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Abstract

The Topical Collection “Accrual of Climate Change Risk in Six Vulnerable Countries”
provides a harmonised assessment of risks to human and natural systems due to global
warming of 1.5-4 °C in six countries (China, Brazil, Egypt, Ethiopia, Ghana, and India)
using a consistent set of climate change and socioeconomic scenarios. It compares risks
in 2100 if warming has reached 3 °C, broadly corresponding to current global greenhouse
gas emission reduction policies, including countries’ National Determined Contributions,
rather than the Paris Agreement goal of limiting warming to ‘well below’ 2 °C and ‘pursu-
ing efforts’ to limit to 1.5 °C. Global population is assumed either constant at year 2000
levels or to increase to 9.2 billion by 2100. In either case, greater warming is projected to
lead, in all six countries, to greater exposure of land and people to drought and fluvial flood
hazard, greater declines in biodiversity, and greater reductions in the yield of maize and
wheat. Limiting global warming to 1.5 °C, compared with~3 °C, is projected to deliver
large benefits for all six countries, including reduced economic damages due to fluvial
flooding. The greatest projected benefits are the avoidance of a large increase in exposure
of agricultural land to severe drought, which is 61%, 43%, 18%, and 21% lower in Ethiopia,
China, Ghana, and India at 1.5 °C than at 3 °C, whilst avoided increases in human exposure
to severe drought are 20-80% lower at 1.5 °C than 3 °C across the six countries. Climate
refugia for plants are largely preserved at 1.5 °C warming in Ghana, China, and Ethiopia,
but refugia shrink in areal extent by a factor of 2, 3, 3, 4, and 10 in Ghana, China, India,
Ethiopia, and Brazil, respectively, if warming reaches 3 °C. Economic damages associated
with sea-level rise are projected to increase in coastal nations, but more slowly if warming
were limited to 1.5 °C. Actual benefits on the ground will also depend on national and local
contexts and the extent of future investment in adaptation.
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1 Introduction and methods

Interdisciplinary climate change risk assessment is typically conducted either at a global
scale, sometimes using a harmonised approach in terms of climate change and socioeco-
nomic scenarios, and risk projection, but without exploring the implications for individual
countries except for very large ones (for example Byers et al. 2018; Warren et al.2022;
O’Neill et al. 2022). Nations, on the other hand, typically conduct their own independ-
ent interdisciplinary climate change risk assessments (for example Reidmiller et al. 2017,
Betts and Brown 2021). Inevitably, different nations choose to use different approaches to
selecting climate change and socio-economic scenarios, and use different models to pro-
jecting risk. Therefore, consistent sets of climate change risk assessments for different
countries that are harmonised, utilising consistent sets of scenarios and methodological
approaches, are in general, lacking. Without such studies, an objective comparison of lev-
els of risk across countries at different levels of warming is challenging. In this study, such
an approach is adopted for six countries.

This paper synthesises the harmonised assessment of projected future climate change
risks in six countries provided by the Topical Collection, using a consistent set of climate
change and socioeconomic scenarios and a single set of risk models. The countries were
selected to span different levels of development, as well as different continents: Brazil,
China, Egypt, Ethiopia, Ghana, and India. The analysis of risk is based on the projection of
how hazard and exposure are projected to change under the scenarios considered. Vulner-
ability is assumed to remain constant except in the case of coastal flooding where adapta-
tion is specifically modelled (Brown et al. 2021).

In the Topical Collection, many important potential future risks associated with alternative
levels of global warming ranging from 1.5 to 4 °C above pre-industrial levels in the six countries
were quantified for the year 2100 (Table S1). A case where human population remains constant
at year 2000 levels, is compared with one where it evolves as in an established shared socioeco-
nomic pathway (SSP2) (Riahi et al. 2017), with populations doubling or tripling in many African
countries, but declining in China, leading to an overall global population increase from 7.2 billion
in 2015 to 9.2 billion by 2100. These levels of warming span the goal set in the UNFCCC Paris
Agreement of limiting warming to well below 2 °C and to pursue efforts to limit it to 1.5 °C, as
well as higher levels of warming such as 3 °C which are consistent with the current national poli-
cies under the UNFCCC in terms of their Nationally Determined Contributions (NDCs) (Rogelj
et al. 2016). Table S1 indicates the global climate change scenarios used, including the implica-
tions for the magnitude and rate of sea-level rise. The scenarios were generated using an estab-
lished integrated assessment approach to create scenarios including or excluding different levels
of climate change mitigation so as to reach approximately 1.5, 2, 3, and 4 °C warming by 2100
(Warren et al. 2021).

Risk indicators assessed in the Topical Collection include future exposure of agricultural
land to drought, human exposure to drought (Price et al. 2022) and fluvial flooding (He et al.
2022), coastal flooding (Brown et al. 2021), changes in crop yields (Wang et al. 2021), and
biodiversity loss (Price et al. 2020). The multi-sectoral findings from the Topical Collection
are synthesised for each country, also including (for completeness) a brief summary of recent
literature on heat stress, so the reader can gain a holistic picture of how climate change is
expected to affect that country, and what the greatest benefits of limiting global warming
(relative to pre-industrial levels) to 1.5 °C (Paris Agreement) as opposed to 3 °C (NDCs)
would be.
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The study facilitates a comparison of risk accrual with global warming in the six
countries, and allows a comparison of levels of risk and relative increases in risk
across countries and across metrics. However, it should be noted that adaptive capac-
ity and vulnerability, which could not be included, also vary both nationally and
locally. This means that a 5% change in exposure to a hazard in one country might
have a more profound effect in one country than another. Similarly, there will be dif-
ferential vulnerabilities to different types of hazards such that 5% change in one met-
ric may have much larger or smaller implications than a 5% change in another.

To explore some aspects of differential vulnerability between countries, the
regional economic implications of our simulated changes in crop yields and fluvial
flooding were estimated within the Topical Collection (Wang et al. 2021; Yin et al.
2021) under both the constant population scenario and SSP2. In the latter case, esti-
mates reflect changes in population, labour force, national GDP, and capital stock
within SSP2 growth trajectories (2086-2115). Yin et al. (2021) estimate direct eco-
nomic losses of fluvial flooding, assuming no adaptation, by linking the spatially
explicit daily flood hazard data from He et al. (2022) with country and sector specific
flood depth-damage functions. These values then input to an economic Input—Output
model for the estimation of indirect losses. Indirect losses reflect business interrup-
tion losses of affected economic sectors, the spread of losses towards other initially
non-affected sectors, and the costs of economic recovery.

The analysis encompasses scientific uncertainty in the regional spatial pattern of
climate change projection at a given level of warming. It does so by utilising 21 alter-
native spatial patterns of regional climate change emerging from 21 alternative cli-
mate models. The percentage of additional risk accrual avoided with respect to the
risk reference baseline period of 1961-1990, if global warming (above pre-industrial
levels) is limited to a lower rather than a higher level, is calculated separately for each
regional climate model pattern analysed. For each risk metric, the mean percentage
avoided risk across these regional climate model patterns is derived. Applied methods
and associated limitations, including the calculation of sea-level rise and associated
coastal flooding, are described in the Supplementary Material (SM). Further details
may be found in the sister publications within the Topical Collection.

Risk indicators were estimated for all scenarios, except that for the 1.5 and 2 °C
levels of warming, analysis was in the case of fluvial flooding instead carried out for
the scenarios 1b and 2b, that is< 1.5 °C and <2 °C, in which there is 66% probability
of warming remaining below these levels rather than 50% (see Warren et al. (2021)
for further details). Throughout this synthesis, unless otherwise indicated all compari-
sons use the ‘exact’ 1.5 and 2 °C warming scenarios la and 2a, rather than 1b and 2b.
Spatially explicit climate scenarios were produced for each country using pattern scal-
ing as described in the Supplementary Information, including the scenarios la and 2a,
which were produced by pattern scaling assuming these precise levels of warming in
2100.

Table S2 indicates the metrics used in this synthesis (see Supplementary Material
for detail).
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2 Results

The results allow comparison of risk accrual at different levels of synthesised in two
ways:

(i) A cross-sectoral comparison within each of the six countries, identifying which of
the climate-related risks are of greatest concern (Sect. 2.1).

(i) A cross-country comparison within each of the six countries, assessing in which
countries the risk in various sectors accrues the most as the climate warms, and
which countries benefit the most from climate change mitigation (Sect. 2.2).

2.1 Risk accrual across sectors within each country

Figure 1 summarises our projections of multi-sectoral climate change related risk accrual
for warming of 1.5—4 °C by 2100 by country, detailing projected changes in crop yields,
agricultural land exposed to severe drought, and areas with increasing frequency of severe
flooding. The numerical median and 10-90% ranges of various risk indicators are provided
in Figures S1-S6 and Tables S3-8, with the latter also including projected changes in
human exposure to flooding and drought for both population scenarios, and for some coun-
tries the land remaining suitable for growing some key cash crops.

Figure 2 shows the mean proportion of additional risk accrual avoided if warming is
limited to 1.5 °C as compared with 3 °C or 2 °C by 2100. Metrics shown match those
shown in Fig. 1 and represent avoided mean % changes in risk indicators relative to
1961-1990. In the majority of cases, there are substantial avoided risks although climate
change is projected to benefit rice and soy yields in some countries. Limiting warming to
1.5 °C as compared with 3 °C is projected to deliver very large benefits in the avoidance
of severe drought (SPEI12— 1.5) exposure in all six countries, in terms of both agricul-
tural land exposed, and people exposed. The reductions in exposure of agricultural land to
severe drought are 61%, 43%, 18%, and 21% lower in Ethiopia, China, Ghana, and India,
respectively. Human exposure to severe drought is reduced by 20-80% across countries
in a constant population scenario in 2100 under SSP2. The findings for each country are
detailed below and summarised in Table 1.

2.1.1 Brazil

Climate change projections for Brazil generally show a decrease in precipitation during
the twenty-first century, with uncertainty in the magnitude and sign of the changes, and in
small areas of the west precipitation may increase (He et al. 2022). Temperatures are pro-
jected to rise and heat stress vulnerable regions have been identified in metropolitan areas
of Brazil (Lapola et al. 2019), with high heat stress conditions projected to increase region-
ally (Bitencourt et al. 2020). Population is projected to increase from 165 to 185 million
between 2000 and 2100 in the SSP2 scenario. In other socioeconomic scenarios (SSPs),
the projected population ranges from 142 to 264 million in 2100.

Despite the uncertainties in precipitation changes, there is high agreement in the litera-
ture that warming is expected to drive increases in climate variability in the form of both
drought (Montenegro and Ragab 2012; Penalba and Rivera 2016; Marengo et al. 2017)
and fluvial flooding (Hirabayashi et al. 2013; Alfieri et al. 2017). In this study, we also find
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Fig. 1 Median growth in multi-sectoral additional climate change risk relative to 1961-1990, for global
warming levels of 1.5-4 °C (above the 1850-1900 mean, a proxy for the pre-industrial baseline). Risk
accrual is quantified using modelled percentage changes in risk indicators. Metrics shown are detailed in
Table S2 and represent median changes as follows: loss of areal extent of climate refugia for plants, areal
exposure of agricultural land to drought, areal exposure of land to decreasing Q100 return period, maize
yield decline, rice yield decline, soybean yield decline, and wheat yield decline. Drought is defined as the
probability that any given month will be classified as having a drought of magnitude — 1.5 (SPEI 12). Solid
colour indicates risk levels at 4 °C global warming; dark grey, 3 °C warming; pale grey, 2 °C; and outlined,
1.5°C
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Fig.2 Percentage of additional risk accrual avoided if warming is limited to 1.5 °C as compared with 3 °C
(a, c, e, g i,k and m) or 2 °C (b, d, £, h, j, 1, and n) by 2100. Metrics shown match those shown in
Fig. 1 and represent avoided mean % changes in risk indicators relative to 1961-1990 as follows: loss of
areal extent of climate refugia for plants (a and b), areal exposure of agricultural land to drought (b and d),
areal exposure of land to decreasing Q100 return period (c and e), maize yield decline (d and f), rice yield
decline (e and g), soybean yield decline (k and 1), and wheat yield decline (m and n). Drought is defined as
the probability that any given month will be classified as having a drought of magnitude — 1.5 (SPEI 12)
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Table 1 Summary of projected changes in climate related risk indicators in the six countries. Risks are
greater for higher levels of global warming, and are greatly reduced if warming is limited to 1.5°C rather
than 2°C or 3°C. Limiting warming to 1.5°C rather than 3°C (or higher) reduces the adaptation required
on the part of the human system, and allows biodiversity more time to adapt naturally. Because risks still
remain at 1.5°C warming, adaptation will still be needed, but this will be much less challenging for 1.5°C

warming than for higher levels. Exposure metrics refer to the constant population scenario.

PROJECTIONS FOR BRAZIL Climate change
poses major risks to Brazil in terms of drought,
biodiversity loss, and declines in crop yields.
Limiting global warming to 1.5 °C rather than 3 °C
avoids 65% of the increased human exposure to
drought, and to reduce climate change induced crop
yield loss by about a half. With 3 °C global warm-
ing there are very few climate refugia for plant
biodiversity. Limiting global warming to 1.5 °C
would allow Brazilian plant biodiversity to persist
in climate change refugia on 33% of its area. The
area suitable for growing arabica and robusta cof-
fee declines by two thirds relative to 1961-1990 for
3 °C global warming, as compared with approxi-
mately one third at 1.5 °C

PROJECTIONS FOR CHINA Climate change poses
major risks to China in terms of drought, fluvial
and coastal flooding, biodiversity loss, and coastal
flood risk. Limiting global warming to 1.5 °C
rather than 3 °C is projected to avoid 66% of the
increased human exposure to drought and 10% of
the increased areal exposure to fluvial flooding.
With 3 °C warming two thirds of China’s remain-
ing natural areas are projected to lose half of their
plant species, and 97% of agricultural land is
projected to be exposed to severe drought at least
once in a 30-year period. Limiting global warming
to 1.5 °C or rather than 3 °C would avoid two
thirds of the loss climate change refugia for plants,
leaving three quarters of the country able to act as a
plant refugium. It would also reduce the proportion
of agricultural land exposed to severe drought to
around 55% rather than 97%, and postpone coastal
flood risks

PROJECTIONS FOR EGYPT Climate change
poses major risks to Egypt in terms of drought and
declines in crop yields, as well as coastal flood
risk in the Nile delta. With 3 °C global warming
the probability of a given month’s being within a
12-month drought is projected to rise to an average
of almost 100%, with drought length reaching
4-5 years, additionally exposing approximately
92% of the country’s population to drought com-
pared to 6% in 1961-1990. Limiting warming to
1.5 °C is projected to avoid an estimated 20% of
the increase in human exposure to drought, to allow
cotton to continue to be grown in most areas and to
halve the crop yield declines that would otherwise
occur with 3 °C global warming

PROJECTIONS FOR ETHIOPIA Climate change
poses major risks to Ethiopia in terms of drought,
fluvial flooding, biodiversity loss, and crop yield
declines. Limiting global warming to 1.5 °C
rather than 3 °C avoids 60% of the increased
human exposure to drought and over half of the
climate change induced crop yield loss that would
otherwise occur. It also reduces fluvial flood risk,
but even with 1.5 °C warming 65% of basins expe-
rience more frequent flooding. Limiting global
warming to 1.5 °C rather than 2 °C or 3 °C allows
most Ethiopian plant biodiversity to persist in
refugia, with an estimated 87% of the country able
to act as refuge for plant biodiversity at 1.5 °C
warming, compared with 16% at 3 °C

PROJECTIONS FOR INDIA Climate change poses
major risks to India in terms of fluvial flooding,
drought, biodiversity loss, and crop yield declines.
Limiting global warming to 1.5 °C compared to
3 °C is projected to avoid 70% of the increased
human exposure to drought that would otherwise
occur. At 3 °C, 90% of the Himalayan region is
projected to experience drought lasting over a
year. Fifty-three percent of the agricultural land is
projected to be exposed to severe drought at 3 °C
warming as compared with 32% at 1.5 °C. Limit-
ing warming to 1.5 °C allows an estimated 58%
the country to act as a safe refuge for biodiversity,
compared with 17% at 3 °C

PROJECTIONS FOR GHANA Climate change
poses major risks to Ghana, particularly in terms
of increasing drought and declines in crop suit-
ability and yields, particularly for cacao, and
also through coastal flooding and erosion in the
Volta delta. Limiting global warming to 1.5 °C is
projected to avoid 80% of the increases in human
exposure to drought that would occur with 3 °C
warming. Limiting warming to 1.5 °C allows
cacao to continue to be grown in many areas and
halves the declines in crop yields that would occur
with 3 °C warming. Limiting global warming to
1.5 °C or 2 °C rather than 3 °C allows most Gha-
naian plant biodiversity to persist in refugia
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that land exposure to severe drought increases with warming (Fig. 1) and also that human
exposure to severe drought also increases with warming (Table S3a; Table S10). The prob-
ability of a given month being in an extreme drought (averaged across the country) triples
in a 1.5 °C scenario, and is 5 and 7 times greater in 2 °C and 3 °C scenarios, respectively,
exposing an additional 10% and 17% (respectively) of the population to drought under
SSP2 assumptions in 2100 (Table S3a; Price et al. 2022). This probability reaches 50%
at 4 °C warming, with some droughts exceeding 5 years in length (Price et al. 2022). The
percentage of agricultural land exposed to droughts lasting for more than 1 year rises from
28 to 89% with 1.5 °C warming (Table S3b; Table S10; Price et al. 2022). With constant
population, limiting warming to 1.5 °C avoids around 65% of the increase in human expo-
sure to drought occurring with 3 °C warming (Table S10).

Despite widespread projected drought increases, projected flood risk also increases in
many areas. We project that at 1.5 °C warming~47% (median) of Brazil’s river basins
experience a decrease in return period of the twentieth-century one-in-100-year flood
(Q100),~54% (median) with 4 °C warming (He et al. 2022). The non-linear response of
hydrological systems to increased forcing can result in flood frequency first increasing and
then decreasing with warming or vice versa (Fig. 1, leftmost bars of uppermost panel).
Limiting warming to< 1.5 °C avoids approximately 90% (SSP2) or 84%(constant popula-
tion) of the additional total direct and indirect economic losses that are projected to occur
by 2100 with 3 °C warming due to fluvial flooding (Table S9a, b; Yin et al. 2021).

Additional people at risk from coastal flooding without additional protection (climate
change component only and with no socio-economic change) in 2100 range between 1.1
and 1.3% of national population per annum (from < 1.5 °C 50th percentile to 4.0 °C 50th
percentile). Annual sea flood damage costs are projected to increase from 1.1% (1.5 °C
50th percentile) to 1.4% (4 °C 50th percentile) in 2100 (Brown et al. 2021) under the SSP2
scenario and without additional adaptation (Table S3a). Defences can reduce these costs.
However, sea-level rise and subsequent salinisation still induce a risk to ecosystems in del-
taic areas (e.g. the Amazon) if freshwater volumes or active sedimentation are not greater
than the sea-level rise. Slower rates of sea-level rise (aligning to a 1.5 °C scenario) allows
greater time to respond, and thus a reduction in risks to ecosystems.

Projected declines in maize (6, 13%), wheat (5, 12%), soybeans (4, 9%), and rice (2,
5%) for (1.5 °C, 3 °C) warming, respectively, relative to 1961-1990 (Table S3b), are con-
sistent with earlier declining yield projections (Costa et al. 2009; Margulis and Dubeux
2011). Yield changes were projected to cause increasing declines in wheat production and
loss to sectoral value added (showing the change in the contribution of a given sector to
overall GDP). For wheat, sectoral value added declined by 1.3% at 1.5 °C and 3.9% at
4 °C (Wang et al. 2021). For rice, declines in production and sectoral value added were
projected between 1.5 °C (0.19%) and 3 °C (0.30%), with losses then reducing in sever-
ity at 4 °C (0.27%) reflecting changes in both yields and commodity prices (Wang et al.
2021). Related changes to welfare were found to become increasingly positive, projected
to be 1.4% at 1.5 °C and 12.8% at 4 °C, suggesting limited effects of changing rice and
wheat domestic and import prices, although if the model were to consider changes in other
dominant crops like soybean, then given projections from other studies (e.g. Margulis and
Dubeux 2011) benefits to welfare may well weaken or become negative.

With 3 °C warming, the projected area of land suitable for growing a key cash crop, cof-
fee, declines by about 66% for both the arabica and robusta varieties (Table S3b), as com-
pared with approximately a 33% decline at 1.5 °C warming. This is consistent with existing
literature projecting declines in suitability of between 25 and 60% by 2050 (Ovalle-Rivera
et al. 2015; Tavares et al. 2018). Similarly, the area suitable for growing sugar cane is also
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projected to decline (Table S3b), whilst the literature variously projects that sugar cane
yields might either increase or decrease in Brazil depending on the role of changes in water
use efficiency (Marin et al. 2013; Carvalho et al. 2015).

Similarly, changes in climate lead to large declines in plant refugia for biodiversity with
1.5 °C warming with only 33% projected to remain, but with additional declines by 2 °C,
and further declines by 3 °C with only 3.6% refugia remaining (Figs. 1 and 2; Table S3b),
with 80-100% of natural land exposed to droughts in excess of 1 year in length at 3 °C
(Price et al. 2022). However, 33% of the plant refugia are projected to be preserved if
global warming were limited to 1.5 °C rather than very few at 3 °C (Fig. 2a)..

2.1.2 China

Climate change projections for China show regionally differentiated mixed trends in pre-
cipitation during the twenty-first century, with uncertainty in the magnitude and sign of
change. However, a consistent signal of projected increases in precipitation emerges in the
North of the country, contrasting with parts of the South of the country where it is generally
projected to decrease (He et al. 2022). Temperatures are projected to rise, with previous
studies having attributed heat extremes in 2015 and 2016 to climate change (Imada et al.
2018; Sun et al. 2017) and projecting severe heat stress in China due to climate change
by the 2040s (e.g. Lee & Min 2018). Despite uncertainties in precipitation changes, there
is high agreement in the literature that warming is expected to drive increases in drought
throughout the country, except the North (Wang and Chen 2014; Qin et al. 2014; Leng
et al. 2015). Population is projected to decrease from 1.2 billion to 782 million between
2000 and 2100 in the SSP2 scenario. In other socioeconomic scenarios (SSPs), the pro-
jected population ranges from 1 billion to 580 million in 2100.

In this study, we find that regardless of changes in population, projected human expo-
sure to drought increases greatly with warming (Table S4a). Regional warming increases
evapotranspiration and can therefore offset the effects of small projected increases in pre-
cipitation. Across China, the probability of a given month being in severe meteorological
drought triples in a 1.5 °C scenario, projecting droughts lasting more than2 years (Price
et al. 2022). Severe drought probability quadruples at 2 °C. In a 4 °C scenario, the prob-
ability of drought in a given month has on average across the country risen to almost 50%,
exposing approximately an additional 18% (range — 2 to+51%) of the country’s population
to drought and drought length may exceed 5 years. Under 3 °C warming and SSP2 popula-
tion growth an additional 8% of the country’s population or 65 million (range 11.5-177.1
million) are projected exposed to severe drought than during 1961-1990 (Table S4a). Lim-
iting warming to 1.5 °C is projected to avoid an estimated 66% of the increase in human
exposure to drought occurring with 3 °C warming under a constant population scenario
(Table S10), and 43% of the increase in exposure of agricultural land (Table S4b; Fig. 2).
An important regional finding is that by 3 °C warming, 90% of areas with permanent snow
and ice cover are projected to face severe droughts lasting longer than a year (Price et al.
2022).

The literature projects increases in flooding in China (Hirabayashi et al. 2013; Alfieri
et al. 2017), although Vetter et al. (2017) highlight the discrepancies between hydrologi-
cal models in the sign of projected changes in flow in major river basins. In this study,
like Hirabayashi et al. (2013), we project large increases in flood risk in the North of the
country, but in contrast to that study we find a mixed picture for the rest of the coun-
try. Overall, we project that with 1.5 °C warming, 66% (median) of China’s major river
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basins experience a decrease in return period of the one-in-100-year flood (Q100), 81%
(median) experiencing a decrease in return period with 4 °C warming (He et al. 2022).
Limiting warming to 1.5 °C reduces the area projected to undergo an increase in flu-
vial flooding by 10% as compared with 3 °C warming (Fig. 2). It avoids approximately
72% (SSP2) or 59% (constant population) of the additional total direct (and indirect)
economic losses that could occur with 3 °C warming by 2100 due to fluvial flooding
(Table S9a, b; Yin et al. 2021).

The number of people exposed to coastal flood risk increases with warming, even
for low levels of warming. Additional people at risk from flooding without additional
protection (SSP2) in 2100 range from 5.5 to 6.5% of national population per annum
(from< 1.5 °C 50th percentile to 4.0 °C 50th percentile) (Table S4a). Without additional
adaptation, annual flood costs are projected to be 15.4% (1.5 °C 50th percentile) to 19.3%
(4 °C 50th percentile) per year in 2100 (SSP2; Brown et al. 2021). These flood costs are
particularly high due to many megacities situated in low-lying coastal areas, including del-
tas (e.g. Shanghai (Du et al. 2020)). Impacts and costs of sea-level rise are exacerbated
by high rates of land subsidence (Fang et al. 2020), particularly in deltaic areas. Coastal
protection in China is already significant in length in low-lying areas, but would need to
dramatically increase in highly exposed areas even with a modest rise in sea level under a
scenario of aggressive climate change mitigation. This could decrease total flood costs to
approximately 0.1% across all scenarios (Brown et al. 2021).

Projected climate changes lead to projected declines in the % of the country land area
suitable for growing tea (from 15% in 1961-1990 to 9% with 1.5 °C warming and only 4%
with 3 °C warming; Table S4b). Changes in climate were also projected to lead to declines
in maize (20-24%) and wheat (9—12%) by 4 °C, accompanied by increases in the yield of
soybeans (3—-6%) and rice (5-6%) (Fig. 1; Table S4b). The literature contains mixed pro-
jections (both positive and negative) for the effects of climate change on wheat, rice, and
maize in China owing to differing model parameterisations especially in relation to the
treatment of CO, fertilisation (Tao and Zhang 2013; Chen et al. 2013; Xiao et al. 2018;
Geng et al. 2019). However, for rice, despite potential increases in yield, concurrent offset-
ting declines in protein and micronutrient content are also projected (Myers et al. 2014;
Zhu et al. 2018).

Yield changes were projected to cause increasing declines in wheat production and loss
to sectoral value added. For wheat, sectoral value added declined by 0.02% at 1.5 °C and
by 0.32% at 4 °C. For rice, an increase in production was seen with an increase in secto-
ral value added of 0.14% at 1.5 °C and 0.27% at 4 °C, although the additional economic
benefits become more marginal from 3 to 4 °C (Wang et al. 2021). Related changes to
welfare were initially positive, increasing at 1.5 °C and 2 °C by 0.47% and 0.48% (equiva-
lent to US$400 m million), before declining at 3 °C to 0.14%. At 4 °C, projected negative
impacts lead to welfare decreasing by 0.68%, reflecting the trade-off between decreasing
rice prices, increasing wheat prices, and increasing import prices for rice and other com-
modities at higher warming levels.

Climate change is projected to lead to large declines in plant refugia for biodiversity
between 1.5 °C and 2 °C, and further declines between 2 °C and 3 °C (Fig. 1) (Price et al.
2020). If warming were limited to 1.5 °C 77% of the country can act as a refugium for
plants, rather than only 23% at 3 °C (Fig. 2; Table S4b).

Considerable benefits could accrue if warming were limited to 1.5 °C compared with
3 °C or higher (Fig. 2), especially for drought exposure, wheat and maize yields, and biodi-
versity conservation. This limits the amount of adaptation otherwise required on the part of
the human system, and allows biodiversity more time to adapt naturally.
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2.1.3 Egypt

Climate change projections for northern and central Egypt generally show a decrease
in precipitation during the twenty-first century, whilst precipitation in the south may
increase (He et al. 2022). Temperatures are projected to rise and existing studies have
identified an influence of climate change on elevated heat stress during individual heat-
wave events over Egypt (e.g. Mitchell 2016). Further, Ceccherini et al. (2017) showed
that heat waves became more widespread across Africa, particularly from 2006 to 2015,
compared to 1981 to 2005, including affecting a greater proportion of Egypt. Population
is projected to increase from 67 to 130 million between 2000 and 2100 in the SSP2 sce-
nario. In other socioeconomic scenarios (SSPs), the projected population ranges from
97 to 191 million in 2100.

Few studies have projected changes in drought risk for Egypt. Hoegh-Guldberg et al.
(2018) showed that an increase in the number of consecutive dry days in Egypt is likely
with future climate change, whilst Schewe et al. (2014) projected significant reductions
in precipitation across much of Egypt with 5 GCMs at 2 °C warming. Population is pro-
jected to increase from 67 to 130 million between 2000 and 2100 (SSP2).

In this study, we find that regardless of changes in population, human exposure to
drought increases with warming as compared with 1961-1990. Averaged across Egypt,
the probability of a given month being in a severe meteorological drought (SPEI12)
increases considerably even with 1.5 °C warming (Price et al. 2022). This puts an addi-
tional 70% of the population (40-100 million people depending on socioeconomic sce-
nario) (Table S5a) and 100% of the agricultural land (Tables S5b and S10) projected to
be exposed to drought of at least 1 year in length. Drought probability is projected to
reach 90% with 2 °C warming with severe droughts reaching 2 years. By 3 °C, the prob-
ability of a given month’s being within a 12-month drought has on average across the
country risen to almost 100%, with severe drought becoming the new normal condition,
additionally exposing over 90% of the population to drought irrespective of population
growth scenarios (Table S5a). These projections are indicative of large increases in pro-
jected drought in Egypt, despite the known issues concerning the potential tendency
of the drought metric used in our study in arid regions such as Egypt to overestimate
potential changes (Cook et al. 2014). Limiting warming to 1.5 °C avoids an estimated
20% of the increase in human exposure to drought that would otherwise occur with 3 °C
warming (constant population) (Table S10). In practice, Egypt’s ability to withstand
meteorological drought will depend greatly on the management of the Nile watershed.

Studies generally also project increased fluvial flood risk in the Nile basin, especially
at higher levels of warming (Hirabayashi et al. 2013; Dankers et al. 2014; Alfieri et al.
2017; Dottori et al. 2018). Here, we project that at 1.5 °C warming only around 27%
(median) of Egypt’s major river basins experience a decrease in return period of the
one-in-100-year flood (Q100), 28% (median) with 4 °C warming (He et al. 2022). The
Q100 return periods along the Nile river show higher occurrence of floods (in agree-
ment with Hirabayashi et al. 2013) with low to moderate agreement, although these are
relatively insensitive to the level of warming. The increasing flood risk along the Nile
river within Egypt is likely due to the increasing precipitation projected in the south of
Egypt and its upstream countries such as Sudan and Ethiopia, even though precipita-
tion is projected to decrease in a large part of Egypt, in particular the north (He et al.
2022). Limiting warming to< 1.5 °C is projected to avoid approximately 70% (SSP2)
or 60% (constant population) of the additional total direct and indirect economic losses
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that could occur with 3 °C warming by 2100 due to fluvial flooding (Table S9a, b; Yin
et al. 2021).

Risks to coastal flooding simultaneously increase, particularly in the northern coast and
around the Nile delta, where salinisation could be a growing issue with sea-level rise. Peo-
ple at risk from flooding without additional protection (SSP2) in 2100 range from 8.8 to
10.9% of the national population per annum (from < 1.5 °C 50th percentile to 4.0 °C 50th
percentile). Without additional adaptation, annual sea flood damage costs are projected to
be between 9.5% (1.5 °C 50th percentile) and 13.9% 4 °C (4.0 °C 50th percentile) of GDP
in 2100 (SSP2). Adaptation could reduce these costs to less than 0.1% of GDP per year.
However, it is likely those at risk and costs without protection will be lower than projected
here as higher flood defence standards around the Nile delta have not been accounted for.

Only 2% of the country is classified as natural land (as compared to bare ground), but
even within this very small extent, the potential extent of climate refugia for plants declines
with warming (Table S5b; Price et al. 2020). The projected climate change also leads to
projected declines in crop yields, notably for wheat and rice (Wang et al. 2021) ranging
from 0 to 7% for 1.5 °C warming, compared with 2-18% at 3 °C warming, consistent with
earlier projections of declining yields (Figure S1b; Table S6b) (Jones and Thornton 2003;
Liu et al. 2008). These yield changes were projected to cause increasing declines in the
production of wheat and rice, with sectoral value added declining 1.4% at 1.5 °C and 4.0%
at 4 °C for wheat and 0.1% at 1.5 °C and 0.5% at 4 °C for rice (Wang et al. 2021). Egypt is
projected to suffer impacts to welfare due to negative impacts of climate change on rice and
wheat yields, subsequent production, and increasing crop prices. Welfare losses range from
4.6% at 1.5 °C to 17.4% at 4 °C. Whilst trade can mitigate impacts of decreasing agricul-
tural production at a country level, as countries can import more goods, it will provide less
of a buffer for major food-importing countries such as Egypt, who will face the impacts of
declines in domestic production alongside increasing global food prices. Areas of the coun-
try suitable for growing cotton are also projected to decline (Table S5b). Limiting warming
to 1.5 °C as compared with 3 °C would deliver benefits to agriculture (Fig. 2), limiting the
amount of adaptation otherwise required.

2.1.4 Ethiopia

Climate change projections for Ethiopia generally show an increase in precipitation during
the twenty-first century with strong consistency across climate models but large variance
(He et al. 2022). Temperatures, particularly daytime and warm extremes, are projected to
rise (Gebrechorkos et al. 2019), with associated increases in human exposure to heat stress
(e.g. Andrews et al. 2018) and associated implications of future heat stress conditions for
livestock production in Ethiopia, by varying amounts across the country depending on live-
stock type (Rahimi et al. 2021). Population is projected to increase from 63 to 191 million
between 2000 and 2100 (SSP2). In other SSPs, the projected population ranges from 135 to
287 million in 2100.

Few studies have projected changes in drought risk for Ethiopia, but Niang et al. (2014)
argued that risk of drought will decrease across East Africa in the future due to projected
increases in precipitation. We find that exposure of agricultural land and of humans to
drought both increase strongly with warming (Fig. 1; Table S6a, b; Table S10). The prob-
ability of a given month’s being in a meteorological drought exceeding a year in length
doubles with 2 °C warming, exposing 58% of the agricultural land to drought (Table S6a;
Table S10; Price et al. 2022). The probability of drought reaches 20% with 3 °C warming
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and 27% with 4 °C warming, with drought lengths reaching 3—4 years in length with 3 °C
warming, additionally exposing approximately an additional 12% (1-42%) of the country’s
population (22 million; 1.1-68.6; SSP2) (Table S6a; Table S10).

Fluvial flood risk in Ethiopia is currently low. Several studies project increased flood
risk in Ethiopia, especially at higher levels of warming (Hirabayashi et al. 2013; Dankers
et al. 2014; Miiller et al. 2014; Gosling and Arnell 2016; Winsemius et al. 2016; Alfieri
et al. 2017) but inconsistencies exist in the sign of the change in risk, especially at lower
levels of warming (Vetter et al. 2017). In this study, we project increasing flood frequency
in the south-east and decreasing frequency in south-west, with a more mixed pattern in the
north-west. We project that at 1.5 °C warming, around 65% (median) of Ethiopia’s major
river basins experience a decrease in return period of the one-in-100-year flood (Q100),
with 82% (median) experiencing a decrease in return period with 4 °C warming (He et al.
2022). Limiting warming to< 1.5 °C is projected to avoid approximately 60% (SSP2) or
54% (constant population) of the additional total direct and indirect economic losses that
could occur by 2100 with 3 °C warming due to fluvial flooding (Table S9a, b; Yin et al.
2021).

Projected climate change leads to projected declines in yields of maize and wheat
(ranging from 3 to 8% for 1.5 °C warming as compared with 10-21% at 3 °C warming
(Table S6b), consistent with earlier projections of declining yields (Jones and Thornton
2003; Liu et al. 2008; Araya et al. 2015; Abera et al. 2018). Yield changes were projected
to cause increasing declines in the production of wheat, with sectoral value added declin-
ing by 0.66% at 1.5 °C and by 1.2% at 4 °C. For rice, a significant increase in production
is projected, with value added increasing by between 4.6% at 1.5 °C and by 18.1% at 4 °C
(Wang et al. 2021). This reflects the smaller effects of climate on rice yields, but large
increases in the price of domestic and imported rice, driving increased rice production.
Welfare is projected to decline, due to increasing prices, with losses of 2.9% at 1.5 °C and
8.4% at 4 °C. Whilst trade can mitigate impacts of decreasing agricultural production at
a country level, as countries can import more goods, it will provide less of a buffer for
major food-importing countries such as Ethiopia, which will face the impacts of declines in
domestic production alongside increasing global food prices.

Ethiopia has large tracts of natural land, with 75% of the country being classified as
natural, meaning it provides a very important refuge for biodiversity as climate changes
especially at<?2 °C warming (Fig. 1 and Table S6b; Price et al. 2020). With 3 °C warming
and above, there is much greater biodiversity loss in the country, although some refugia are
still projected to remain, especially in montane areas.

Limiting warming to 1.5 °C rather than 3 °C avoids around 65% of the loss of plant
refugia that would otherwise occur (Fig. 2), 60% of the increase in human exposure to
drought relative to 1961-1990 occurring with 3 °C warming under a constant popula-
tion scenario and 61% of the increase in drought exposure in agricultural land (Table S10;
Fig. 2). Considerable benefits could therefore accrue if global warming were limited to
1.5 °C as compared with 3 °C or higher (Fig. 2), especially for drought exposure and crop
yields, limiting the amount of adaptation otherwise required.

2.1.5 India

The population is projected to increase from 1 to 1.6 billion between 2000 and 2100
(SSP2). In other SSPs, the projected population ranges from 1.2 to 2.56 billion in 2100.
Previous literature has identified observed heat stress events in India to be exacerbated by
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climate change (Wehner et al. 2016). Furthermore, large increases of extreme heat waves
and heat stress conditions in India are projected due to climate change by the end of the
century (Im et al. 2017; Murari et al. 2015).

Climate change models generally project increasing precipitation across India, except in
very small areas (He et al. 2022). Correspondingly, we project increasing flood frequency
nearly countrywide, with moderate to strong agreement across models, with 1.5 °C warm-
ing, with 92% of major river basins affected. However, in parts of the Himalayas, flood
frequency is projected to decline. However, our approach does not capture floods associ-
ated with the melting glaciers. Limiting warming to< 1.5 °C is projected to avoid approxi-
mately 87% (SSP2) or 84% (constant population) of the additional total direct and indirect
economic losses that could occur with 3 °C warming due to fluvial flooding (Table S9a, b;
Yin et al. 2021). Our findings are consistent with existing literature (Hallegatte et al. 2010;
Ranger et al. 2011; Dankers et al. 2014; Gosling and Arnell 2016; Winsemius et al. 2016;
Alfieri et al. 2017; Dottori et al. 2018).

Despite the projected increase in precipitation and fluvial flooding, droughts are pro-
jected to last as long as 2 years with 1.5 °C warming, the monthly SPEI12 probability dou-
bling with 2 °C warming (Price et al. 2022). Human exposure to drought is also projected
to increase on average across the country (Table S7a), due to changes in climate variabil-
ity and also because regional warming increases evapotranspiration offsetting smaller pro-
jected precipitation increases. This is consistent with earlier studies (Mujumdar et al. 2020)
using SPEI Limiting warming to 1.5 °C avoids 70% of the increase in human exposure to
drought risk occurring with 3 °C warming with constant population (Table S10) and 21%
of the increase in exposure to agricultural land (Fig. 2). An important regional finding is
that by 3 °C warming 90% of areas with permanent snow and ice cover are projected to
face severe droughts lasting longer than a year (Price et al. 2022) with 3-year droughts pos-
sible with 2 °C warming, and 4-year-long droughts with 4 °C warming (Table S10).

We project declines in crop yields of 8-21% for wheat, maize, rice, and soybeans
between 1961 and 1990 and 3 °C warming (Table S7b). Yields are projected to decline by
1-7% in a 1.5 °C scenario. Hence, limiting warming to 1.5 °C could avoid over half of the
reductions otherwise occurring by 3 °C warming (Fig. 2). These declines in the produc-
tion of rice and wheat are estimated to decrease value added by 1.1% at 1.5 °C and 3.8%
at 4 °C for wheat, and by 1.2% at 1.5 °C and 4.3% at 4 °C for rice (Wang et al. 2021).
The domestic prices of rice and wheat increase significantly from the baseline, in line with
findings from other studies (Bandara and Cai 2014; Ren et al. 2018) resulting in welfare
losses of 1.9% at 1.5 °C and 6.9% at 4 °C. Projected climate changes also lead to projected
declines in the percentage of the country suitable for growing tea (from 7% in 1961-1990
to 5% with 1.5 °C warming; 3.5% with 3 °C), sugar cane (from 6% in 1961-1990 to 4%
with 1.5 °C warming to 3% with 3 °C warming), and also the hirsutum variety of cotton
(Table S7b). Existing work has projected declines in yield of cotton (Hebbar et al. 2013)
and in the sucrose content of sugar cane (Sonkar et al. 2020) due to warming.

Coastal flood risks in India are projected to increase due to sea-level rise leading to the
potential of increases in flooding and erosion (Table S7a). In deltaic areas, flood risk will
potentially be further enhanced by subsidence, unless there are sufficient rates of sedimen-
tation. People at risk from flooding without additional protection (SSP2) in 2100 range
from 1.8 to 2.2% of national population per annum (from < 1.5 °C 50th percentile to 4.0 °C
50th percentile). Annual flood costs as a proportion of GDP in 2100 are projected to be
between 3.1% (50th percentile scenario 1.5 °C) and 4.0% (50th percentile scenario 4.0 °C),
with costs concentrated in urban areas (SSP2). With protection, total annual costs could
decline to less than 0.1% across all scenarios. Further non-monetary costs or impacts may
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evolve through secondary impacts, including people flooded, or changes in livelihoods due
to increased salinisation. Cyclones can greatly increase flood risk, but improved warning
(Iwasaki 2016) has helped reduce this. Autonomous adaptation at a local scale is likely to
reduce long-term risk, simultaneous to national-level support (Brown et al. 2018).

There are large declines of plant biodiversity in India projected between 1.5 and 2 °C
warming, and further between 2 and 3 °C warming (Fig. 1; Table S7b). Many of the areas
that could act as plant refugia in India are already in agricultural use, but there are still
important refugia remaining in the Western Ghats and the Himalayas. Limiting warming
to 1.5 °C could avoid much of the plant refugia loss otherwise projected to occur by 3 °C
warming (Fig. 2).

2.1.6 Ghana

Temperature averages and extremes have previously been shown to be increasing in the
Gulf of Guinea and Sahel region (Ringard et al. 2016). Previous sectoral analyses for
Ghana have shown that past impacts of extreme heat on healthcare have been further
amplified by urban heat island effects and thermal inertia of buildings (Codjoe et al. 2020),
whilst some adaptation methods have been implemented in response to increasing heat
in the agriculture and mining sectors (Nunfam et al. 2019). Precipitation projections are
inconsistent, but still indicate a clear south-north divide: areas in the south of the country
projected to experience decreasing precipitation and areas in the north projected to experi-
ence increases (He et al. 2022). The population is projected to increase from 19 to 57 mil-
lion between 2000 and 2100 (SSP2). In other SSPs, the projected population ranges from
40 to 88 million in 2100.

Few previous studies have examined potential drought in Ghana due to climate change,
but Oguntunde et al. (2017) projected increased drought likelihood and areal extent. Con-
sistent with this, our simulations project steady increases in monthly SPEI-12 drought
probability, doubling with 2 °C warming and reaching 23% with 3 °C warming (Table S10;
Price et al. 2022). Drought length may exceed 2 years with 1.5 °C warming, exceed 3 years
with 2 °C warming, and be close to 4 years at 3 °C warming (Table S10). Human expo-
sure to drought affected 7% of the population in 1961-1990 in our simulations, with an
additional 12% of the population (or 7.1 million, range 3.9-26.4 million people) with
3 °C warming (Table S8a) and 15% (range 9-65%) (or 9.3 million, range 4.9-36.6 million
people) with 4 °C warming (SSP2). Limiting warming to 1.5 °C rather than 3 °C avoids
around 80% of the increase in human exposure to drought relative to 1961-1990 (constant
population; Table S10) and avoids an additional 18% of agricultural land being exposed to
drought (Table S10; Fig. 2).

Our simulations mostly project decreasing exposure to flood risk in the south of the
country where precipitation is projected to fall, and increasing exposure in the north where
precipitation is projected to rise. Overall, a net increase in human exposure to flood risk in
the country occurs with additional warming, with 62% of major river basins at increased
flood risk for 1.5 °C warming and 86% at 4 °C warming (Table S8a). Our finding of
decreased flood risk in the south is consistent with some studies (Miiller et al. 2014) but
inconsistent with others (Hirabayashi et al. 2013). Limiting warming to< 1.5 °C is pro-
jected to avoid approximately 85% (SSP2) or 81% (constant population) of the additional
total direct and indirect economic losses that could occur with 3 °C warming by 2100 due
to fluvial flooding (Table S9a, b; Yin et al. 2021). Overall, the literature contains mixed
projections for future flood risk in Ghana, including both increases and decreases either
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locally or overall (McCartney et al. 2012; Hirabayashi et al. 2013; Dankers et al. 2014;
Miiller et al. 2014; Gosling and Arnell 2016; Alfieri et al. 2017), probably due to the large
uncertainties in changes in precipitation.

Although our projections of increasing coastal flood risks in the country appear small in
percentage terms (Table S8a), this masks a serious local problem. In Ghana, a major threat
is flooding and erosion in the Volta delta as 88% of the delta is below 5 m in elevation
(Brown et al. 2018). Erosion of the delta and other shores is currently a major issue due
to natural processes, but also enhanced erosion through sand mining. In Ghana, people at
risk from flooding without additional protection (SSP2) in 2100 range from 1.6 to 2.0% of
national population per annum (from < 1.5 °C 50th percentile to 4.0 °C 50th percentile). In
2100 and without additional adaptation, annual sea flood costs are projected to be between
2.2% (5th percentile scenario 1.5 °C) and 3.1% (50th percentile 4 °C) of GDP (Brown et al.
2021; SSP2). With protection, total annual costs are projected to decline to less than 0.1%
regardless of scenario. Hence, in Ghana adapting to sea-level rise must go hand-in-hand
with wider development and livelihood improvements.

Climate changes are projected to drive declines in yields of maize, rice, and soybean,
with declines of 3-8% for 1.5 °C warming, 8—17% for 3 °C, and 11-19% for 4 °C (Fig-
ure S1b; Table S8b). Limiting warming to 1.5 °C avoids on average around two thirds of
the decline in yields projected to occur with 3 °C warming (Fig. 2). Yield changes were
projected to cause increasing declines in the production of rice, with sectoral value added
declining by 0.52% at 1.5 °C and 1.54% at 4 °C (there is no cultivation of wheat in Ghana)
(Wang et al. 2021). This results in negative changes to welfare, with projected losses of
2.2% at 1.5 °C and 3.7% at 4 °C. As climate warms, the area of land suitable for growing
the most important cash crop, cacao (ingredient of chocolate), declines from 39% presently
to 24% with1.5 °C warming and only around 13% with 3 °C warming (Table S8b).

Climate refugia for plants are projected to persist strongly in Ghana, especially for lower
levels of warming (Fig. 1). Limiting warming to 1.5 °C or 2 °C rather than 3 °C could
allow most Ghanaian biodiversity to persist in refugia (Fig. 2). However, some 50% of
these refugia are in use for agriculture, but the rest remain presently as natural land.

2.2 Cross-country comparison of risk-accrual with global warming

In all six countries, exposure of agricultural land to drought, the frequency of severe fluvial
flooding and coastal flooding, and risks to biodiversity are all projected to increase with
global warming (Fig. 1); crop yields generally decline. The risk metrics that increase most
dramatically with warming are the proportion of agricultural land in drought and the loss
of climate change refugia for plants (Fig. 1). Hence, limiting warming to 1.5 °C rather than
3 °C reduces risks of biodiversity loss (as indicated by the loss of plant refugia), exposure
to drought, fluvial and coastal flooding, and (in general) declines in crop yield (Fig. 2).
Furthermore, India and China both have large areas under ‘permanent’ ice and snow cover,
and by 3 °C global warming, 90% of these areas are projected to face severe droughts last-
ing longer than a year. Because risks still remain at 1.5 °C warming, adaptation will still be
needed, but this will be much less challenging for 1.5 °C warming than for higher levels.
Due to increased climate spatial heterogeneity, and the interaction of temperature
with evapotranspiration, many countries such as Brazil and China display simultaneous
increases in flood risk as well as drought. Fluvial flood hazard, as measured by the Q100
index, increases strongly with warming in Ghana, Ethiopia, and China. Limiting warm-
ing to 1.5 °C rather than 3 °C avoids 71-96% of the increase in population exposure to

@ Springer



Climatic Change (2024) 177:48 Page 170f24 48

flood risk under a constant population scenario (Table S11) although the proportions of the
countries’ populations exposed to flood risk are small. At 1.5 °C warming, 47%, 66%, 27%,
65%, 62%, and 92% of the major basin areas in Brazil, China, Egypt, Ethiopia, Ghana, and
India, respectively, experience a decrease in the return period of the twentieth-century 1-in-
100-year flood, rising to 54%, 81%, 28%, 82%, 86%, and 96% with 4 °C warming (He et al.
2022; Table S12). The decrease in return periods leads to increased human exposure to
flood risks, particularly with 4 °C warming, where exposure in the major river basin areas
in Brazil, China, Egypt, Ethiopia, Ghana, and India increases by 589%, 202%, 5662%,
254%, 624%, and 2765% relative to the 1961-1990 reference period, respectively (He et al.
2022).

These trends create regional economic risks. Assuming no adaptation, fluvial flood risk
is projected to cause an increase in total (direct+indirect) economic damages for all coun-
tries between< 1.5 and 4 °C, particularly when considering socio-economic change, due
to increases in the assets exposed directly to flooding and the potential for large indirect
losses due to business interruption losses which cause a slowdown in the growth rate of
the economy from its potential trajectory. For both the climate change only and climate
change and socioeconomic scenarios, total economic losses are projected to be largest in
China and India when expressed in absolute terms, reflecting increasing flood risk as well
as increasing population and economic assets at risk. However, when expressed as a rela-
tive share of national GDP, Egypt faces the largest indirect losses (up to 3% loss to GDP
at 4 °C) when considering socioeconomic change. Importantly, all countries could benefit
from reduced flood damages this century if warming is limited to< 1.5 °C compared to
3°Cand 4 °C (Yin et al. 2021). In particular, under the constant population scenario, India
and Brazil’s avoided flood damages are projected to be 87% and 90% lower, respectively,
when warming is limited to< 1.5 °C compared to 3 °C, and as high as 93% and 95% when
compared to 4 °C (Table S9a, b and Supplementary Material).

With 1.5 °C global warming, the probability (averaged across the country) of a
12-month severe drought is projected to triple in Brazil; double in China, Ethiopia, and
Ghana; and substantially increase in Egypt (Table S10). By 2 °C warming, the length of
droughts in all countries except India may exceed 3 years. With 3 °C warming, more than
50% of the agricultural area in each country could be exposed to droughts of longer than
1 year (80-100% in Brazil, China, Egypt, and Ethiopia) whilst with 1.5 °C warming the
percentages drop considerably to 55% in China and 25% in Ethiopia (Table S10). India and
China both have large areas under ‘permanent’ ice and snow cover. With 3 °C warming,
90% of these areas are projected to face severe droughts lasting longer than a year (Price
et al. 2022). Other natural areas are similarly impacted. Brazil, China, Egypt, and Ethiopia
all show that 80-100% of land classified as natural as being under severe droughts lasting
longer than 1 year, 60-80% in Ghana and India.

Crop yields, with some exceptions, are also generally projected to decline (Fig. 1).
Projected changes in crop yields and subsequent production of rice and wheat can
also increase economic risks. Wheat production and sectoral value added is projected
to decline in all countries, with more severe reductions at higher warming levels. For
wheat, losses to sectoral value added are most severe in India, Brazil, and Egypt. Projec-
tions for rice are more mixed. China and Ethiopia are both projected to see an increase
in rice production and sectoral value added, whilst losses are projected for the other
countries. Overall, changes in both rice and wheat yields lead to marginal benefits to
GDP and welfare in China up to 3 °C, although at 4 °C this trend reverses and losses
to GDP are recorded. The remaining countries face negative impacts on GDP, which
are largest in India. Welfare is also projected to decline in India, Ghana, Ethiopia, and
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Egypt, with Egypt facing particularly severe impacts compared to the other countries
(Wang et al. 2021). These estimates do not consider the projected decline in nutrient
content of crops as climate warms (Zhu et al. 2018).

Concurrently, we project large declines in the climate suitability for important cash
crops in several countries (such as cacao (chocolate) in Ghana, coffee in Ghana and Bra-
zil, sugar cane in Brazil and India, and tea in China and India) (Tables S3-8b). This is
generally consistent with the existing literature, although there are very few studies on
tea. One study for China and India (Beringer et al. 2020) suggests that climate change
could generally increase yields, but this is based on simulations that assumes CO, ferti-
lisation, and this is not borne out by recent observations of climate-change related yield
declines of tea yield in the Assam region of India (Duncan et al. 2016).

Across the six countries, climate refugia for biodiversity declines with warming, e.g.
between 1.5 and 2 °C, and further between 2 and 3 °C, with plant refugia declining
faster than vertebrate (animal) refugia (Figs. 1 and 2; Price et al. 2020). Climate refugia
persist to a great extent at lower levels of warming in Ghana, China, and Ethiopia, but
very few refugia remain under 4 °C warming except in China. Extensive refugia persist
in Ghana with 2 °C and even 3 °C warming, but many of the remaining refugia are not
in protected areas. India has already lost most of its climate change refugia for biodi-
versity to land use change. In contrast, Ethiopia has large tracts of natural land, with
75% of the country being classified as natural, and can provide an important refuge for
biodiversity as the climate changes. Even at 1.5 °C warming, biodiversity loss is already
significant in Brazil (Fig. 1) and our previous work (Warren et al. 2018) has highlighted
the importance of facilitating natural adaptation in Amazonia by protecting large areas.

For coastal flood risk, Egypt and China are projected to have the greatest proportion
of people at risk from sea-level rise without additional adaptation. In Egypt, especially
around the Nile delta and Alexandria, protection levels are higher than the remainder
of the coast (Hinkel et al. 2012), so the number of people affected is likely to be lower.
For the five coastal countries, these results indicate that China is likely to experience the
greatest impacts of sea-level rise due to densely populated cities located in low-lying
areas with relatively low standards of protection. This follows previous assessments
of the impacts of sea-level rise, including developing nations (e.g., Brown et al. 2019;
Dasgupta et al. 2009). Throughout all countries studied, non-climatic factors are also
important in influencing impacts. These include the use of a portfolio of approaches
to adaptation to reduce impacts including land claim, sediment availability which can
be restricted through damming or removed through beach mining, and recognition and
action into land subsidence which can exacerbate sea-level rise. Adaptation to sea-level
rise must go hand-in-hand with socio-economic development, including livelihood pro-
tections (Brown et al. 2018) for which so many living and working on the coast depend.
Due to the commitment to sea-level rise, many of these risks and projected levels
of people at risk will happen regardless of future actions to mitigate against climate
change. Potential impacts do increase from a< 1.5 to a 4 °C in a 2100 global warming
scenario in all countries assessed. The lower the rate and magnitude of sea-level rise,
the lower the risk of flooding and the potential for people to move away from the coast.
Adaptation (e.g. building dikes) can reduce the potential number of people flooded, or
those who may need to move away from at-risk locations. Furthermore, mitigating cli-
mate change reduces potential damage and adaptation costs. However, it is the longer
locked-in centennial-scale implications of rising sea-levels that pose a greater threat to
populations (Goodwin et al. 2018; Brown et al. 2018; Nicholls et al. 2018) justifying
stringent climate change mitigation.
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3 Discussion and conclusions

The necessity of selecting metrics to quantify risks creates inevitable limitations. For
example the index used for drought, SPEI12, may be over-sensitive to increasing evapo-
transpiration in areas of high aridity, whilst the choice of Q100 (the return period of the
twentieth-century 1-in-100-year flood) as an index for flood risk focuses the analysis on
very large floods. Existing or planned flood defences or dams that may exist on rivers are
not included, nor are potential additional defences against coastal flooding. Our statisti-
cally based projections of crop yields exclude potential positive effects of CO, fertilisation
and also negative effects of declines in crop nutrient content and increases in pests/disease.
The assessment of climate change on biodiversity does not capture the potential additional
effects of changes in climate variability, and for this reason we also quantified the exposure
of natural land to drought (Price et al. 2022). Importantly, a full assessment of the potential
role of adaptation in reducing climate change risks was beyond the scope of this study. For
a further discussion of limitations, see Supplementary Material.

Despite these limitations, the study has identified important trends in climate change
risk in the six countries studied. With a few exceptions, increasing warming leads to
greater exposure to drought, fluvial and coastal flooding, and greater declines in biodiver-
sity and crop yields. All countries except India are projected to experience large increases
in both drought frequency and length, and hence, in terms of risk magnitude, the benefits
of limiting warming to 1.5 °C rather than 3 °C are greatest in terms of reduced exposure
to drought. All nations experience an increase in hazards due to sea-level rise, which is
projected to rise globally, even if temperatures stabilise. However, stabilisation reduces the
rate of sea-level rise, potentially reducing human migration from inundated areas as com-
pared with the case that temperatures continue to increase globally.

This study was limited to exploration of two population scenarios: one in which popu-
lation does not change and one following a middle-of-the-road scenario (SSP2). Human
exposure to risks such as drought are considerably higher in Africa in the SSP2 scenario
as compared with the constant population scenario, owing to the doubling or tripling of
human populations in some African countries projected in this scenario by 2100. Future
research might usefully explore the implications of other socioeconomic scenarios, in par-
ticular the SSP3 scenario in which populations in Egypt, Ethiopia, Ghana, and India reach
191, 287, and 256 million and 2.56 billion, respectively. Whilst increased levels of devel-
opment (in some of the SSPs) could potentially reduce human vulnerability to some cli-
mate change risks, potentially by facilitating additional adaptation (for example in coastal
cities; Brown et al. 2019), many risks remain large even at higher levels of development
and some are unaffected or may even be exacerbated by development (for example risks to
biodiversity).
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