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With an estimated 357.7 million internal displacements caused since 2008, weather-
related disasters are a major driver of human mobility worldwide. As climate change
is projected to increase the frequency and intensity of extreme weather events in
many parts of the world, it is important to better understand how trends in weather
patterns related to global warming have affected the intensity of disasters that have
caused displacements. Here we combined observational and counterfactual climate
data with global internal displacement records to estimate how climate change
has affected precipitation and wind speeds at the time and location of floods and
storms that led to internal displacements. We estimate that, on average, climate
change increased precipitation and decreased wind speeds during such events by
+3.7% and—1.4%, respectively. However, the variability across events is considerable
(£28.6 and+6.6%, respectively), highlighting the large signal of natural variability
of the weather system as compared to the global warming signal. Our results
caution against overstating the role of climate change in displacement-inducing
disasters in the past, especially compared to socio-economic and development
factors of vulnerability and adaptive capacity that determine whether weather-
related hazards turn into disasters.’
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Introduction

Weather-related disasters represent a major cause of global population displacements.
Between 2008 and 2023, floods, storms, wildfires, droughts, and extreme temperatures
triggered around 357.7 million internal displacements worldwide (IDMC, 2024). Projected
increases in the number of extreme precipitation events (Bador et al., 2018; Donat et al., 2016),
heatwaves (Veehl and Tebaldi, 2004; Sillmann et al., 2013), and in the intensity of tropical
cyclones (Knutson et al., 2010; Walsh et al., 2016) in coming decades due to global warming
have amplified concerns over the potential consequences for involuntary migration. While an
increasing direct and indirect role of global warming for human mobility is undisputed (IPCC,
2014; Piguet et al., 2011), the specifics of how many people are likely to move when and where
as the result of climate change impacts remain subject to large uncertainties (Beyer et al.,
2023). A series of estimates placing the number of future international migrants driven by
sudden-or slow-onset climate-related hazards in the order of hundreds of millions to a billion
(Barnett, 2001; Biermann and Boas, 2017; Christian, 2007; Myers, 2002) have been met with
criticism, characterising them as inflated, alarmist, and lacking scientific rigour (Black, 2001;
Castles, 2002; Gemenne, 2011; Kolmannskog, 2008). Biased estimates of the role of climate
change in displacements triggered by disasters pose a serious issue as they can compromise
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effective decision making by national and international stakeholders,
including humanitarian, legal, development, and security agencies
(Ferris, 20205 Stott and Walton, 2013). In addition, over-estimation of
climate change impacts in the political discourse entails the risk of
diverting attention from important socio-economic issues underlying
the local vulnerability to displacements, and hindering disaster risk
reduction and preparedness measures (Hulme, 2011; Lahsen and
Ribot, 2022; Raju et al., 2022; Ribot, 2014).

The past two decades have seen substantial progress on the attribution
of observed extreme weather events and disasters to anthropogenic
climate change (Clarke et al., 2023; Otto, 2017; Stott et al., 2016; Swain
etal,, 2020). Strong evidence has been presented in particular for human
influence on temperature extremes and heatwaves (Christidis et al, 20115
Christidis et al., 2005; Fischer and Knutti, 2015; Perkins et al., 2012; Stott,
2003). For extreme precipitation events and storms, evidence tends to
be more mixed (Stott et al., 2016). While at the global scale, a significant
increase in the frequency of extreme precipitation events linked to global
warming has been established (Lehmann et al., 2015; Papalexiou and
Montanari, 2019), robust signals for intensifications of observed
precipitation extremes emerge only for a minority of land areas, and
statistical trends are often nonsignificant unless based on spatially
aggregated data, due to a high degree of natural variability (Alexander
et al,, 20065 Christidis et al,, 2005). Analyses of human influence on
observed storm patterns, including the best-studied instance of tropical
cyclones, has also produced mixed results (Knutson et al., 2010; Patricola
and Wehner, 2018), though, there is evidence that the proportion of
intense tropical cyclones has increased due to global warming (Seneviratne
et al, 2021). As in the case of precipitation extremes, large internal
variability and spatial heterogeneity complicate attribution exercises.

While the biophysical impacts of climate change are increasingly well
understood (Portner et al., 2022), human responses to climate-related
hazards, in particular with regard to mobility, continue to be subject to
major uncertainties (Horton et al.,, 2021). Here, we contribute to closing
this gap by investigating the effect that the changing climate has had on
weather-related disasters that led to internal displacements. Classical
event attribution approaches (Otto, 2017; Stott et al., 2016; Swain et al.,
2020) are not suitable for the scale of this exercise, as that they involve
tailored in-depth analyses of individual events. Climate model simulations
based on factual and counterfactual atmospheric greenhouse gas
concentration (Eyring et al.,, 2016) are not suitable either: although they
may replicate the overall internal variability of the weather system, the
timings of simulated and observed specific weather events generally do
not coincide, so that such data cannot easily be linked to social events.
Impact attribution framing provides a solution to this problem by
rephrasing the attribution question to ‘What has been the influence of the
long-term mean climatic trend observed in the past century on weather
phenomena?” (Mengel et al., 2021; O’'Neill et al., 2022). Removing this
long-term trend from observational data allows for a first-order
approximation of the role of climate change in extreme events.

Here, we examined the impact of the changing climate on
displacement-inducing disasters in the form of floods and storms, the two
major causes of weather-related internal displacements worldwide -
accounting for 97% of documented events (IDMC, 2024) as the result of
their oftentimes sudden, immediate, widespread, and difficult-to-mitigate
impacts compared to other hazards. By definition, internal displacements
occur when “persons or groups of persons [are] forced or obliged to flee or
to leave their homes or places of habitual residence, in particular as a result
of or in order to avoid the effects of [drivers including] natural or
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human-made disasters, and who have not crossed an internationally
recognised State border” (IOM, 2019). Here, we used geocoded global
records of flood-and storm-induced internal displacements during 2017-
2021, and compared precipitation and wind speed, respectively, observed
during the events, against corresponding counterfactual data assuming no
historic climate change trends since 1900. The distribution across events of
the differences between the factual and counterfactual data provides a first
estimate of the degree to which human influence on climate has globally
affected the severity of displacement-inducing floods and storms until now.

Methods
Displacement data

Records of disaster-induced internal displacements worldwide,
including information on the country, type of disaster, event start date,
and number of displacements, have been compiled by the Internal
Displacement Monitoring Centre since 2008 (IDMC, 2024), though,
systematic sub-national geographical information has been
incorporated by monitoring experts only since 2017. For these events,
geographical coordinates were defined as the centroid of the specified
administrative unit or units, using the OSMNames database (UN
Statistics Division, n.d.). Details on the monitoring methodology—
involving the collection of data from sources including national and
subnational government authorities, UN agencies and other
international organisations, related global databases, civil society
organisations, news media outlets, and other entities—and caveats
associated with the displacement data are available.! Our final dataset
includes 3,640 flood-induced and 2,284 storm-induced events across
154 and 136 countries, associated with a total of 39,477,764 and
49,993,210 recorded internal displacements, respectively, between
2017 and 2021. In terms of spatial resolution, 3.3% of these events
were documented at national-level, 66.0% at the first sub-national
administrative level, 0.1% at the second sub-national level, and 30.7%
at the third sub-national level. Across events, the median size of the
administrative units recorded as the locations of the disaster is
11,026km? (with a median absolute deviation across events of
10,943 km?); making the spatial resolutions of the displacement and
of the climate data (see below) be of a similar order of magnitude.

Observed and counterfactual climate data

Our analysis uses historical global gridded observational climate
based on three alternative reanalysis datasets: 20crv3-ERA5 (Hersbach
etal,, 2020; Slivinski et al., 2019), GSWP3-W5E5 (Cucchi et al., 2020), and
20CRv3-W5E5 (Compo et al., 20115 Slivinski et al., 2019). These data are
available on a 0.5° grid (~3,100km” at the equator), at daily resolution, and
across 2017-2021 in the case of 20crv3-ERA5 and 2017-2019 for the
other two datasets. For each of the three datasets, Mengel et al. (2021)
generated counterfactual daily climate data, in which long-term trends
related to global mean temperature change since 1900 were removed from
climate variables. To achieve this, Mengel et al. (2021) estimated

1 https://www.internal-displacement.org/monitoring-tools

frontiersin.org


https://doi.org/10.3389/fclim.2024.1260028
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.internal-displacement.org/monitoring-tools

Beyer et al.

global-warming-related shifts in the statistical distribution of a given
climate variable as follows. Assuming a smooth annual cycle, the
parameters of the distributions were characterised by a set of Fourier
modes, whose coefficients were represented by linear models that include
global mean temperature change as a predictor. Counterfactual
equivalents of these distributions then followed from setting global mean
temperature change to its value in 1901. Finally, counterfactual daily
climate time series were derived via quantile mapping, which ensured that
the factual and counterfactual data for a given day maintain the same rank
within their respective statistical distributions. In particular, and
importantly, the timing of extremes is preserved in the counterfactual,
which allows for a consistent like-for-like comparison of the observed and
counterfactual data at the timing of the social impact. As such, our
method of comparing observational and counterfactual climate
circumvents the challenges associated with the scalability of individual
event attribution and with the non-comparability of extreme events
obtained from climate model simulations based on factual and
counterfactual scenarios (see Introduction). The observational and
counterfactual climate data are available.”

Here we did not attempt to further spatially or temporally downscale
the observational and counterfactual data. While extreme precipitation
and wind speed events can be very localised, our analysis is fundamentally
constrained by the coarse resolution of the displacement data (see
previous section); higher-resolution climate data would therefore not
improve our ability to assess precipitation and wind speed at displacement
sites. Independently of this issue, increasing the spatial or temporal
resolution of the climate data would entail its own uncertainties (Lafferty
and Sriver, 2023), likely even more so in the case of the counterfactual
data. In this regard, we consider the 0.5°, daily resolution of the data a
good compromise between robustness and granularity. Lastly, our analysis
examines the relative change between observed and counterfactual
conditions (see next section); as a result, some downscaling methods,
such as the delta method that applies a constant high-resolution anomaly
to the lower-resolution data (Beyer et al., 2020; Navarro-Racines et al.,
2020), would not affect our results.

Estimating climate change effects

For each disaster causing internal displacements, we compared the
observational against the counterfactual climate data at the relevant time
and location to estimate to what extent the historical climate trend has
increased or decreased the relevant variable. Denoting the observed and
the counterfactual daily precipitation at location x and date # by Pyps (x,¢)
and P (x,t ), respectively, we computed for each flood-induced internal
displacement event the relative change in precipitation at location x and
date 7 that is related to climate change as

AP(X t) _ IJ()bS (x,t) - R:fc (x,t)
’ PCfC (xat) )

Thus, AP(x,t)=+100% means that the observed precipitation
at location x and date # was double the precipitation estimated for the

2 https://data.isimip.org/
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no-climate-change scenario, while AP(x,1)=-50% means that it
was half.

An important caveat associated with our approach for floods is
that we consider precipitation at the location of the disaster recorded
by IDMC (2023) while in reality it could have been the result of heavy
precipitation further upstream. Given the lack of information on the
specifics of the displacement-inducing floods, including their exact
location within administrative units, combined with the high
complexity of geo-hydrological dynamics at the global scale, here,
we take the simplifying assumption that the climate-change-induced
change in precipitation at the disaster location is a reasonable proxy
for the change in the precipitation that caused a flood. The relatively
coarse spatial resolution of our climate data (~3,100km? at the
equator) may lend support to this assumption. Philip et al. (2020)
discuss alternative approaches.

We defined the average effect of climate change on precipitation
during displacement-inducing floods as the weighted median of the
estimated changes across all events, {AP (x,t )} xto where we chose the
weight assigned to each estimate as the logarithm of the number of
displacements, thus assigning greater weight to events that affected more
people. The weighted median absolute deviation as well as summary
statistics used to generate violin and boxplots representing the distribution
of the {M(x,t)?

For storm-induced displacements, we proceeded analogously,

x¢ across events were computed accordingly.

computing the relative change in wind speed related to climate
change as

Wobs (x,t) —Wete (x,t)

AW (x,t)=
(1) Weto ()

s

where Wops (x,t) and W (x,t) denote the observed and
counterfactual near-surface wind speed, respectively, at location x and
date 7. Displacement-weighted summary statistics of the set
{AW(X,I )}x , Were computed as in the case of precipitation.

Given the extended temporal coverage of the 20crv3-ERA5
observational and corresponding counterfactual climate data, our
main results of the estimated distributions of AP(x,t) and AW (x.¢)
focus on this dataset. In a supplementary analysis, we provide the
corresponding distributions based on GSWP3-W5E5 and 20CRv3-
WH5ES climate to assess the robustness of our estimates.

In addition to a global analysis across all flood and storm
displacement locations x, we determined the climate change effect
across UN subregions (UN Statistics Division, n.d.) to examine
patterns across smaller spatial scales.

Flood and storm displacements can be the result of extreme weather
that takes place not only on the recorded dates of displacements but
already in the days leading up to events. To assess the robustness of our
analysis in this regard, we conducted a supplementary analysis estimating
the climate change effect not for weather conditions on the displacement
date but based on the observed and counterfactual total precipitation
across the 3days leading up to flood displacements (including the
displacement date) and based on the observed and counterfactual mean
wind speed across the 2 days leading up to storm displacements.

Because [DMC (2023) uses the same terminology as the original
source when reporting displacement figures and the available data do
not include multiple hazard types, it is possible for the cause of an
event to be categorised as ‘storm’ when in reality the main driver of
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displacement was flooding associated with the storm. To examine
potential consequences of this issue for our findings, in a
supplementary analysis, we also estimated the effect of climate change
on precipitation instead of wind speed at the location and date of
storm displacements.

10.3389/fclim.2024.1260028

Results

The estimated effects of climate change on daily precipitation and
wind speeds during disaster-inducing flood and storm events are
characterised by a high degree of spatial heterogeneity (Figure 1). Using

Effect of climate change on precipitation during flood displacements
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FIGURE 1

Marker sizes represent the displacement magnitude.

Number of displacements

Estimated effect of climate change on daily precipitation and wind speeds during floods and storms that triggered internal displacements in 2017-
2021. Marker colours represent the increase or decrease in the relevant variable related to climate change, relative to the counterfactual scenario.
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20crv3-ERA5 climate data, we estimate that climate change increased
precipitation during displacement-inducing floods by an across-event
average of +3.7% and decreased wind speed during displacement-
inducing storms by —1.4% (Figures 2C,D). The variation across events
(median absolute deviation of +28.6% for precipitation, +6.6% for wind
speeds) is substantial in relation to the median effects.

The estimated changes in wind speeds related to climate change
did not change significantly over time (Figure 2C; p=0.53). Those for
precipitation increased significantly over time (Figure 2A; p=0.031);
however, this significance disappears when removing the very few
data points from the year 2017 (p=0.059).

There is a moderate spatial variability of the estimated climate change
effect across different world regions (Figure 3). Median effects on precipitation
during flood displacements range from —13% for Eastern Asia to +40% for
Northern Africa, while median effects on wind speed during storm
displacements range from —13% for Melanesia to +3.8% for Western Asia. In
most cases, region-specific interquartile ranges overlap with the previously
reported median effects of +3.7% and — 1.4% for precipitation and wind speed
estimated at the global level.

The climate change effect distributions estimated based on 20crv3-
ERAD5 observational and counterfactual climate data (Figure 1) are very
similar for the alternative GSWP3-W5E5 and 20CRv3-W5E5 data
available only up to 2019 (see Methods; Supplementary Figure 1).
Estimating climate change effects based on observational and
counterfactual conditions during the days leading up to events rather than
solely on the recorded date (see Methods) also led to very similar results
as those in our main analysis (Supplementary Figure 2). Considering
precipitation rather than wind speed during displacement events classified

10.3389/fclim.2024.1260028

as storm-induced resulted in an estimated average effect of climate change
on precipitation of +7.0% (£27.6%; Supplementary Figure 3), somewhat
higher than the average effect estimated during flood displacements.

Discussion

Our analysis suggests that mean climate trends since 1900 increased
precipitation at the time and location of floods that caused internal
displacements by an average of +3.7% and decreased wind speeds during
displacement-inducing storms by an average of —1.4% (Figures 2B,D).
However, in both cases, the variability in the effect of climate change
across events—estimated at +28.6 and+6.6%, respectively—is
considerable in relation to the average, highlighting the large natural
variability of the weather system and the fact that global warming is one
of many determinants (Schwarzwald and Lenssen, 2022). The marked
variability of the estimated climate change effects in some cases within
small geographical regions (Figure 1) is the result of spatial heterogeneities
even in the long-term average of the climate change effect, e.g., in Eastern
Africa, Mengel et al. (2021) and of the daily time scale of our analysis,
which can introduce divergent results between two events that are close
in location but distant in time even when there is a broadly homogeneous
long-term spatial pattern in the region. The relatively weak signal
identified in our analysis for precipitation and wind speed in the special
case of displacement-inducing disaster events is consistent with earlier
attribution literature finding weakly or non-significant trends in the
intensity of precipitation extremes in many areas as the result of high
natural variability (Alexander et al., 2006; Christidis et al., 2005) and no

Effect of climate change on precipitation during flood displacements
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FIGURE 2
Estimated changes in observed relative to counterfactual daily precipitation and wind speeds during floods and storms that caused internal
displacements. (A,C) Scatter plots of the event-specific estimated relative differences AP(x,t) and AW(x,t) related to climate change, plotted against
time and with displacement magnitudes represented by marker sizes. (B,D) Distributions of AP(x,t) and AW(x,t) across all events, represented by violin
and boxplots. Blue lines, black boxes, and black whiskers represent weighted medians, upper and lower quartiles, and 10th and 90th percentiles,
respectively.
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FIGURE 3
Estimated changes in observed relative to counterfactual precipitation and wind speeds during displacement-inducing disasters disaggregated by
world region. Bar chats are analogous to those in Figures 2B,D. Only regions with more than three data points are shown.

strong signal in the historical effect of climate change on the intensity of
storms (Knutson et al., 2010; Patricola and Wehner, 2018).

Our results challenge disaster displacement framings that place too
strong an emphasis on climate change. Earlier work has pointed out—
without in any way diminishing the role of global warming on extreme
weather patterns or the importance of attribution science—a risk of
climate-centric disaster framing downplaying the infrastructural, socio-
economic, and political factors that determine local vulnerability and
adaptive capacity, and the degree to which environmental hazards turn
into disasters (IDMC, 2021; Lahsen and Ribot, 2022; Raju et al., 2022).
Our quantitative analysis, suggesting highly spatio-temporally
heterogeneous effects of historical climate trends on the intensity of
precipitation and wind during flood-and storm-induced displacement
events, at the global, regional, and subregional level (Figures 1-3), cautions
against overstating the overall role of climate change in these events.

While our analysis did not suggest a robust increase in the
examined climate change effect over time (Figures 2A,C), this may

Frontiers in Climate

be a consequence of the relatively short period for which internal
displacement data are available. Long-term future projections of
increases in extreme precipitation and storms in many parts of the
world (Portner et al., 2022) highlight that it remains important to
closely monitor the role of climate change in displacement-inducing
disasters events, and assess its contribution relative to other factors.
Given that the counterfactual climate data used in our analysis is
based on the removal of the long-term mean climatic trend observed
in the past century, it is important to reiterate that climate extremes
may evolve differently from mean climate and that trends in extreme
percentiles may not be fully captured in our approach. To examine this
issue in depth, extreme wind and precipitation trends would need to
be analysed individually. An additional natural next step to our
analysis would be the incorporation of explicit flood models (Kumar
etal., 2023; Trigg et al., 2021) instead of using local precipitation as a
proxy. While these models come with their own uncertainties,
comparing flood simulations based on observed and counterfactual
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climate would provide a more mechanistically rooted framework,
taking into account interacting climate drivers (Zscheischler and
Lehner, 2022), for assessing climate change impacts.

The relationship between climate-related disasters and human
displacement is highly complex and context-specific (Beyer et al., 2023;
Schewel et al., 2024). Tt is therefore important to re-emphasise that our
results refer only to the effect of global warming on climate factors that
led to internal disaster displacements, not on the magnitudes of
displacement. The latter would require integrating observed and
counterfactual climate into comprehensive quantitative models of climate-
related displacements. While global-scale efforts in this direction have
been made for slow-onset climate mobility (Benveniste et al., 2022;
Clement et al., 2021)—though, not without limitations (Beyer et al.,
2023)—fast-onset disaster displacement modelling is still at a very early
stage. With this said, current trends in the increase of relevant data as well
as advances in modelling techniques leave room for optimism with regard
to a better quantitative understanding of the effect of climate change on
disaster displacements.
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