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Abstract

We project climate change induced changes in fluvial flood risks for six global warming
levels between 1.5 and 4 °C by 2100, focusing on the major river basins of six countries.
Daily time series of precipitation, temperature and monthly potential evapotranspiration
were generated by combining monthly observations, daily reanalysis data and projected
changes in the five CMIP5 GCMs also selected in the ISI-MIP fast track project. These
series were then used to drive the HBV hydrological model and the CaMa-Flood hydro-
dynamic model to simulate river discharge and flood inundation. Our results indicate that
return periods of 1 in 100-year floods in the late twentieth century (Q100-20C) are likely
to decrease with warming. 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 experi-
ence a decrease in the return period of Q100-20C, increasing to 54%, 81%, 28%, 82%, 86%
and 96% with 4 °C warming. The decrease in return periods leads to increased number
of people exposed to flood risks, particularly with 4 °C warming, where exposure in the
major river basin areas in the six countries increases significantly, ranging from a doubling
(China) to more than 50-fold (Egypt). Limiting warming to 1.5 °C would avoid much of
these increased risks, resulting in increases ranging from 12 to 1266% for the 6 countries.
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1 Introduction

Floods cause thousands of fatalities and huge economic losses every year. The global direct
economic losses due to floods are over $1 trillion and more than 220,000 people lost their
lives between 1980 and 2013 (Winsemius et al. 2016). Nearly 1 billion people live in flood-
plains due to convenient access to freshwater resources, fertile lands, protection barriers
and navigable corridors (Di Baldassarre et al. 2013; Alfieri et al. 2017). The intensification
of the hydrological cycle due to global warming and potentially increased extreme rainfall
have led to growing concerns about future flood risks and their impacts on the human soci-
eties (Alfieri et al. 2017). It is anticipated that frequencies and magnitudes of floods will
become more severe due to global warming in most world regions (Alfieri et al. 2017).
Damages due to fluvial flooding have also been increasing due to population growth,
increased proximity to flood prone areas and economic activities (Kundzewicz et al. 2014).

Several previous studies have focused on global scale projections of changes in flood
frequency under climate change. These generally project increases (with regional varia-
tion) in flooding and human exposure to flood risk, regardless of the risk metric, warming
scenarios or population projections used. For example, Arnell et al. (2019a, b) found that
the global average chance of the 50-year return period river flood increases from 2 to 2.4%
at 1.5 °C and 5.4% at 4 °C of global warming. Dottori et al. (2018) found that human losses
from flooding could rise by 70-83% with an uneven regional distribution. They projected
the strongest rise in the population exposed to flooding in Asia and parts of Africa, South
America and western Europe. Arnell et al. (2018) noted that although exposure to flooding
is projected to increase when aggregated globally, many CMIP5 GCMs suggest a reduction
in flood exposure at 4 °C in some regions (particularly where warming reduces flood peaks
from snowmelt in Europe, Russia and the USA). Alfieri et al. (2017) estimated the popu-
lation exposure to the current 1 in 100-year flood could reach up to 500 million by 2100.
Hirabayashi et al. (2013) projected an increase in flood frequency across large areas of
South Asia, Southeast Asia, Northeast Eurasia, eastern and low-latitude Africa, and South
America, and decreases in many regions of northern and eastern Europe, Anatolia, Central
Asia, central North America and southern South America. They concluded the increase in
global flood exposure is due mainly to increased exposure in many low-latitude regions,
particularly Asia and Africa. In the study by Jongman et al. (2012), the global total popu-
lation exposed to a 1 in 100-year flood is simulated to reach 1.05 billion in 2050 and this
number could well be underestimated as they assumed the hazard area remains constant
over time. Milly et al. (2002) found that future changes of 1 in 100-year flood will increase
in almost all the 29 major river basins in the world.

The abovementioned studies have highlighted particularly large increases in flood risk
in Asia and Africa. Several studies focused on individual river basins or countries (e.g. te
Linde et al. 2008; Dankers and Feyen 2008; van Pelt et al. 2009; Veijalainen et al. 2010;
Kay and Jones 2012; Cloke et al. 2013; Huang et al. 2013; Ying et al. 2014; Wu et al.
2017) mostly in Europe and China. Direct comparison at the country level is impeded by
their use of different models, climate scenarios, baseline and future time periods, and haz-
ard metrics. This study aims to quantify flood risks due to global warming and make the
results comparable at the country level by using a consistent set of models, climate scenar-
ios, baseline and future time periods, and hazard metrics. This study selected six countries
all considered to be vulnerable to climate change. They are Egypt, Ethiopia, Ghana, China,
India and Brazil. They are selected from several continents, spanning different levels of
development, and range considerably in size. They are merely examples and the method
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could be applied to other countries in the future. Section 2 describes the climate forcing
data, the models used in simulating floods, and the metrics used for assessing flood risks.
Results are presented in Section 3 followed by the discussion of results in Section 4. Sec-
tion 5 provides a conclusion.

2 Data and methods
2.1 Climate forcing data

The meteorological inputs required to force the hydrological model (daily precipitation,
P; daily temperature, T; and monthly potential evapotranspiration, ET) were generated by
combining monthly observations, daily reanalysis data, and projected changes in climate
from general circulation model (GCM) climate models. The projected changes in climate
for the specific warming levels considered here are < 1.5 °C, < 2.0 °C (which denote aiming
to stay below 1.5 °C and 2 °C in 2100, respectively, with 66% probability), exactly 2.5 °C,
3.0 °C, 3.5 °C and 4.0 °C relative to pre-industrial levels. In this paper, they are referred to
as<1.5C,<2C, 2.5C, 3C, 3.5C and 4C, respectively. To sample the uncertainty in regional
climate change projection, we use patterns of change simulated by five CMIPS GCMs.
The five selected were those used previously by the ISI-MIP fast track project (Warszaw-
ski et al. 2014), namely MIROC-ESM-CHEM, NorESM1-M, IPSL-CM5A-LR, GFDL-
ESM2M and HadGEM2-ES.

The target global mean temperature changes were obtained by pattern-scaling the GCM
projections. The pattern-scaling technique (implemented here using the ClimGen software
application) (Osborn et al. 2016) assumes that there is an approximately linear relation-
ship between the change in a climate variable in a grid cell and the change in the global-
mean surface temperature, and that this relationship is invariant under the range of climate
changes being considered here. This is a commonly used method and James et al. (2017)
reviewed its application to global warming targets in comparison with other methods.
Osborn et al. (2018) show that this method emulates the underlying GCM projections well
with errors that are small relative to the climate change signal, and Tebaldi and Arblaster
(2014) show that errors are small relative to the spread in results between different GCMs.

To derive future regional climate change scenarios at 0.5° latitude by 0.5° longitude
resolution, scaled climate change patterns were diagnosed from 5 alternative regional
climate change patterns (corresponding to 5 alternative Coupled Model Intercomparison
Project (CMIP5) general circulation model (GCM) patterns). This was necessary because
GCMs have not been run for the precise warming levels used in this study. To obtain the
monthly time-series we combined the observed mean climate over a 30 year reference
period (1961-1990), with the pattern-scaled changes (anomalies) in mean climate between
1961-1990 and a future 30-year period (2086-2115), so that the observational record pro-
vides realistic climate variability (Osborn et al. 2016). Observed climate was taken from
the CRU TS3.00 dataset on a 0.5° latitude by 0.5° longitude grid (Harris et al. 2014). For
future precipitation, the observed monthly anomalies were first transformed so that their
probability distribution is consistent with the changes in monthly precipitation variabil-
ity projected by each GCM (see Osborn et al. 2016 for details). Monthly ET was calcu-
lated using the Penman—Monteith formula from ClimGen data for minimum, maximum
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and mean temperature, vapour pressure, cloud cover, and the CRU CL 2.0 wind speed
climatology.

To produce daily time-series, we superimposed daily anomalies from the WATCH data-
set (Weedon et al. 2011) over monthly series generated by ClimGen. WATCH is a bias-cor-
rected reanalysis dataset designed for driving impact models and it was selected because it
is compatible with the ISI-MIP fast track project (Warszawski et al. 2014) which compared
many impact models across multiple sectors and it is compatible with our observational
dataset. The use of present-day daily anomalies from WATCH to disaggregate the future
monthly time series assumes that the daily timescale variability is unchanged in the future
climate. For precipitation, the monthly variability does change in our projections (see
above) and this will result in some changes in daily variability too (e.g. between anoma-
lously wet and dry months).

2.2 Model description

The HBV (Hydrologiska Byrans Vattenbalansavdelning) model (Bergstrom 1992; Lind-
strom et al. 1997) was applied in this study. It is a conceptual rainfall runoff model that has
been widely used for flood forecasting and climate impact assessment both in operations
and research (Lidén and Harlin 2000; Olsson and Lindstrom 2008; van Pelt et al. 2009;
Arheimer et al. 2011; Cloke et al. 2013). There are many versions of the HBV model. The
one used here is based on the HBV-IWS model (He et al. 2011) and has been adapted
to be spatially distributed. HBV is computational efficient and demonstrates robust per-
formance in catchments across the world with various climatic and physiographic condi-
tions (e.g. Deelstra et al. n.d.; Zhang and Lindstrom 1996; Hundecha and Bardossy 2004;
te Linde et al. 2008; Steele-Dunne et al. 2008; Breuer et al. 2009; Driessen et al. 2010;
Plesca et al. 2012; Gebrehiwot et al. 2013; Beck et al. 2013, 2016; Demirel et al. 2015;
Vetter et al. 2015; Jenicek et al. 2018). HBV runs at a daily time step and the required input
data include daily time series of precipitation (P) and temperature (T), and potential evapo-
transpiration (ET). The model was calibrated against the observed discharge data obtained
from the Global Runoff Data Centre (GRDC).

The HBV model is driven by the meteorological inputs described in Section 2.1 and
simulates runoff depth over each grid of 0.5 x 0.5 degree. This is then used to drive the
CaMa-Flood (Catchment-based Macro-scale Floodplain) model (Yamazaki et al. 2011) to
simulate streamflow, flood inundation depth and extent. It is a global-scale hydrodynamic
model of all rivers, wetlands and lakes on the Earth and provides explicit representation of
flood stage (water level and flooded area) which allows flood damage assessment by over-
laying it with socio-economic datasets (Yamazaki et al. 2011). It is highly computational
efficient and has been used in a number of studies on quantifying impacts of global warm-
ing on streamflows and floods (Hirabayashi and Kanae 2009; Pappenberger et al. 2012;
Hirabayashi et al. 2013; Koirala et al. 2014). The relationship between water storage, water
level and flooded area in the model is simulated on the basis of the subgrid-scale topo-
graphic parameters based on 3-s resolution digital elevation model. Horizontal water trans-
port is calculated using a shallow water equation with a local inertial approximation, which
realises the backwater effect in flat river basins. In this study, the CaMa-Flood model routes
the gridded runoff generated by the HBV model. The spatial resolution is set at 0.25 x 0.25
degrees. Note, CaMa-Flood does not consider the effects of anthropogenic regulation of
flood water, such as by reservoir operations or other flood defences.
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2.3 Impact metrics

In this study, we assessed the changes in flood frequency and flood exposure by using
the model cascade (HBV and CaMa-Flood described in Section 2.2) driven by the 5
GCMs models and 6 climate scenarios (see Section 2.1). Uncertainties due to climate
model projections were assessed as the variance of the change in flood return period and
population exposure driven by 5 GCMs and 6 scenarios.

A change in flood frequency between a present time period 1961-1990 (hereinafter
referred to as 20C) and a future time period 2086-2115 (hereinafter referred to as 21C)
was obtained as a change in the return period of a river discharge having a particular
magnitude. A river discharge corresponding to a 1 in 100-year flood in 20C (hereinaf-
ter referred to as Q100-20C) was selected as the hazard indicator, in line with several
previous studies (Milly et al. 2002; Hirabayashi et al. 2008, 2013; Dankers and Feyen
2008). The time series of simulated annual maximum daily river discharge in 20C for
each grid, GCM and scenario were fitted respectively to a Gumbel distribution func-
tion using the maximum likelihood method. The magnitude of river discharge having
a 100-year return period in 20C was then calculated. Finally, the return period of the
same magnitude river discharge as the Q100-20C flood discharge was computed for the
time series of 21C river discharge for each grid, GCM and scenario to project changes
in future flood hazard. A decreased return period would then indicate an increase in the
frequency of flood hazard.

The risks associated with the projected changes in flood hazard to human society
were estimated by calculating present and future populations exposed to flood hazard.
In line with previous studies (Jongman et al. 2012; Hirabayashi et al. 2013; Winsemius
et al. 2016; Arnell et al. 2018) we calculated for each climate scenario the sum of the
population living in the modelled inundation areas in which annual maximum discharge
exceeds the Q100-20C flood. Since future exposure to fluvial flooding will be driven by
both socioeconomic and climate changes also used population changes according to one
of the Shared Socioeconomic Pathways (SSP2, (Jones and O’Neill 2016) as given in the
spatial population scenarios dataset. In a second simulation, the population was fixed to
that in 2000 to isolate the effects of climate change.

Previous studies have assessed absolute values of population at risk of flood, but
are not ideal for comparisons between regions or countries as the same number of peo-
ple might represent a much larger proportion of one region than in another. We thus
calculated the normalised population exposure, that is the proportion of population at
flooding risk by dividing the countries’ total population in 2000 (assuming population
remains at the levels reached in 2000) or the total population in 2100 (assuming popu-
lation growth follows SSP2). To derive changes in flood risk we then determined the
difference between the proportion of the total population of each country at risk for
any of our scenarios in comparison with the baseline. While this normalised popula-
tion exposure metric perhaps provides a better indication of the national significance of
risk levels, we also calculated the change in exposure without normalisation, so that the
magnitude of the risk is also clear. This also facilitates comparison with earlier studies.

It is worth noting that (1) this study estimates large-scale (at a grid resolution of 0.25
X% 0.25 degree) river flood risk (not pluvial, flash or coastal flooding) and (2) the CaMa-
Flood model does not consider the effects of flood defences. Hence, our projection pro-
vides the potential risk of flooding, irrespective of non-climatic factors such as land-use
changes, river improvements or flood mitigation efforts (Hirabayashi et al. 2013). For
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places that have sufficient protection against 1 in 100-year flood, this means that some
of the modelled flooding areas will in reality not be flooded and can lead to overestima-
tion of inundation areas (Jongman et al. 2012) and population exposure.

Within each country major river basins in the Global Runoff Data Centre (GRDC 2007)
database were simulated. In cases where these river basins extended beyond the border of
one of our study countries the change of flooding hazard was simulated for the whole basin
and the findings were clipped so that only changes of flooding risk within the country were
reported.

3 Results
3.1 Projected changes in annual total precipitation and flood return periods

The projected changes in 21C in annual total precipitation (mm) and flood return period
(years) for the 6 scenarios were analysed. Precipitation changes are shown first in order to
facilitate understanding of the subsequent projected changes in flood risk. Figure 1a shows
the changes in annual total precipitation driven by the highest warming scenario (4 °C).
Decreasing annual total precipitation is projected in large areas of Brazil and Egypt, and
the southern part of Ghana. India shows the highest increase in annual total precipitation,
especially in the Central part. Some parts of India show decreases, most evidently in the
northern side of the Himalaya ranges. China and Ethiopia show a mixed pattern of changes,
indicating the changes in future flood risks could show a mixed pattern.

Figure 1b shows the return periods (years) of the discharge corresponding to the Q100-
20C flood driven by the highest warming scenario (4 °C). Brazil shows an increased return
period (decrease of flood frequency) in its western and some areas of its central and east-
ern side. In Egypt, only the grids along the Nile river display a decrease in return period.
In Ghana, return periods increase in the south yet decrease in the north. In China, a large
decrease in return period is projected in large areas of the western, northern and eastern
part of the country, while the north-west, south-east and central areas display a mixed pic-
ture of decreasing and increasing return periods. In Ethiopia, the south-east shows large
decrease in return period, and the remaining area shows a mixed pattern. In India, nearly
country-wide decreasing return periods are projected except for the northern part of the
Himalayan ranges.

At 1.5 °C warming, the projected median proportional area of major river basins that
experience a decrease in the return period of Q100 is 47% (Brazil), 66% (China), 27%
(Egypt), 65% (Ethiopia), 62% (Ghana) and 92% (India) (Fig. 2). Notably, with increas-
ing warming, this area changes little in the cases of Egypt and India, (where only small
increases to 28% and 96% are expected, respectively). In Ghana, on the other hand, the area
exposed to a decrease in return period grows substantially to 86% with 4 °C warming (see
Table S1 for further details).

3.2 Projected changes in population at risk from fluvial flooding

Absolute changes in population exposed to fluvial flood risk (at the Q100 level) for the six
countries in 2100 are presented in Table S2. The population exposure to Q100 in 20C is
listed in the fourth column. With increasing global temperatures and population change
following SSP2 (chP), the population at risk from fluvial flooding is projected to increase
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Fig.1 (a) Projected changes of the mean annual maximum precipitation (mm) in 21C relative to 20C, and
(b) projected return periods (years) of the discharge corresponding to the Q100-20C flood. They are both
multi-model median for the 4C scenario and for each country. The white areas represent regions which were

not simulated in this paper

relative to the present day (1961-1990) in all 6 countries but with stark differences between
the countries. For example, with 4 °C warming, median exposure increases by 42 million
people in India, whereas in Ethiopia only an increase by 85 thousand people is projected.
When considering climate change alone, holding population constant (coP), risk exposure
still increases with rising global temperatures but a smaller number of people are expected
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Fig.2 Percentage (%) area of major river basins in which there is a decreased return period of the Q100-
20C for the 6 countries and 6 scenarios relative to 20C. Lower and upper hinges correspond to the 25th and
75th percentile with median values given as horizontal lines. Mean values are represented as squares and
points outside 1.5 times the interquartile range are highlighted as x

to be exposed in all countries but China. Looking at 4 °C warming as before, about 26 mil-
lion people are now expected to be at risk in India and only about 20 thousand in Ethiopia.
In China, for chP, exposure to flood risk is lower than for coP in 2100 because SSP2 pro-
jects a reduction of the population throughout China (see Figure S1 in the Supplementary
Material) (Fig. 2).

We also quantified the relative changes (in percentage terms) of population at risk from
fluvial flooding (Table S3). Considering both climate change and population change fol-
lowing SSP2, the percentage increase in potential human exposure at 4 °C relative to the
observed baseline are 625% (Brazil), 111% (China), 12,083% (Egypt), 1069% (Ethiopia),
1994% (Ghana) and 4561% (India). With constant population the numbers are respectively
larger in China and smaller in the remaining 5 countries (see Table S3 for more detail).

In addition to the already provided metrics, policy makers might also be interested in
changes relative to the overall population of a country. We thus also normalised the changes
in population exposure to the total of each country’s population. The largest increases in
median normalised exposure under 4 °C with changing population are 2.58% in India and
the smallest are 0.04% and 0.15% in Ethiopia and Brazil, respectively (Fig. 3a). With con-
stant population the largest increases in median normalised exposure are 1.55% in India the
smallest are 0.00% and 0.14% in Ethiopia and Brazil, respectively (Fig. 3b).

Overall, projected exposure to flood risk increases steadily with global warming except
in Egypt, where the increase in risk occurs mainly below 2.5 °C warming beyond which
it increases but with a slower rate. However, there is substantial variability in projected
change in risk between the climate models. For example, the full range of projected change
in normalised risk in Egypt under 4 °C warming is —0.02 to 20.76% whereas for Ghana, it
is—0.03 to 4.58%.
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Fig.3 Percentage (%) changes in mean annual population (normalised by the country’s total population)
affected by fluvial flooding for the 6 scenarios relative to 20C (a) assuming population growth follows
SSP2, and (b) assuming population remains at the levels reached in 2000

3.3 Model consistency of projected changes within each country

The model consistency of the projected changes in annual total precipitation and flood
return period for the warming scenario 4C is shown in Fig. 4. If the grid value is O (drier
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condition with strong model agreement), all 5 GCMs agree the annual total precipitation
will decrease and the Q100-20C flood will be less frequent in 21C. The grid value 5 is the
opposite (wetter condition with strong model agreement) when all 5 GCMs agree annual
total precipitation will increase and the Q100-20C flood will be more frequent in 21C. The
grid values O (dry) and 5 (wet) are considered consistent projection with strong (5 out of 5)
agreement, 1 (dry) and 4 (wet) are moderate (4 out of 5) agreement, and 2 (dry) and 3 (wet)
are low (3 out of 5) agreement.

The percentage of areas within each country with decreased return period (years) of the
discharge corresponding to the Q100-20C flood shown is summarised and shown in Fig. 2.
The multi-model medians of projected changes with 1.5-4 °C warming are 47-54% (Bra-
zil), 66-81% (China), 27-28% (Egypt), 65-82% (Ethiopia), 62-86% (Ghana) and 92-96%
(India). Considering only cases where there is moderate to strong model agreement, with
1.5-4 °C warming, the percentage of each country’s major river basins where increasing
Q100 flood frequency is projected is 83—89% (India), 55-68% (Ethiopia), 53-66% (China),
14-22% (Ghana), 9-19% (Brazil) and 3—10% (Egypt).

In Brazil, only a small portion of grids, mostly in the central-west, show the 5 GCMs
agree the annual total precipitation will decrease in 21C. A large portion of Brazil show a
decrease with low to moderate agreement. Small areas in the north-west and south of Bra-
zil show increasing precipitation with low to moderate agreement. A very similar spatial
pattern can be observed in the changes of flooding return period.

In China, most of the north displays high model consistency of increasing precipita-
tion with the exception of a small area in the north-west which shows decreasing precipi-
tation with low agreement. Transiting from north to south of China, the picture changes
to a mixed pattern with some areas in the south-west and south-east showing decreasing
precipitation and the remaining area show increasing precipitation with low to moderate
agreement. The changes in return periods follow a very similar pattern, with the central
and east part of China showing a very mixed picture of either increasing or decreasing
flood frequency and with various levels of model agreement.

In Egypt, it is projected to become drier in the north with mostly strong agreement, and
drier in the middle with mostly low agreement, and wetter towards the south with low to
moderate agreement, but with the exception of 4 grids showing decreasing precipitation
with high confidence. Although mostly decreasing precipitation is projected for the coun-
try, the return periods along the Nile river show higher occurrence of floods with low to
moderate agreement (only a few grids show strong agreement).

In Ethiopia, increasing precipitation is projected with mostly strong agreement except
some areas in the central, north and west. A small area in the west displays decreasing pre-
cipitation with low agreement. This spatial pattern is well reflected in the changes of flood
return periods. The south-east shows increasing flood frequency with mostly strong agree-
ment. The south-west shows decreasing flood frequency with low to moderate agreement.
Towards the north-west, a more mixed pattern can be observed.

In Ghana, a clear south-north divide can be observed with decreasing precipitation in
the south with low to moderate agreement. The south-west shows decreasing precipitation
with strong agreement. More than half of the country is projected with increasing precipi-
tation in the middle and north with low to moderate agreement. The return periods show
mostly decreasing with low to moderate agreement with the exception of some areas in
south-west and some few grids dotted around the country.

In India, increasing precipitation with moderate to strong agreement dominates the
country. Very small areas in the north, south-west and central-east show decreasing precip-
itation with low to moderate agreement. Nearly country-wide increasing flood frequency
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Fig.4 The model consistency of the projected changes in (a) annual total precipitation and (b) flood return p
period. The case for the warming scenario 4C above pre-industrial level is shown. The grid values range
from 0 (more model agreement on drier condition) to 5 (more model agreement on wetter condition). The
grid value 0 means five models agree that a annual total precipitation decreases, b floods become less fre-
quent; 1 means four models agree a decreases, b less frequent; 2 means three models agree a decreases,
b less frequent; 3 means three models agree a increases, b more frequent; 4 means four models agree a
increases, b more frequent; and 5 means five models agree a increases, b more frequent

can be observed with moderate to strong agreement, already at 1.5 °C warming, except for
the northern part of the Himalayan ranges showing decreasing flood frequency with strong
agreement, and low agreement of increasing flood frequency in some parts of the west.
Although the area exposed to additional flood risk does not increase much beyond 1.5 °C
warming, the flood hazard (and hence the population exposure to flood risk) in the country
continues to increase enormously as temperatures continue to rise.

4 Discussion
4.1 Effect of uncertainty in regional climate change projection

The uncertainty in risk projections for a specific level of warming stems from differences
in climate change patterns projected by various GCMs. The results from this study were
driven by 5 CMIP5 GCMs (see detail in Section 2.1). They well represent the overall
spread of the 23 CMIP5 GCMs for the 6 countries (see Figure S3 in the Supplementary
Material for specific details of the projected precipitation of the 23 GCMs). In general,
projections of annual total precipitation in Brazil and Egypt are dominated by decreases
amongst the 23 GCMs, increases in India and Ethiopia, and mixed in China and Ghana.
Very large variance in the model projections for all the 6 countries can be observed.

Projected changes and associated uncertainties in annual precipitation are consistent in
sign with IPCC AR5 WGII Figure RC-3 (RCP8.5 late twenty-first century), also indicating
that our use of a subset of five GCM patterns to diagnose future changes in precipitation
samples a reasonable proportion of the overall uncertainty in modelled precipitation across
the wider CMIP5 ensemble reported therein. Comparing projections across the five mod-
els, southern and eastern Brazil show divergent changes in precipitation; southern China
shows divergent, or even no, change; northern Egypt shows decreasing precipitation while
southern Egypt shows slight increases (although model agreement is poor); Ethiopia gen-
erally shows increasing precipitation with strong/very strong model agreement; most of
Ghana shows divergent changes, while most of India shows increasing precipitation with
strong or very strong model agreement.

4.2 Comparison with other studies

Most regional scale studies of the projected effects of climate change upon fluvial flood
risk have focused on Europe, so few exist for the regions examined in this study. Few coun-
try level analyses of flood risk have been published that consider Ethiopia, Ghana, Brazil,
or Egypt. Those available have mainly focused on China and India. Much of the previous
work, globally and for specific regions, has been the results of the ISI-MIP project. Most of
the existing studies project large increases in flood hazard metrics such as the return period
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of Q100, the magnitude of the Q30 flood, or the population exposed to fluvial flood risk,
in all of the six countries by the end of the century (Hirabayashi et al. 2013; Dankers et al.
2014; Arnell and Gosling 2016; Alfieri et al. 2017; Dottori et al. 2018). Across studies,
there is a lack of agreement in the size of the increases in risk, owing mostly to the driving
GCMs, the use of different hydrological models to simulate river flow (some studies do not
use a hydrological or a hydrodynamic model), or the use of various metrics to indicate risk.
Arnell et al. (2019a) also notes different indicators of hazard and impact are used in differ-
ent global-scale studies, which makes it hard to compare results.

Many of the existing studies focus on quantification of risk in different future climate
change scenarios, commonly RCP8.5 in the 2080s (e.g. Hirabayashi et al. 2013; Dankers
et al. 2014; Arnell and Gosling 2016). More recent studies have set out the explicit goal to
quantify the risks at specific warming levels (SWLs) (see e.g. Alfieri et al. 2017; Dottori
et al. 2018; Arnell et al. 2019b, a). They variously use socio-economic assumptions rang-
ing from no change to the selection of a particular socio-economic scenario.

Published studies of future flood risk in Ghana and Egypt mostly focus on coastal flood-
ing rather than fluvial flooding (Appeaning Addo et al. 2011; Mahmoud and Gan 2018).
Continental-level studies on projected changes in river flow across Africa report increased
flood risk in Ethiopia and Ghana (Miiller et al. 2014). McCartney et al. (2012) examined
projected changes to the return period of floods in the Volta basin in Ghana and found
some sub-basins are likely to see increases in the magnitude of higher return period floods
while others are projected to experience reductions. Some studies report different signs
of the change in risk using different climate and hydrological models. For example, Vet-
ter et al. (2017) analysed large river basins across the world and found that, in China and
Ethiopia, there was an inconsistency in the sign of change. Magrin et al. (2014) stated that,
for much of South America, there is low confidence in projections of changes in fluvial
floods due to limited evidence and complex regional variation. Studies on Brazil have so
far mainly focused on pluvial floods and coastal floods (Debortoli et al. 2017). Research
into projected changes in streamflow in Brazil often shows reductions in water availability
and increased drought (e.g. Nobrega et al. 2011; Montenegro and Ragab 2012). For India,
Hallegate et al. (2010) and Ranger et al. (2011) projected an increase in the population
affected by high return period floods. Some studies (e.g. Ying et al. 2014; Wu et al. 2017)
projected an expansion of the highest flood risk areas in China, with the southeast of the
country generally seeing the greatest increase in risk. Table S4 in the Supplementary Mate-
rial provides a more detailed summary of the existing studies of flooding risks at a global
or country level with a focus on the six countries selected in this study.

We compared our finding of changes in flood frequency with that of the study by (Hira-
bayashi et al. 2013). Although they used 11 CMIP5 GCMs (not including the 5 GCMs used
in this study) coupled directly with CaMa-Flood and the use of RCP8.5 scenario for 21C
(2071-2100) relative to 20C (1971-2000), it is considered the most comparable study given
the uses of the CaMa-Flood model and the Q100 as the flood magnitude. Both studies pro-
jected increasing flood frequency along the Nile river in Egypt, nearly the whole of India,
northern China and north-west of Brazil, mostly with moderate to strong model agreement.
The increasing flood risk along the Nile river within Egypt is likely due to the increasing pre-
cipitation projected in the south of Egypt and its upstream countries such as Sudan and Ethio-
pia, even though precipitation is projected to decrease in a large part of Egypt, in particular the
north with strong model agreement. There are also different findings between the two stud-
ies. Hirabayashi et al. (2013) projected increasing flood frequency in southern Ghana, most of
Ethiopia and the whole of China, but we found decreasing flood frequency in southern Ghana,
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some parts in the west of Ethiopia, and a very mixed pattern in north-west, south-east and cen-
tral China. This could be due to the use of a completely different set of driving GCMs.

In terms of percentage change of population exposure, we compared our finding with that
of the study by Alfieri et al. (2017). They used 7 CMIP5 GCMs (3 of them are included in this
study) and downscaled with EC-EARTH3-HR. They used population estimates for the year
2015 from the Global Human Settlement Layer Global Population Grids (M. Pesaresi et al.,
2013; S. Freire et al., 2015). With a 4C scenario, they reported 445% (Brazil), 442% (China),
170% (Egypt), 18% (Ethiopia), 54% (Ghana) and 2409% (India) increase of population expo-
sure. We found 589%, 202%, 5662%, 254%, 624% and 2765% for the six countries, when only
climate change is considered and population remains at the levels reached in 2000. For Brazil
and India, the two studies have comparable numbers. Our estimates are much lower for China.
It could be due to projection of decreasing flood occurrence and also disagreement in the 5
driving GCMs in some parts of the north-west, south-east and central China. Our estimates for
Egypt, Ethiopia and Ghana are much higher. The population in Egypt is mostly concentrated
along the Nile floodplain which coincides with the places where increased flood occurrences
are projected. The model agreement is mostly low to moderate along the Nile floodplain.
More driving GCMs may be required to arrive at a more robust projection. For Ethiopia and
Ghana, we project much larger percentage increases of population exposure which could be a
result of higher increasing flood occurrences projected in our study.

Figure S1 in the Supplementary Material shows the percentage changes of population
exposure with and without population changes in 21C at the six climate scenarios. The pro-
jected population percentage changes based on SSP2 in 21C relative to the year 2000 are
12% (Brazil),—37% (China), 94% (Egypt), 203% (Ethiopia), 195% (Ghana) and 62% (India).
Amongst the six countries, China is the only country with a negative population projection.
It should be noted the population exposure in this study calculates the sum of the popula-
tion living in the modelled inundation areas in which annual maximum discharge exceeds the
Q100-20C flood. But in Alfieri et al (2017), the authors account for all floods exceeding flood
protections in any given place. This means the latter accounts for multiple flooding events per
year while we only account for the maximum, which translates to a much higher population
exposure compared to our study. The two studies also used different population data sets for
the baseline time period.

Quantification of flood risk is uncertain even in the absence of climate change. Global
scale analyses variously estimate the mean annual population exposed to fluvial flooding
risk in 20C to be 54 million (1976-2005) in Alfieri et al. (2017), 109 million (1995-2015) in
UNISDR and CRED (2015), 5.6 million (1971-2000) in Hirabayashi et al. (2013), 805 mil-
lion (1970-2005) in Jongman et al. (2012), and 81 million (1975-2001) in Jonkman (2005).
It means there is a large disagreement amongst existing studies by using different time peri-
ods defined as 20C, population datasets, methods for accounting for population exposure, and
methods for definitions of floods. More studies are needed to provide more estimates to build
an envelope of numbers and derive a confidence interval. It also means the flood modelling
community needs to agree on a common platform to work on to make results comparable.

5 Conclusion
We have applied 5 CMIP5 GCMs to drive the HBV and CaMa-Flood models at six

specific warming scenarios to quantify impacts of climate and population changes on
floods in the time period 21C (2086-2115) relative to the baseline time period 20C
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(1961-1990). The impact measures used in this study include changes in flood return
period and population exposure. The 1 in 100-year river discharge (Q100) was used as
the specific flood magnitude. We projected an increase in flood frequency along the Nile
river in Egypt, the whole of India, northern China and north-west of Brazil, with mostly
moderate to strong model agreement. This is consistent with the results reported in
IPCC AR5 WGII. We however projected decreasing flood frequency in southern Ghana,
parts in the west of Ethiopia, and a very mixed pattern in north-west, south-east and
central China, which is inconsistent with the results reported in IPCC AR5 WGII.

Limiting warming to 1.5 °C would greatly reduce flood risk and ultimately human
exposure to floods in all of the six countries studied. 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 Q100-20C,
rising to 54%, 81%, 28%, 82%, 86% and 96% with 4 °C warming. The decrease in return
periods leads to increased human exposure to flood risks, particularly with 4 °C warm-
ing, 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. Limiting warming to 1.5 °C would avoid
much of these increased risks, resulting in increases of 24%, 12%, 1266%, 54%, 86%
and 239%.

There are a number of limitations. Firstly, there are uncertainties in our approach to cli-
mate projections. We assumed that future climate variability at the daily timescales is the
same as in the present-day observations (changes in the mean climate and in the monthly
timescale variability of precipitation are represented). We used simulations driven by only
5 CMIP5 model patterns. Secondly, uncertainties due to the hydrological and hydrody-
namic models were not considered in this study as it is believed the uncertainties due to
climate model projections dominate the total uncertainties (Kay et al. 2009; Giuntoli et al.
2015; Vetter et al. 2017; Her et al. 2019). Thirdly, the study does not consider non-climatic
factors, such as flood defences and dams, and can therefore lead to over/under-estimation
of inundation areas and population exposure. Using Q100 as the flood magnitude can avoid
such problems in countries where flood defences are designed at protection levels lower
than the 100-year return flood. Future studies can take into consideration flood protec-
tion levels to obtain more robust estimation. In addition, both current and future adapta-
tion strategies for flooding can also affect the estimation. The FLOPROS dataset, which
is an evolving global database of flood protection standards (Scussolini et al. 2016), could
also add value to such impact assessment by taking flood protection standards into con-
sideration. Fourthly, the study does not consider landcover changes. Future studies should
account for land use in the model parameterisation by using possibly regionalisation tech-
niques or other ways. Finally, the glacier runoff and snow melt in mountainous regions are
not considered in this study. In future studies, a global glacier model can be added to the
modelling chain to account for glacier changes and the impacts on water resources due to
global warming.

We highlight the need for more detailed country or basin level studies similar to what
has been undertaken in ISI-MIP but with more consistent uses of GCMs, models, time
periods, population projections and more importantly impact measures. The latter will
allow a better comparison within and between countries, which can provide important sci-
entific evidence to assist policy making.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10584-021-03289-5.
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