,
Burundi, Central African Republic, Mozambique, and Niger are 5
hotspot countries with low-income distribution (Fig. 2B).

The climate change vulnerability presented herein indicates the
tendency of economies to experience the negative impacts of
climate risks. We examined the geographical risk distribution of
sectoral climate vulnerabilities across economies presented in Fig.
3. As shown in Fig. 3, countries with high sectoral climate
vulnerabilities are mostly located in Sub-Saharan Africa, Southern
Asia, Eastern Asia, and South-East Asia. The top 5 countries with
high food sector vulnerability (i.e., N= 188, mean= 0.57,
min= 0.20, and max= 0.84, measured in scores—dimensionless)
include Niger, Timor-Leste, Burkina Faso, Chad, and Eritrea—
whereas Denmark, United Kingdom, Germany, Iceland, and
Luxembourg represent 5 principal economies with low food
sector climate vulnerability (Fig. 3A). Figure 3B (i.e., N= 181,
mean= 0.47, min= 0.22, and max= 0.74, measured in scores—
dimensionless) shows that while Spain, Germany, Hungary,
Switzerland, and Denmark are 5 leading countries with low
ecosystem service vulnerability, Kiribati, North Korea, Sudan,
Tonga, and Solomon Islands are the top 5 countries with high
ecosystem service vulnerability. In terms of human habitat
climate vulnerability (i.e., N= 178, mean= 0.50, min= 0.26,
and max= 0.75, measured in scores—dimensionless), Congo,
Solomon Islands, Gabon, Timor-Leste, and Central African

Fig. 3 Vulnerability of (A) Food Sector (B) Ecosystem Services (C) Human Habitat (D) Health Sector (E) Water Sector (F) Infrastructure Sector—to
climate change and its impacts. From green to red denotes low to high vulnerability. The method of country-level data categorization was based on
quantiles, used to capture continuous intervals with uniform distribution. A— mean: 0.57, min: 0.20, and max: 0.84 (N= 188); measured in scores,
dimensionless. B—mean: 0.47, min: 0.22, and max: 0.74, (N= 181); measured in scores, dimensionless. C—mean: 0.50, min: 0.26, max: 0.75, (N= 178);
measured in scores, dimensionless. D—mean: 0.46, min: 0.18, max: 0.84 (N= 188); measured in scores, dimensionless. E—mean: 0.33, min: 0.05, max: 0.69
(N= 177); measured in scores, dimensionless. F—mean: 0.37, min: 0.08, max: 0.79 (N= 152); measured in scores, dimensionless.
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Republic are the top 5 countries with high-risk whereas Spain,
Switzerland, Barbados, United Arab Emirates, and Germany are
low-risk countries (Fig. 3C). The principal 5 countries with high
health sector vulnerability (i.e., N= 188, mean= 0.46,
min= 0.18, and max= 0.84, measured in scores—dimensionless)
include Somalia, Ethiopia, Guinea-Bissau, Tanzania, and Chad
whereas Monaco, Denmark, Netherlands, Iceland, and Switzer-
land are low-risk economies (Fig. 3D). Figure 3E (i.e., N= 177,
mean= 0.33, min= 0.05, and max= 0.69, measured in scores—
dimensionless) shows that while Niger, Sudan, Pakistan, Somalia,
and Turkmenistan are high-risk countries with water vulner-
ability, Suriname, Dominica, Saint Vincent, and the Grenadines,
Djibouti, and Bahamas are low-risk economies. The top 5
economies with high infrastructure sector vulnerability (i.e.,
N= 152, mean= 0.37, min= 0.08, max= 0.79, measured in
scores—dimensionless) include Guinea-Bissau, Marshall Islands,
Maldives, Zambia, and Micronesia—whereas Norway, Libya,

Algeria, Saudi Arabia, and Colombia are five major economies
with low infrastructure sector climate vulnerability (Fig. 3F).

Climate change readiness underpins long-term climate change
mitigation and impact reduction strategies across global econo-
mies. The geographical distribution of the three forms of
readiness viz. governance (i.e., N= 188, mean= 0.50, min= 0.08,
and max= 0.88, measured in scores—dimensionless), economic
(i.e., N= 178, mean= 0.39, min= 0.03, max= 0.81, measured in
scores—dimensionless) and social (i.e., N= 180, mean= 0.31,
min= 0.09, max= 0.74, measured in scores—dimensionless) are
presented in Fig. 4. The top 5 economies with high governance
readiness comprise Finland, New Zealand, Denmark, Switzerland,
and Sweden whereas Myanmar, Sudan, Iraq, Afghanistan, and
Somalia are countries with very low governance readiness (Fig.
4A). Governance readiness entails stable investment and institu-
tional environment that reassures investors of growth and
sustained invested capital devoid of governance and institutional
disruptions—hence, stimulates climate adaptation actions (Chen
et al. 2015). Countries with low governance have similar
characteristics of political instability, high perceived levels of
public corruption, low regulatory quality, and lack of rule of law
(TI, 2022). Poor governance, social unrest, and terrorism are
found to have a negative impact on economic development and
vice versa (McGowan, 2006). Evidence from Fig. 4B shows the
top 5 countries with high economic readiness include Norway,
Singapore, New Zealand, United States, and Iceland while 5
hotspot countries with low economic readiness comprise
Myanmar, Chad, Central African Republic, Eritrea, and DR
Congo. Economic readiness involves the investment environment
that makes it easy to do business and facilitates private sector
capital mobilization for climate adaptation strategies (Chen et al.,
2015). Countries with high economic readiness have similar
characteristics of good governance, high regulatory quality,
political stability, and rule of law, hence, creating a conducive
environment for investment and ease of doing business. The top 5
economies with high social readiness comprise South Korea,
Finland, Denmark, Norway, and New Zealand, however,
countries with low social readiness include Lesotho, Equatorial
Guinea, Samoa, Eritrea, and Zimbabwe (Fig. 4C). Social readiness
captures societal conditions that enable the effectiveness,
equitable use, and profitability of investments that facilitate
climate change adaptation (Chen et al., 2015). Hence, countries
with low social readiness have either high social inequality, low
literacy rates, or low innovation/ICT integration.

Empirical relationships. The nexus between sectoral climate
vulnerabilities and climatic drivers are examined and reported in
Table 1. Because GHG emissions, specifically CO2 have trans-
boundary effects, the empirical assessment presented herein
accounted for spillover effects and heterogeneity across 192
countries and territories. We used novel panel estimation tech-
niques capable of solving the complexities of emissions and cross-
country time series data. Following standard econometric stan-
dards, we validated the estimated parameters using error metrics
and multiple hypotheses testing via Romano–Wolf technique (see
the “Methods” section). The resampled p-values and
Romano–Wolf p-values in Fig. 5 confirm the null hypothesis of
the estimated p-values of multiple models, hence, validating the
instrumental-variable-based single-equation model via two-stage
least squares. This implies the model specifications and estimated
parameters are robust to make unbiased statistical inferences.

We observe differing effects of anthropogenic GHG emissions,
income, and climate change readiness on health sector, food
sector, human habitat, ecosystem services, infrastructure sector,
and water sector (Table 1). The empirical results presented in

Fig. 4 Mitigation of climate change (A) Governance Readiness (B)
Economic Readiness (C) Social Readiness. From red to green denotes low
to high readiness. The method of country-level data categorization was
based on quantiles, used to capture continuous intervals with uniform
distribution. A— mean: 0.50, min: 0.08, and max: 0.88, (N= 188);
measured in scores, dimensionless. B—mean: 0.39, min: 0.03, max: 0.81,
(N= 178); measured in scores, dimensionless. C—mean: 0.31, min: 0.09,
max: 0.74, (N= 180); measured in scores, dimensionless.
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Table 1 show improvements in economic, governance, and social
readiness across countries decline sectoral climate vulnerability of
ecosystem services by 0.28–1.48%. However, the mitigation effect
of social readiness across sectors is relatively high compared to
governance and economic readiness. Similarly, rise in income
level mitigates sectoral climate vulnerability by 0.02–0.15%. The
empirical assessment is confirmed by the linear relationship
between income and climate change vulnerability presented in
Fig. 6. In accounting for income convergence, vulnerability falloff
as countries move up the ranks from low income→ lower middle
income→ upper middle income to high income. For example,
low-income countries, predominantly in Sub-Saharan Africa,
comprising Niger, Sierra Leone, Eritrea, Madagascar, Burkina
Faso, Ethiopia, Uganda, Chad, Rwanda, Guinea, and Mali have
high climate vulnerability whereas developed economies namely
Luxembourg, Denmark, Sweden, Finland, Norway, the US,
Iceland, Austria, Singapore, Qatar, UAE, and New Zealand
exhibit low climate vulnerability (Fig. 6). Thus, as income level
increases across economies in long term, climate change
vulnerability declines. In contrast, rising levels of anthropogenic
GHG emissions intensify climate vulnerability across sectors.
Among various sectors, the climate reduction effect of readiness
and income is fairly high on health services compared to water
services. Thus, the climate reduction effect is in the order
health > food > habitat > ecosystem services > infrastructure >

water. This infers high income level, social, governance, and
economic readiness minimizes climate change exposure and
sensitivity but improves adaptive capacity across vulnerable
sectors, predominantly in climate-prone regions. For example,
long-term climate readiness and sustainable income improve the
health sector by reducing climate-related deaths and diseases
caused by warm periods and flood hazards. Sustainable economic
readiness reduces dependency on foreign aids for health service
delivery, especially in developing countries but strengthens
domestic capacity to lessen climate-related sensitivity in the
health sector. Thus, strengthening adaptive capacity of the health
sector involves improving health and sanitation facilities,
increasing the quantity and quality of medical staff, and
healthcare access for slum and poor population.

Country-specific linking of climate drivers. As presented in
Figs. 7–11, we graphically investigated country-specific effects of
climate and its related drivers by accounting for either income or
regional convergence. Figure 7 reveals the nexus between
anthropogenic GHG emissions and income across income
groups. We observe a positive monotonic relationship with lower
emission levels for low-income countries, typically Sub-Saharan
Africa, and high emission levels for high-income economies,
predominantly North America, Europe, and Central Asia. While
the eKc hypothesis highlights decline in environmental pollution

Table 1 Parameter estimates.

Parameters Economics Governance Social Income

Ecosystem −0.5026*** [0.0152] −0.5135*** [0.0140] −0.5429*** [0.0151] −0.0658*** [0.0017]
Food −0.7834*** [0.0166] −0.7885*** [0.0183] −0.9902*** [0.0214] −0.1180*** [0.0021]
Habitat −0.5985*** [0.0169] −0.5963*** [0.0182] −0.6492*** [0.0180] −0.0815*** [0.0002]
Health −1.1857*** [0.0211] −1.2079*** [0.0246] −1.4752*** [0.0329] −0.1510*** [0.0021]
Infrastructure −0.3467*** [0.0195] −0.3898*** [0.0213] −0.4218*** [0.0226] −0.0211*** [0.0027]
Water −0.2801*** [0.0158] −0.2798*** [0.0156] −0.3073*** [0.0188] −0.0338*** [0.0023]
GHG→ Ecosystem 0.0013*** [0.0002] 0.0015*** [0.0002] −0.0002 [0.0002] 0.0032*** [0.0002]
GHG→ Food −0.0004** [0.0002] −0.0001 [0.0002] −0.0012*** [0.0002] 0.0025*** [0.0002]
GHG→Habitat 0.0002 [0.0002] 0.0003 [0.0003] −0.0019*** [0.0002] 0.0025*** [0.0025]
GHG→Health 0.0005*** [0.0002] 0.0012*** [0.0003] −0.0008*** [0.0003] 0.0033*** [0.0002]
GHG→ Infrastructure 0.0007*** [0.0002] 0.0010*** [0.0002] 0.0003* [0.0002] 0.0005** [0.0002]
GHG→Water 0.0008*** [0.0002] 0.0011*** [0.0002] −0.0001 [0.0002] 0.0014*** [0.0003]
Constant→ Ecosystem 0.6497*** [0.0055] 0.7070*** [0.0064] 0.6262*** [0.0044] 1.0206*** [0.0143]
Constant→ Food 0.8749*** [0.0063] 0.9553*** [0.0087] 0.8688*** [0.0065] 1.5893*** [0.0180]
Constant→Habitat 0.7242*** [0.0060] 0.7839*** [0.0082] 0.7020*** [0.0053] 1.1966*** [0.0178]
Constant→Health 0.9130*** [0.0081] 1.0441*** [0.0118] 0.9058*** [0.0099] 1.7686*** [0.0178]
Constant→ Infrastructure 0.5013*** [0.0079] 0.5579*** [0.0106] 0.4943*** [0.0072] 0.5511*** [0.0233]
Constant→Water 0.4286*** [0.0057] 0.4561*** [0.0071] 0.4231*** [0.0056] 0.6167*** [0.0195]
Obs (N)1 3676 3697 3676 3550
Obs (N)2 3739 3760 3697 3571
Obs (N)3 3634 3655 3655 3529
Obs (N)4 3739 3760 3697 3571
Obs (N)5 3088 3088 3109 3004
Obs (N)6 3592 3613 3592 3466
p-value1 0.0000*** 0.0000*** 0.0000*** 0.0000***
p-value2 0.0000*** 0.0000*** 0.0000*** 0.0000***
p-value3 0.0000*** 0.0000*** 0.0000*** 0.0000***
p-value4 0.0000*** 0.0000*** 0.0000*** 0.0000***
p-value5 0.0000*** 0.0000*** 0.0000*** 0.0000***
p-value6 0.0000*** 0.0000*** 0.0000*** 0.0000***
R-square1 – 0.1412 0.1154 0.3749
R-square2 0.3228 0.2081 0.2755 0.4747
R-square3 0.1603 0.0449 0.2212 0.4000
R-square4 0.2980 0.0779 – 0.6741
R-square5 – – – 0.0914
R-square6 0.0680 0.0948 – 0.0922

***, **, * denote statistical significance at 1%, 5%, and 10%; 1, …, 6 represent Sector 1, …., Sector 6; [.] denotes the estimated standard errors, and → represents the causal effect relationship across 192
countries and territories.
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due to stringent environmental regulations after achieving high-
income status (Dasgupta et al., 2002), our empirical assessment
contradicts the theory to some extent, even in the era of the
SDGs. Using average data spanning 2016–2017 to examine GHG-

income relationship, it is evident that agrarian economies in Sub-
Saharan Africa namely inter alia, Comoros, Rwanda, Burundi,
Niger, and Benin emit less anthropogenic emissions whereas
service sector countries like the US, Australia, Russia, Japan, and
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Fig. 5 Model validation of estimated parameters. Multiple-hypotheses testing of sectoral vulnerability vs. economic readiness using Romano–Wolf p-
value.
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Germany produce more emissions, violating the tenets of eKc
hypothesis. In contrast, some high-income countries including
Palau, Saint Kitts & Nevis, Antigua & Barbuda, Malta, Bahamas,
Iceland, Barbados, Cyprus, Latvia, and Luxembourg have reduced
emissions with sustained income levels, validating the eKc
hypothesis (Fig. 7). The common denominator across these
countries is the small population size (below 2 million, World

Bank est. 2020), implying that neither do economic growth alone
declines anthropogenic emissions, especially in high income but
changes in population composition and other unobserved factors
are crucial to achieving environmental quality (Menz and
Kühling, 2011).

The regional and country-specific relationship between
climate change readiness and climate change vulnerability is
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Pacific, Europe & Central Asia, Latin America & Caribbean, Middle East & North Africa, North America, South Asia, and Sub-Saharan Africa) of sampled
economies.
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Fig. 8 Relationship between climate change readiness and climate change vulnerability. This plot captures regional convergence (i.e., East Asia & Pacific,
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based on average annual frequency.
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presented in Fig. 8. Similarly, the nexus between climate
vulnerability and disaggregate climate readiness namely social,
governance, and economic readiness are depicted in Figs. 9–11.
We observe a negative relationship between climate change
readiness and climate change vulnerability. Countries with
high readiness, primarily high-income economies including
Norway, Finland, Switzerland, Iceland, Australia, Austria, and
the US have low vulnerability. While this hypothesis is largely
true, recent occurrences show high-income does not protect
against extreme weather events such as hurricanes, storms,
wildfires, and droughts (Geiger et al., 2016). In contrast, low-
income countries from Sub-Saharan Africa namely Niger,
Somalia, Chad, Guinea-Bissau, Mali, Sudan, Liberia, Eritrea,
Burkina Faso, Benin, Uganda, Ethiopia, DR Congo, Burundi,
and Central African Republic with low climate readiness
exhibit high climate change vulnerability (Fig. 8). Besides,
economies in East Asia & Pacific, North America, and Europe
& Central Asia with high social, governance, and economic
readiness have low climate change vulnerability compared to
developing economies (Figs. 9–11). In contrast, the high
climate vulnerability across sectors in developing countries can
be attributed to low social readiness (Fig. 9), poor governance
readiness (Fig. 10), reduced income level, and low economic
readiness (Fig. 11). Second, developing countries typically have
high climate exposure and sensitivity but often fail to take
precautionary measures due to limited social, governance, and
economic resources, hence, becoming highly vulnerable to
climate change and its impacts. The income convergence
depicted in Fig. 11 reveals the importance of income in
reducing climate change vulnerability in climate-exposed and
sensitive regions with high poverty rates. While high-income
countries have the financial muscle to take economic precau-
tions against future climatic events, low-income countries with
low or no financial capabilities are often caught unaware of
future climate consequences.

Discussion
Although the impact of climate change cannot be over-
emphasized, significant evidence shows the magnitude of the
response differs across the globe as a function of relative vul-
nerability due to disparities in terms of exposure, sensitivity, and
adaptability (Foden and Young, 2016; Kovach et al., 2019; Sar-
kodie and Strezov, 2019). We find that high governance readiness
coupled with high social and economic climate readiness decline
climate change vulnerability in developed countries. This implies
high governance readiness with reduced corruption, political
instability, and violence while upholding rule of law and insti-
tutional quality enables effective investments into climate change
adaptation options that have long-term effects on environmental
sustainability (Hope Sr, 2020). Second, the ease of doing business
trigger both domestic and foreign investments that could facilitate
climate financing and assist sustainable development, especially in
developing economies. Third, reduced social inequality, improved
education, innovation, and modern ICT infrastructures promote
high social readiness—that has the potential of accelerating the
agenda towards achieving clean and sustainable environment.

The empirical results show increasing level of anthropogenic
GHG emissions exacerbate the vulnerability of ecosystem ser-
vices, typically in sub-Saharan Africa, Eastern and Southern Asia.
Human-induced climate change is likely to exacerbate habitat
loss, which is the greatest threat to biodiversity and ecosystems.
Existing studies indicate climate effects on the Arctic marine
environment increase temperature, ocean acidification, and
changes in sea ice cover, thereby hampering the survival and
existence of marine habitat (EPA, 2016; Weiskopf et al., 2020).
The direct impact of habitat loss and fragmentation is predicted
to continue and exacerbate the pressure on ecosystems and spe-
cies in decades (Segan et al., 2016). Increasing occurrence and
intensity of extreme events triggered by climate change vari-
abilities may diminish the already threatened population by
habitat loss and fragmentation (McKechnie and Wolf, 2010).

Angola

Albania

United Arab Emirates

Australia

Austria

Azerbaijan

Burundi

Belize

Brazil
Bhutan

Botswana

China

DR CongoCongo

Denmark

Estonia

Finland

Ghana

Equatorial Guinea

Grenada

Haiti

Hungary

Iceland

Israel

Jamaica

Jordan

Kyrgyzstan

Saint Lucia
Sri Lanka

LithuaniaLuxembourg

Latvia

Morocco

Madagascar

Maldives

Mexico

Mauritania

Mauritius

Niger

Nicaragua

Norway
New Zealand

Poland

Qatar

Singapore

Sierra Leone

Serbia

Slovakia

Sweden

Chad

Tonga

Tunisia

Uganda

United States

Viet Nam

0.2

0.4

0.6

0.8

0.3 0.4 0.5 0.6 0.7
Climate Change Vulnerability, Score (1.0 = High Vulnerability)

C
lim

at
e 

C
ha

ng
e 

S
oc

ia
l R

ea
di

ne
ss

, S
co

re
(1

.0
 =

 H
ig

h 
S

oc
ia

l R
ea

di
ne

ss
)

East Asia
& Pacific

Europe &
Central Asia

Latin America 
& Caribbean

Middle East
& North Africa North America South Asia Sub−Saharan

Africa y ~ x2
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The lingering effect of anthropogenic GHG emissions if not
curtailed with sustained economic development, exacerbate the
vulnerability of human habitat to climate change and its impacts.
Yet, we observe the limiting effect of economic, governance, and
social readiness on the vulnerability of human habitats to climate
change. Likewise, upsurge in income level lessens the exposure
and sensitivity of human habitat to climate change effects. The
degree and occurrence of drought are estimated to increase due to
future climate vulnerability, predominantly due to regional
decline in precipitation and rising levels in evapotranspiration
(IPCC, 2013).

Long-term food sector vulnerability declines with increasing
level of economic, governance, and social readiness. The miti-
gation effect of economic readiness is reinforced by the impact of
income growth on the exposure and sensitivity of the food sector
to climate change vulnerability. However, the escalation of GHG
emissions amidst weak income level strengthens the food sector’s
vulnerability to climate change and its impacts. Climate change
vulnerability will likely contribute to food price fluctuation due
to its sensitivity that may stall access to the global market,
especially among the poorest countries with low purchasing
power (Schilling et al., 2012). High market price of food is
usually associated with inadequate supply whereas persistent
increase in food prices can force low-income people to reduce
consumption levels required to meet the standard for healthy
and good life—which may result in social uprising and food riot
(FAO, 2008; Schmidhuber and Tubiello, 2007). The rise in global
population in the past decades coupled with urban sprawl,
dietary changes, and the rising effect of climate change has
enormous pressure on food production (Sahay, 2000). The global
population is estimated to increase by 2.5 billion in 2050 (i.e., 9.1
billion), thus, increasing food demand (Carvalho, 2006). There-
fore, producing higher yields per unit of input such as land,
plant, nutrient, and water—is essential to meet future food
demands (FAO, 2008).

The continual increase in anthropogenic GHG emissions bol-
sters the vulnerability of health sector to climatic shocks.

Nevertheless, the effect of income outgrowth, economic, gov-
ernance, and social readiness in reducing exposure and sensitivity
of health sector dynamics is evident in its mitigation of climate
change vulnerability across countries. Evidence from literature is
becoming increasingly clear that climate change variabilities have
severe impact on human health (WorldBank, 2018). Climate
change variability such as heatwaves, floods, cold spells, and
ultraviolet radiation directly affects human health, leading to
morbidities including stroke, cancer, stress-related disorder,
respiratory diseases, neurological diseases, and water-borne, food-
borne, and vector-borne diseases (Cissé, 2019; Mateeva, 2020).
Extreme climate change events including heat waves spur annual
death toll than other extreme weather events combined (Luber
and McGeehin, 2008). Studies show strong relationship between
extreme temperature, ambient air pollution, and all-cause mor-
tality rate (Owusu and Sarkodie, 2020; Scovronick et al., 2018;
Wu et al., 2014).

The rising level in income and improvements in economic,
governance, and social readiness hamper the vulnerability of
infrastructure sector to climate change effects—by reducing
exposure and sensitivity to climatic events. However, increasing
level of GHG emissions strengthen infrastructure sector vulner-
ability to climate exposure and its consequences. With the many
impacts of climate change, the rising sea level is considered more
threatening to sustainable infrastructure, economic development,
and longevity (Nicholls and Cazenave, 2010). Sea level rise may
significantly contribute to estimated hundreds of million people
displaced settlement globally—resulting from extreme climate
change event over the next century (Nicholls et al., 2011). For
instance, prior studies indicate climate change-induced overland
flooding could threaten more than 600,000 people and infra-
structure expansion of $15 billion across urbanized coastal cities
in California (Befus et al., 2020).

The persistent effect of GHG emissions spurs the vulnerability
of water sector to climate change—by increasing climatic expo-
sures and sensitivities. Conversely, increasing levels of income
and advancement in economic, governance, and social readiness
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Fig. 10 Relationship between climate change governance readiness and climate change vulnerability. This plot captures regional convergence (i.e., East
Asia & Pacific, Europe & Central Asia, Latin America & Caribbean, Middle East & North Africa, North America, South Asia, and Sub-Saharan Africa) of
sampled economies based on average annual frequency.
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decline water sector vulnerability to climate change effects. Cur-
rently, 2.2 billion people around the globe do not have access to
clean drinking water (UN, 2020). Hence, climate change effects
could hinder the achievement of sustainable development goal 7
of ensuring access to safe drinking water for all by 2030 (UN,
2020). Besides, several studies have established a relationship
between the future decline in groundwater recharge and decline
in surface runoff over the past decades (Benabdallah et al., 2018;
Schilling et al., 2020). About 8% of the global population is
reported to experience severe decline in water resources resulting
from ~20% reduction in annual runoff—with 1% increase in
global mean temperature (Schewe et al., 2014). Climate change
effects alter rainfall patterns, hence, affect water availability for
food and livestock production. However, water harvesting adap-
tation policies undertaken in vulnerable regions can improve and
sustain agricultural production across seasons (Bunclark et al.,
2018).

Because the effect of climate change is not country-specific
but transboundary, climate change adaptation could be under-
taken on cross-border cooperation to enhance collaboration
across countries. The adaptation to climate change vulnerability
requires strong cooperation at regional and international levels
to facilitate the exchange of research findings, vulnerability risk
assessment, adaptation options, and transboundary pest and
disease control and prevention (FAO, 2015). Besides, investment
in climate-smart agriculture, provision of timely weather
warning forecasts, and appropriate adaptation measures can
limit long-term climatic effects at the farm level (Kogo et al.,
2021). Adaptation measures involve improving policy and
governance, moderating demand, reducing food waste, and
increasing food production where needed (Godfray et al., 2010).
This implies adaptation technologies improve the food system to
be resistant to climate change, and improve crop yield to feed
the growing world population (Mbow et al., 2014). Thus, drastic
measures are required at both local and national levels through
climate change adaptation policies that strengthen the global
agriculture sector and food production to meet the growing
population.

Conclusion
Motivated by the 2030 agenda, this study modeled the mitigation
effect of adaptation readiness on climate change from economic,
social, and governance perspectives. Besides, we assessed the
spatial-temporal severity of climate vulnerability across sectors in
192 global economies. Second, we examined the geographical
readiness (i.e., social, governance, and economic) to combat cli-
mate change and its impacts. Third, we investigated the long-
term impact of climate change readiness and income expansion
on sectoral-climate vulnerabilities.

The empirical procedure presented herein denotes first-best
solution to mitigate climate change vulnerabilities across sectors
including ecosystem services, food, health, human habitat,
infrastructure, and water. We examined global common shocks
and spillover effects using the cross-section dependence test and
further assessed heterogeneity, for which heterogeneous effects
across 192 countries were accounted for using the novel
Romano–Wolf estimation technique. Besides, both non-
cooperative business-as-usual scenarios and dynamic games were
indirectly accounted for—by assuming countries emit too much
periodically. Climate change readiness denotes investments in
abatement technologies, and among other sustainable options—to
limit climate change vulnerability. In contrast, the business-as-
usual scenario examines the historical effects of anthropogenic
GHG emissions on different sectors presented herein. The study
found the stocks of periodic GHG emissions spur sectoral climate
change vulnerability across countries—with much impact on
developing countries. Outgrowth in income level and investment
(i.e., economic, social, and governance adaptation readiness)
decline investment cost by reducing long-term environmental
damage. This implies income level and adaptation readiness play
essential role in mitigating climate change and its impacts. As a
limitation, our study fails to account for discount factors and
punishment essential to examine the sustainable first-best solu-
tion to climate change effects. This infers future studies could
consider these limitations and investigate how countries could
achieve environmental sustainability through stringent or
rewarding climate reduction measures.
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Fig. 11 Relationship between climate change economic readiness and climate change vulnerability. This plot captures income convergence (i.e., high
income, low income, lower middle income, and upper middle income) of sampled economies based on average annual frequency.
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From a policy perspective, this study provides primary inputs
for policymakers and government in decision making towards a
broader iterative cycle including planning, managing, designing,
implementing, and monitoring resilient climate change
vulnerability-based development actions. Empirical evidence
from this study could be used to determine the strength and
weaknesses of vulnerability reduction and prioritize limited nat-
ural resources in addressing and managing adaptive actions of
extreme climate change vulnerabilities. Interested third parties
may use our results to monitor and assess country-specific vul-
nerability exposure, sensitivity, and adaptation.

Data availability
All data analyzed are publicly available (see the “Methods”
section).
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