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Abstract. Extreme weather events, such as tropical cyclones,
often trigger population displacement. The frequency and in-
tensity of tropical cyclones are affected by anthropogenic cli-
mate change. However, the effect of historical climate change
on displacement risk has so far not been quantified. Here,
we show how displacement can be partially attributed to cli-
mate change using the example of the 2019 Tropical Cyclone
Idai in Mozambique. We estimate the population exposed to
high water levels following Idai’s landfall using a combina-
tion of a 2D hydrodynamical storm surge model and a flood
depth estimation algorithm to determine inland flood depths
from remote sensing images, factual (climate change) and
counterfactual (no climate change) mean sea level, and max-
imum wind speed conditions. Our main estimates indicate
that climate change has increased displacement risk from this
event by approximately 12 600-14 900 additional displaced
persons, corresponding to about 2.7 % to 3.2 % of the ob-
served displacements. The isolated effect of wind speed in-
tensification is double that of sea level rise. These results are
subject to important uncertainties related to both data and
modeling assumptions, and we perform multiple sensitivity
experiments to assess the range of uncertainty where possi-
ble. Besides highlighting the significant effects on human-
itarian conditions already imparted by climate change, our
study provides a blueprint for event-based displacement at-
tribution.

1 Introduction

Between 1980 and 2021, an average of 45 tropical cyclones
(TCs) globally have been recorded per year (Guha-Sapir et
al., 2022). TCs pose a set of societal risks to coastal com-
munities around the world. While related monetary losses
are high, with an average of USD 57.2 billion every year
since 2008 (Guha-Sapir et al., 2022), TCs also displace an
average of 9.3 million people every year, with this hazard
being responsible for 43 % of all weather-related displace-
ments (IDMC, 2022). Such forced displacements are asso-
ciated with human suffering, as well as substantial financial
costs (e.g., for providing shelter or from loss of economic
production), and often require international assistance for
disaster relief funds and humanitarian response (Desai et al.,
2021).

At the same time, global climate change is expected to
alter TC characteristics, resulting in an increase in overall
TC intensity (maximum wind speed and precipitation) and
hence in the frequency of very intense TCs (category 4—
5 on the Saffir-Simpson scale) (Knutson et al., 2020). Pri-
marily, this is the result of an increase in potential intensity
due to warmer sea surface temperatures (SSTs) (Emanuel,
1987, 2005, 2013). Sea level rise (SLR), also driven by global
warming, additionally compounds coastal flood risk associ-
ated with TCs (e.g., Garner et al., 2017; Lin et al., 2012; Re-
sio and Irish, 2016). Historic TC data records are short and
partially inconsistent, making it difficult to determine the de-
gree of intensification over time despite observed changes in
some basins, such as the southern Indian Ocean (Knutson et
al., 2019; Kossin et al., 2007, 2013; Webster et al., 2005).
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Figure 1. Trajectory of Tropical Cyclone Idai over the southern Indian Ocean. Trajectory data are based on the IBTrACS database (Knapp et
al., 2010). Mozambican administrative boundaries (GADM, 2018) in white; satellite image background by © Google Maps (Google Maps,
2022a). Dates and tropical cyclone status adopted from ReliefWeb (ReliefWeb, 2019a).

Moreover, existing TC datasets often focus on maximum
wind speed, neglecting coastal and inland flooding which
may be the dominant hazards, e.g., as for Hurricane Kat-
rina or Hurricane Harvey (Bloemendaal et al., 2021). Paleo-
climate records (Lin et al., 2014; Nott and Hayne, 2001)
and synthetic TC tracks (Bloemendaal et al., 2020, 2022;
Emanuel et al., 2006) can be used to extend TC records.
However, sediment availability is limited to a few coastal
stretches, and the statistical resampling process incorporates
only the average observed climatic conditions, hampering
the assessment of global climate change impacts over longer
time periods (Bloemendaal et al., 2020). Nonetheless, given
that global mean surface air temperature and sea level have
already risen above pre-industrial conditions by about 1.1 °C
and 0.20 m, respectively (Gulev et al., 2021), it is likely that
recent TC landfalls have caused more severe societal impacts
than would be expected without climate change. A prob-
abilistic attribution addressing this topic is limited by the
shortness of TC records (Trenberth et al., 2015) and may be
additionally affected by multidecadal variability (e.g., the At-
lantic Multidecadal Oscillation) or interannual climate vari-
ability (e.g., the El Nifio—Southern Oscillation) (Patricola and
Wehner, 2018). As a consequence, the portion of TC-induced
human displacements attributable to climate change has so
far not been quantified.

In this study, we address this research gap for the partic-
ular case of displacement triggered by TC Idai in 2019. We
examine the floods in central Mozambique associated with
TC Idai, considered to be “one of the Southern Hemisphere’s
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most devastating storms on record” (Warren, 2019). On the
14th of March, Idai made landfall near the densely populated
port city of Beira, inhabited by more than 530000 people
(Fig. 1). Alongside strong winds (maximum 1 min sustained
winds of 180kmh~"') and extensive inland flooding caused
by heavy rainfall, the cyclone also created a storm surge of
up to 4.4 m, leading to coastal flooding centered at the port
city of Beira (Probst and Annunziato, 2019). In Mozambique
alone, TC Idai claimed the lives of more than 600 people and
caused 478 000 internal displacements, as well as widespread
structural damage totaling more than USD 2.1 billion (Guha-
Sapir et al., 2022; IDMC, 2022).

Here, we investigate how the coastal flooding would have
manifested in a counterfactual world without climate change
and, consequently, how many of the observed human dis-
placements from TC Idai could be linked to climate change.
For the attribution of the impacts we follow the storyline ap-
proach introduced by Shepherd (2016). To this end, we ac-
count for two known mechanisms through which global cli-
mate change could have affected coastal flood hazard: SLR
and amplification of storm intensity. Storm track and size are
not changed, even though both parameters are subject to the
effects of climate change (Knutson et al., 2019, 2020). We
first estimate the influence of climate change on sea level
and TC intensity in the southern Indian Ocean. We employ
a high-resolution hydrodynamic flood model to simulate TC
Idai’s peak coastal flood extent and depth, both under his-
torical conditions and under counterfactual conditions with
lower sea levels and lower maximum wind speed, corre-
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sponding to a world without climate change. We addition-
ally use satellite imagery to account for inland (fluvial and
pluvial) flooding and estimate the total number of people af-
fected by flooding. We then model the number of displace-
ments based on flood-depth-specific vulnerability factors and
estimate the fraction of displacements that can be attributed
to climate change by comparing results under factual vs.
counterfactual conditions.

We use an estimate of SLR that attempts to separate natu-
ral variability in ice sheet and glacier mass balance and retain
only the long-term trend induced by global warming (Strauss
etal.,2021). Beyond this, however, our analysis is indifferent
to whether the trends in sea level and TC intensity are anthro-
pogenic or not. This is in line with the definition of impact at-
tribution put forward by the Intergovernmental Panel on Cli-
mate Change (IPCC), where “changes in natural, human, or
managed systems are attributed to [a] change in [a] climate-
related system” (O’Neill et al., 2022). Such a question can be
separated from the climate attribution question of whether
the change in the climate-related system — here, sea level
and TCs — is due to anthropogenic forcing. This separation
allows us to focus on the link between climate change and
displacement despite remaining uncertainty about the exact
anthropogenic contribution. We will return to this issue in
the discussion.

This study aims to attribute coastal-flood-induced human
displacements from TC Idai to historic climate change using
a quantitative modeling approach. It addresses the need for
insights into the human impacts of climate change globally
and in particular in countries like Mozambique that suffer
from a combination of high exposure to climate-related haz-
ards — in this case, TCs — and high socioeconomic vulner-
ability. Moreover, Mozambique, like many other countries,
is characterized by the limited availability of in situ obser-
vational data and a lack of calibrated, local-scale inundation
models. We use remote sensing data and a globally applica-
ble modeling framework to characterize flood exposure dur-
ing TC Idai; reported displacement data are retrieved from
the Global Internal Displacement Database (GIDD). Our ap-
proach is thus transferable to other cases in virtually all rele-
vant countries.

2 Methods
2.1 Counterfactuals

Constructing counterfactuals for sea level and TC intensity
requires estimating the effect of historical climate change
on these quantities. Total global mean sea level has risen
by approximately 230 mm since the turn of the 20th cen-
tury (Church and White, 2011) and at a rate that has in-
creased over time (Dangendorf et al., 2017). According to
the IPCC, it is very likely that the rate of global mean SLR
was 1.5 (1.1 to 1.9)mmyr’] between 1902 and 2010 and
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3.6 (3.1 to 4.1)mm yr’1 between 2006 and 2015 (Gulev et
al., 2021). Nonetheless, regional changes in sea level may
differ substantially from the global average due to shifting
surface winds, the differential expansion of warming ocean
water, and the addition of melting ice, which can alter the
ocean circulation (Fox-Kemper et al., 2021). Additionally,
increases in the amount of water stored on land (due to con-
struction of dams and reservoirs), as well as land subsidence,
have also affected total sea level, with their relative effects
varying geographically (Church et al., 2004; Strauss et al.,
2021).

Long-term in situ observational records of SLR are scarce
in the Indian Ocean (Han et al., 2010), hampering a pre-
cise detection of changes in sea level. For example, no active
tide gauge stations can be found on the coast of Beira (Beal
et al., 2019), with the nearest station located in Inhambane,
Mozambique, 448 km south of Beira. However, regional his-
torical SLR rates for Mozambique, derived from satellite im-
agery or models, are close to global mean estimates. [PCC
rates of change in sea surface height (geocentric sea level)
derived from satellite altimetry show regional SLR off the
coast of Mozambique at around 4.0 mm yr~! for the period
1993-2012 (Church et al., 2013). Climate-induced SLR on
the southeastern African coastline (1993-2015) is estimated
at ~3.5mmyr~! using a coastal-length weighted approach
(Nicholls et al., 2021). Han et al. (2010) estimate regional
Mozambican SLR at approximately 1.2mmyr—! between
1961-2008.

Given that these regional estimates are close to the global
mean estimate by the IPCC, we assume that total SLR near
Beira is the same as the global mean, a comparable approach
as by Irish et al. (2014). In order to exclude trends induced
by natural variability, particularly in sea level contributions
from glaciers and ice sheets, we use estimates of global mean
sea level rise attributable to anthropogenic climate change for
1900-2012 from Strauss et al. (2021). Their ensemble esti-
mate is 6.6 to 17.1 cm, which we use to define counterfactual
sea level parameters for the coastal flood model. This also
implies assuming no substantial local effects of land sub-
sidence and human-induced changes in land water storage
through reservoir construction and groundwater extraction
that would confound comparison with the global estimates.
This is hard to verify but can be motivated by findings that
city subsidence occurs only in a small fraction of the world’s
coasts (Nicholls et al., 2021).

Tropical cyclones are projected to become more intense
with rising temperatures (Knutson et al., 2015), which is in
line with the theoretical understanding of the potential in-
tensity theory (Emanuel, 1987). Observed TC wind speed
data in the southern Indian Ocean basin show that the max-
imum 10 min sustained wind speed has been increasing by
about 0.3kn (0.15ms™!) per year on average, over the pe-
riod 1973-2019 (Fig. 2). Prior to 1973, the rate of increase
was likely smaller, though observational data are lacking. We
make a conservative assumption corresponding to 50 years of
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Figure 2. Annual means of maximum TC wind speeds in the south-
ern Indian Ocean (maximum 10 min sustained wind speeds). Linear
trend over the period 1973-2020; data from the IBTrACS database
(Knapp et al., 2010).

increase at a rate of 0.2kn (0.1 ms™!) per year, resulting in
a total difference in maximum wind speed of approximately
10kn (5.1ms~1). For the case of TC Idai with maximum
observed 10 min sustained wind speeds of 105kn (54 ms™1),
this corresponds to a 10 % reduction in maximum wind speed
by removing climate change, which we adopt as a plausible
assumption for counterfactual TC intensity.

This value is in line with the remote-sensing-based esti-
mates provided in Kossin et al. (2013), who find that life-
time maximum TC intensities in the southern Indian Ocean
have increased by about 4.6ms~! over the period 1982—
2009 (1.7ms~! per decade), which corresponds to 8.5 % of
TC Idai’s maximum intensity. If this rate of increase is lin-
early extrapolated to 2019, it results in an increase of about
6.3ms~! (11.6 %). Since the rate of increase has likely risen
along with surface warming and since our period of reference
extends back to 1973 rather than 1982, a value of 12 % might
be a safer assumption for comparing the results of Kossin
et al. (2013) with our own estimate. To quantify the effect
of uncertainty in the estimate of TC intensity change, we
conduct two sensitivity experiments, with counterfactual in-
tensity lower than factual by 8.5 % and 12 %, respectively,
reflecting the southern Indian Ocean estimate of Kossin et
al. (2013) both directly and when extrapolated for compara-
bility with our own estimate.

We note that lower rates of change have been found in
climate-model-based studies. Knutson et al. (2020) find a
6 % increase in maximum intensity of southern Indian Ocean
TCs per 2 °C global mean surface warming. When applied to
the historical increase in global mean surface temperatures of
1.1 °C, this would yield an increase of 3.3 %. While these cli-
mate model estimates are important both for assessing future
changes and for understanding the underlying mechanisms
of observed trends, the remote-sensing-based trend estimates
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are more relevant for informing the construction of the coun-
terfactual in our study.

2.2 Coastal flood modeling

The storm surge flood simulations are generated using the
open-source geophysical flow solver GeoClaw (Mandli and
Dawson, 2014). GeoClaw uses an efficient adaptive mesh re-
finement to model wind- and pressure-induced wave dynam-
ics in the 2D depth-averaged shallow water equations. The
input data include TC tracks, astronomical tides, and topo-
graphical raster data (see below), and GeoClaw provides out-
puts in the form of gridded maps of maximum flood heights
as well as the temporal dynamics of storm surge at virtual
tide gauge locations. We configure GeoClaw to limit the au-
tomatic mesh refinement to a spatial resolution of between
1 and 8 arcsec (approximately 30 and 240 m) inside of Idai’s
landfall area and to between 100 and 900 arcsec (approxi-
mately 3 and 27 km) in the open ocean.

As the factual input for GeoClaw, the TC track data from
IBTrACS (Knapp et al., 2010) provided by the WMO Re-
gional Specialized Meteorological Center at La Reunion (op-
erated by Météo-France) are used. For the counterfactual
scenarios with modified TC intensity, we multiply all wind
speed values along the track by a scalar factor of 0.9 (for a
decrease of 10 % in intensity). The central pressure at each
track position is increased by 0.1 times the difference be-
tween central pressure and environmental pressure.

From the wind speed, pressure, and radius information
provided along the TC track, GeoClaw derives surface wind
speeds and air pressure at arbitrary locations in space and
time using a radially symmetric wind profile (Holland, 1980)
combined with the influence from the storm’s translational
speed.

GeoClaw does not incorporate any tidal dynamics or me-
teorological forcings apart from the TC wind and pressure
fields mentioned above. To account for the influence of as-
tronomical tides, we configure GeoClaw to use an initial
sea level according to gridded satellite altimetry for 2019
(CMEMS, 2021), optionally enhanced by the minimum,
mean, or maximum simulated astronomical tides in the re-
gion of landfall according to the FES2014 global ocean tide
atlas (Lyard et al., 2021). For the counterfactual sea level sce-
narios, the amount of sea level rise specified in the scenario
description (between 6.5 and 17.0 cm) is subtracted from the
initial sea level.

The topographical input for GeoClaw is taken from dig-
ital elevation models (DEMs). We use a combination of
CoastalDEM 2.1 (Kulp and Strauss, 2018, 2021) in coastal
areas, SRTM 15+ V2.3 (Tozer et al., 2019) over the
open ocean, and a Multi-Error-Removed Improved-Terrain
(MERIT) DEM (Yamazaki et al., 2019) everywhere else. All
datasets are converted to the same geoidal vertical datum
(EGM96) at a spatial resolution of 9 arcsec (approximately
300 m). This resolution is the highest resolution where we
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were able to obtain numerically stable results from Geo-
Claw. We note that no harmonization has been applied to
make up for disagreements between the different DEM prod-
ucts so that the transition from CoastalDEM topography to
SRTM 15+ bathymetry can be steep.

Due to a lack of tide gauges or suitable observed flood
extent in Mozambique, it is not possible to validate the per-
formance of GeoClaw for TC Idai in the factual model runs.
However, we compare the water levels at a virtual tide gauge
station off the coast of Beira, where the highest impacts from
TC Idai have been reported, with simulated water levels from
the Global Tide and Surge Model (GTSM) (Dullaart et al.,
2021; Muis et al., 2020), and find the best agreement of max-
imum surge heights for the GeoClaw run with the maximum
astronomical tide assumption, closely followed by the run
assuming the monthly mean sea level (no tidal adjustment)
(Fig. S1 in the Supplement).

2.3 Inland flood depth estimation

Gridded depth maximums for the flood event (Fig. S2) is
calculated using the Rolling HAND Inundation Corrected
Depth Estimator (RICorDE) tool (Bryant et al., 2022) sup-
plied with terrain data from the MERIT DEM project, perma-
nent surface water data from the Joint Research Centre (JRC)
Global Surface Water project (Pekel et al., 2016), and flood
extents from the FloodScan product (Atmospheric and Envi-
ronmental Research & African Risk Capacity, 2022). MERIT
DEM provides a roughly 90 m resolution global layer de-
rived from multiple space-based sensors to minimize ele-
vation errors. The maximum water extent layer from JRC’s
Global Surface Water project provides a roughly 30 m res-
olution global layer of locations detected as being inun-
dated in Landsat imagery (Wulder et al., 2016) from 1984—
2019 (Pekel et al., 2016). Observed flood extents for TC
Idai are obtained from the Atmospheric and Environmental
Research and African Risk Capacity’s accumulated two-tier
standard flood extent depiction FloodScan product from 1 to
31 March 2019 using the MERIT DEM resolution. Origi-
nally developed for applications in Africa, this FloodScan
algorithm relies on satellite-based low-resolution passive mi-
crowave data and was designed to capture national-scale
events. To accomplish this, the algorithm minimizes false
positives, making the algorithm more prone to false negatives
and less sensitive to events with smaller spatial extent and
urban floods (Galantowicz and Picton, 2021). All data layers
are re-projected to 90 m resolution geodetic coordinates prior
to the RICorDE computation.

RICorDE is a tool developed in pyQGIS for post-event
analysis of fluvial flood events using inundation masks de-
rived from space-based observations. RICorDE first gen-
erates a height above nearest drainage (HAND) grid fol-
lowed by an inundation correction phase and a water sur-
face level (WSL) calculation phase. As part of preprocess-
ing, the HAND grid is obtained using WhiteboxTools’ Ele-
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vationAboveStream (Lindsay, 2014) from the permanent sur-
face water layer and the DEM. In the first phase of RICorDE,
the observed flood extents are hydraulically corrected to ac-
count for under-predictions using the permanent surface wa-
ter layer and over-predictions using a HAND-derived inun-
dation representing the upper quartile of possible flooding
extents. In the second phase, HAND values sampled from
the inundation shoreline are used to produce an interpolated
WSL grid using WhiteboxTools’ CostAllocation algorithm
(Lindsay, 2014). Finally, gridded water depths are obtained
from this WSL grid through subtraction with the DEM. RI-
CorDE is explained in detail in the tool publication (Bryant
et al., 2022), and the source code can be accessed online
(https://github.com/NRCan/RICorDE/tree/main, last access:
31 March 2022).

The slower, more complex RICorDE algorithm has been
shown to produce more accurate depth maps for two flu-
vial flood events in Canada when compared to faster,
more disaster-response-focused solutions like the Floodwater
Depth Estimation Tool (FwWDET) (Bryant et al., 2022; Cohen
et al., 2018). While no data are available to validate the per-
formance of the depth estimate for TC Idai, visual inspection
suggests results are less accurate in areas with higher eleva-
tion (> 20 m), especially where drainageways are of compa-
rable width to the resolution of the JRC water extent layer.
These false negatives in the JRC layer propagate as posi-
tive bias in the HAND routine, which leads to higher water
surface elevation predictions and similar positive bias in the
depth values (see white arrow in Fig. S3a).

2.4 Combined flood depth product

The inland flood depth estimates from RICorDE are resam-
pled from 3 to 9 arcsec, using the average resampling method
(Rasterio library for Python), to match the resolution of the
GeoClaw output. All flood depths are rounded to the near-
est decimeter, their outline is cropped to the area of inter-
est, and the final factual flood depth in each grid cell (shown
in Fig. 3a) is determined as the maximum of both products.
This accounts for both potentially partly obscured satellite
imagery by clouds and potential underestimation by the nu-
merical model.

d() = max (dc,(), dr) s (1)

with dy referring to the factual flood depth, and indices “c”
and “r” referring to the coastal flood model (GeoClaw) and to
the remote sensing data translated into flood depth using RI-
CorDE, respectively. To derive the counterfactual flood depth
d.t, we subtract the difference between modeled factual and
counterfactual coastal flood depths from the combined fac-
tual flood depth:

dcf = dO - (dc,O - dc,cf) . (2)
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Figure 3. Simulated flood extent for Mozambique; population distribution and inundation levels for the greater area of Beira. (a) Com-
bined factual estimate of inland and coastal flooding (binary; flood/no-flood). White dashed box shows the area of interest in which flood
exposure is computed. The red rectangle shows the extent of the section displayed in panels (b)—(e). (b) Population distribution for the
greater area of Beira. Flood extent and levels for (c) the factual scenario (max tide) and (d) the “counterfactual TC intensity + sea level rise
(10.5 cm) — max tide” scenario. Flood depth difference between (c¢) and (d) is displayed in (e). City neighborhoods of Beira (HDX, 2019)
are indicated by orange lines, and the shoreline (Wessel and Smith, 1996) is represented by dashed white lines in (b)—(e); satellite image
background by © Google Maps (Google Maps, 2022b) in (a) and (b).

2.5 Displacement displacement provided in the Guiding Principles on Internal

Displacement (OCHA, 2004), which states that “[i]nternally
We use displacement data from the publicly accessible displaced persons are persons or groups of persons who have
GIDD, maintained by the Internal Displacement Monitor- b;:en forfcgd or (l)bhged to flee or tohlezlllve their homes or
ing Centre (IDMC, 2022). IDMC follows the definition of places of habitual residence, . .. and who have not crossed an
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internationally recognized State border”. This definition cov-
ers permanent displacement, temporary displacement, and
preemptive evacuations (Gemenne, 2011). No granular in-
formation is available in GIDD on the type of displace-
ment. Displacement numbers are based on multiple sec-
ondary sources, such as the International Organization for
Migration (IOM), Office for the Coordination of Humanitar-
ian Affairs (OCHA), or —in the case of TC Idai — the Mozam-
bique National Institute of Disaster Management. The TC
Idai event is categorized as a “storm” event; however, no in-
formation is given on how many of the displacements were
caused by flooding, strong winds, or a combination of both.
Because of the extensive flooding observed in the wake of
Idai’s landfall and humanitarian reports often focusing on
flooding (ReliefWeb, 2019a), we assume in our main analysis
that all displacements are caused by flooding (either coastal
or inland). We assume that people exposed to flood levels
greater than or equal to 100cm are affected by the flood-
ing and thus prone to displacement, following previous stud-
ies (Custer and Nishijima, 2015; Kam et al., 2021). How-
ever, we also test the sensitivity of our results to this thresh-
old choice by evaluating alternative water level thresholds of
10 and 50 cm. Our modeling approach assumes an artificially
deterministic link between the TC hazard and displacement,
which is adequate in the context of the factual-counterfactual
approach where only one parameter — storm surge hazard —
is modified, while everything else, including vulnerability, is
held constant. In general, the relationship between climatic
events, pre-existing socioeconomic conditions, and displace-
ment is complex and only partially understood (Cattaneo et
al., 2019; Foresight, 2023). In other words, our study ad-
dresses the question of how many displacements might have
occurred in a different climate but with the same vulnerabil-
ity as observed; it does not address the question of how this
vulnerability came about.

We first determine the flood extent with depths greater than
the selected water level threshold and overlay it with pop-
ulation data to estimate the number of people affected. We
use gridded population data from GHS-POP (Schiavina et
al., 2019) for the year 2015 at 9 arcsec resolution. Population
growth in Mozambique was 1.12 % between 2015 and 2019
(The World Bank, 2022); we hence multiply all population
grid cells by this factor, assuming a spatially equal popula-
tion growth.

We then calculate the ratio between the number of ob-
served displacements and the number of affected people from
the factual flood estimate. This ratio, which may be thought
of as an event-specific displacement vulnerability factor, is
different for every tide assumption, reflecting the uncertainty
about the actual flood extent and depth. We compute for ev-
ery impact level threshold i and tide assumption % a displace-
ment vulnerability factor v; , by dividing the number of ob-
served displacements Dy by the total number of affected peo-
ple of the factual scenario A; ; o:
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Multiplying the specific displacement vulnerabilities by the
counterfactual numbers of affected people, we derive the
number of people at risk of displacement in a world without
climate change. This means that the difference between fac-
tual and counterfactual displacement estimates comes only
from differences in the flood hazard, while exposure and vul-
nerability factors are held fixed. We achieve this by multiply-
ing v; ; by the number of affected people of the counterfac-
tuals A; , or and estimating the expected number of displace-
ments for each counterfactual scenario Dj j cf:

D; ot =Vijh - Aj pcf- “4)

We point out that the use of predefined flood thresholds im-
plies the assumption that at a given flood depth, the risk of se-
vere damage to, or even destruction of, residential buildings
and other infrastructure typically becomes so large that peo-
ple may be forced to flee. The number of people that actually
become displaced then depends on additional physical, po-
litical, and socioeconomic factors, which may vary between
local contexts and are not generally known. Their aggregate
effect is reflected in the specific vulnerability factor v; . In
other words, the link between flood hazard and displacement
is “soft” in the sense that it is mediated by the local vulner-
ability. An alternative assumption would be that there is an
(event-specific) flood depth threshold below which there is
no displacement and above which people become displaced
regardless; that is, a “hard” link between flood hazard and
displacement. In this case, the flood depth threshold could
be derived directly from the data as the depth level at which
the calculated number of affected people equals the reported
number of displacements. When we sum up the affected peo-
ple per 10 cm flood depth increment for TC Idai, we obtain a
threshold of about 400 cm (similar for all tide assumptions;
Table S1 in the Supplement), for which the modeled num-
ber of affected people approximately equals the number of
observed displacements. This value is very high in compari-
son to the thresholds cited further above, and we believe it is
implausible for displacement to occur only in locations inun-
dated by 4 m or more. This exercise therefore lends further
justification for the “soft link” approach.

Even though disaster reports for TC Idai suggest flooding
to be the main driver of displacement, high wind speeds may
have locally intensified the impact of TC Idai (Fig. S4) and
be partially responsible for the observed displacements. We
conduct an additional analysis where we assume that peo-
ple affected by either flooding or wind (or both) were at
risk of displacement with an equal vulnerability factor. We
use a wind speed threshold of 96kn (50ms~!) for popula-
tion exposure (Geiger et al., 2018), corresponding to Saffir—
Simpson-scale classification 3 (major hurricane). The result-
ing wind field is overlaid with gridded population data to
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compute the number of affected people, excluding those who
are already affected by flooding.

3 Results
3.1 Simulated flooding

We calculate storm surge flood extent and depth for the fac-
tual (driven with observed wind speeds and sea levels) and
counterfactual (reduced wind speeds and sea level) scenar-
ios.

The difference between factual and counterfactual flood-
ing (maximum tide, 10.5cm SLR, 10 % TC intensification)
is illustrated in the densely populated area of Beira (Fig. 3b),
the city where TC Idai made landfall and destroyed 90 %
of all houses according to some disaster reports (ReliefWeb,
2019b). Beira consists of two major population centers, of
which the southern one is close to the seaside and exhibits a
higher population count.

Both factual and counterfactual flood extent covers the
southern, highly populated part of Beira (Fig. 3c and d). The
northern parts of the city are only marginally affected. Flood
extents are also similar between factual and counterfactual
simulations in the areas east of Beira and around the inflow
of the Buzi River, located on the opposite side of the bay.
Only a few isolated locations no longer experience flooding
after removing the effects of climate change.

In contrast, differences in simulated flood depth are more
pronounced (Fig. 3e). Counterfactual flood depths are up to
80cm lower than factual flood depth in some parts of the
southern city center. The highest difference in flood depth,
of up to 140 cm, is found between the northern and southern
population centers of Beira. Flood depth differences outside
of Beira are rather low; however, Fig. 3c and d show that
absolute flood depths drop below the critical flood depth of
100 cm over great parts around the west bank of the Pungwe
River inflow. Overall, it is observable that depth differences
(between factual and counterfactual simulations) are higher
in less populated parts, especially in Beira. This could partly
result from the fact that digital elevation models tend to over-
estimate elevation in dense urban settings (Shen et al., 2019),
thereby underestimating flood depth and potentially also dif-
ferences in flood depth between different scenarios; however,
this is hard to ascertain given the available data. Nonethe-
less, local variations in simulated flood depth should be in-
terpreted with care.

3.2 Displacement

In the next step, we investigate how the factual and counter-
factual flood estimates translate into population at risk of dis-
placement for the whole of Mozambique. We compare fac-
tual and counterfactual affected people and/or displacements
and compute the absolute relative change based on the coun-
terfactual results, representing the increase in impact due to

Nat. Hazards Earth Syst. Sci., 23, 3467-3485, 2023

B. Mester et al.: Human displacements from Tropical Cyclone Idai attributable to climate change

climate change. Our analysis shows that the intensification of
TC wind speeds leads to an increase in flood-affected people
and, consequently, in displacements by up to 2.7 %, while
counterfactuals regarding the sea level lead to only small
changes by up to 1.3 % (Fig. 4, Tables 1 and S2). A combina-
tion of both counterfactuals only slightly exceeds the range
(increase by up to 3.2 % for the maximum tide assumption),
in contrast to when considering the TC intensification alone.
Despite the large uncertainty regarding SLR since 1900, the
difference in the number of people affected (or displaced) is
rather marginal, being less than a 1 % increase between the
largest and the smallest SLR estimate for the “cf SLR” sim-
ulations. Our results highlight that the tide assumption plays
a major role. The minimum and mean tide lead to marginal
changes in affected and displaced people, in contrast to the
maximum astronomical tide and monthly mean sea level
from satellite altimetry (no tide), which show for the “cf
SLR + wind” simulations a median change of 3.0 % (maxi-
mum change of 3.2 %) and 2.7 % (3.2 %), respectively. Given
the high number of affected people, already small changes in
the counterfactual scenarios lead to high changes in abso-
Iute numbers. The coupled effect of higher wind speeds and
higher sea level increases the number of affected people and
displacements by up to 39300 and 14900 (maximum tide)
and 38 100 and 14 600 (monthly mean), respectively. Results
regarding impact flood levels of 10 and 50 cm are displayed
in Table 1 and the Supplement (Figs. S5 and S6), showing
even higher changes for the counterfactual scenarios of up to
56 500 displacements (13.4 % increase).

Besides our central TC intensification assumption of 10 %,
we also examine two alternative assumptions of 8.5 % and
12 % intensification, respectively, for the “max” tide (Fig. 5).
The spread among the intensification scenarios is rather
small, with median relative changes varying between 2.9 %
and 3.7 %. This translates to median estimates of 35300 and
44 600 affected people or 13400 and 16 900 displacements,
respectively (Tables 1 and S2). In contrast, the difference be-
tween the highest (4.0 %) and lowest values (2.2 %) is larger.
In absolute terms, this means a range of between approx-
imately 27400 and 48200 affected people or 10400 and
18200 displacements.

We assume that high wind speed caused only a marginal
fraction of displacements, following disaster reports, me-
dia coverage, and experience from other events; as an ex-
treme example, wind from Hurricane Sandy caused less than
0.01 % of the overall damage (Strauss et al., 2021). Nonethe-
less, in an additional sensitivity analysis, we also account
for the number of people affected by high TC wind speeds
of 50ms~! or above (Sect. 2). Our analysis reveals that the
number of people affected not by flooding (maximum tide as-
sumption, 100 cm impact threshold) but by high wind speeds
ranges between 40 900 and 360 600 in the factual simulation.
In the counterfactual, even the maximum wind speed attained
in any grid cell outside the flooded area drops from 51.5 to
46.3ms™ !, i.e., below the above-mentioned threshold; thus,
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Figure 4. Simulated affected people (a), displacements (b), and percentage change (c) for the 100 cm impact threshold. The percentage
change compares factual and counterfactual displacements and represents the absolute relative change based on the counterfactual re-
sults. Three counterfactual scenarios are shown: lower sea level (“cf SLR”), intensification (“cf wind”), and a combination of both (“cf
SLR + wind”). Additionally, a variety of counterfactual sea levels, as well as a set of astronomical tides, is presented, covering minimum
(“min”), mean (“mean”), and maximum (“max”), as well as monthly mean, sea level from satellite altimetry (“no”’). The bold dashed line in
the middle panel shows the number of observed displacements. Percentile changes in affected people and displacements are the same. The
second quartile Q5 (median) of the box plot is shown in orange, and “whiskers” are placed at ££1.5 times the interquartile range (Q3—Q1).

no people are counted as affected. Assuming the same vul-
nerability factor for displacement due to high wind speed as
due to flooding yields 103700 to 112 100 displacements, or
21.7 % to 23.4 % of the total displacement, attributable to cli-
mate change.

4 Discussion and conclusions

With more than 1 °C of global warming, most, if not all, ex-
treme weather events now can be assumed to bear some im-
print of climate change. By extension, this is also true for the
humanitarian crises induced by catastrophic storms, floods,
or droughts. However, while economic damages from cli-
mate change have been attributed in both case studies and
global studies (Frame et al., 2020a, b; Sauer et al., 2021;
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Strauss et al., 2021), little is known about the extent to
which climate change has already exacerbated human dis-
placement. Our modeling study of TC Idai suggests that cli-
mate change may have induced between 12 600 (2.7 %; low-
est estimate under the no tide assumption) and 14 900 (3.2 %;
highest estimate under the maximum tide assumption) addi-
tional displacements from this one event. This is primarily
due to the intensification of TC wind speed inducing a more
powerful storm surge and to a lesser extent due to sea level
rise providing a higher baseline for the storm surge. We also
show that the sensitivity of the results to the choice of TC
intensification is approximately in the same range as for the
tide assumption. We note that our attribution statements are,
as is common in the climate (impacts) attribution literature,
purely statistical; that is, we do not make any claims about
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Figure 5. Percentage change in displacements between factual and
counterfactual, for three different TC intensification assumptions.
The percentage change compares factual and counterfactual dis-
placements and represents the absolute relative change based on the
counterfactual results. The combined counterfactual scenario (“cf
SLR + wind”’) with 100 cm impact threshold and the maximum as-
tronomical tide (“max”) are displayed. The central assumption of
10 % intensification is highlighted with a cyan-colored median in
the box plots. The second quartile Q> (median) of the box plot is
shown in orange/cyan, and whiskers are placed at £1.5 times the
interquartile range (Q3—Q1).

whether or to what extent any individual person may have
been displaced because of climate change. Our methodol-
ogy and results are subject to a variety of limitations and
uncertainties, primarily related to the models (coastal, flu-
vial, DEM) and underlying datasets (population, displace-
ment). Additional sources of uncertainty are the counterfac-
tual input quantities (SLR, wind speed intensification), im-
pact flood levels, and tide assumption, for which we perform
sensitivity analyses.

Our results likely underestimate the full contribution of
climate change to displacement associated with TC Idai be-
cause we solely addressed the effect of climate change on
coastal flooding, neglecting changes in inland flooding. Be-
tween 3 and 17 March, heavy precipitation between 200—
400 mm was registered for Beira City and the region, with
upstream sections of the Pungwe River basin exposed to
more than 600 mm (Probst and Annunziato, 2019). With
growing evidence that climate change affects not only precip-
itation intensity (Fowler et al., 2021; Guerreiro et al., 2018;
Scherrer et al., 2016) but also continental-scale changes in
fluvial flood discharge (Bloschl et al., 2019; Gudmundsson
et al., 2021), it is likely that in a world without climate
change, the river flood magnitude would have been smaller,
and even fewer people would have been exposed than in our
coastal-only counterfactual. Quantifying this additional ef-
fect would require a river flood model capable of reproducing
the observed flood extent and associated inundation depths
and be ideally coupled with a coastal flood model to cap-
ture the interaction between river flood and storm surge. Even
though globally applicable frameworks for compound flood
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hazard modeling are under construction and have recently
been tested for TC Idai (Eilander et al., 2023), evaluations of
fluvial flood models reveal important shortcomings in data-
scarce regions such as Mozambique (Bernhofen et al., 2018;
Mester et al., 2021). Quantifying the role of river flooding in
TC-induced displacement is thus a timely challenge.

The inland river flood estimates based on satellite imagery
exhibit several limitations and uncertainties. In the absence
of validation data, it is difficult to quantify the uncertainty
arising from the inland flood depth estimation. These grid-
ded values are highly sensitive to the input layers, namely
the DEM (MERIT), permanent surface water (JRC), and
the satellite-based observation of inundation extents (Flood-
Scan) (Atmospheric and Environmental Research & African
Risk Capacity, 2022). Especially uncertainties regarding the
choice of DEM, used for both the inland flood depth esti-
mation and the coastal flood model, should not be neglected
(Hawker et al., 2018). Qualitatively, the performance seems
poor in areas with higher elevations (> 20 m). This could be
attributable to challenges in representing the topography at
90 m resolution and dense obstructions that scatter returning
signals (Shen et al., 2019).

Similarly, no suitable validation data for the coastal
flood simulations are available. According to the Flood-
Scan description (Atmospheric and Environmental Re-
search & African Risk Capacity, 2022), the products used
“depict large scale, inland river flooding well but are less
likely to depict flooding in smaller floodplains and near
coastlines”. We have hence opted to not choose the Flood-
Scan product as the sole coastal flood hazard estimate or as
validation dataset for the flood extent from our coastal flood
model. A flood risk screening for Beira (van Berchum et al.,
2020) showed that simulated flood extent for a 10-year rain-
fall event plus a 10-year coastal surge event covers most parts
of the central and Munhava city districts of Beira (southeast-
ern city districts). In contrast, the FloodScan product shows
only little flooding in this area, while it is assumed that flood-
ing by TC Idai exceeded an average recurrence interval of
10 years. For example, Emerton et al. (2020) show that Glo-
FAS flood forecasts indicated a 100 % probability of exceed-
ing the severe flood alert threshold (20-year return period)
for TC Idai at the Pungwe River (Emerton et al., 2020). Fur-
thermore, newspaper photographs (Bergensia, 2019) show
flooding in the Area de Baixa part of Beira (western dis-
trict of Beira), which was only partially flooded according
to the satellite imagery. The AER product thus likely under-
estimates flood extent, which may be explained by cloud ob-
scurement or failure in automatic flood detection due to, for
example, flooding in densely populated areas or the satellite
passing over some time after the peak flooding when water
levels had already receded.

Furthermore, the coastal flood modeling framework does
not incorporate any astronomical tidal dynamics. Because
there are no tide gauge records available in the region, we
were only able to compare the model’s surge heights to the
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state-of-the-art Global Tide and Surge Model (GTSM). For
the derived flood maps, there were no observational bench-
marks available for validation. Moreover, the model is not
able to take the interaction of the coastal surge with increased
river discharge at the estuaries into account. In some cases,
this interaction has been shown to influence water levels in
a nonlinear way, for example for the 2016 Louisiana flood
(Bilskie and Hagen, 2018). Another source of uncertainty is
again the DEM, in particular the transition from topographic
to bathymetric data on the coastlines.

Additionally, our analysis may be sensitive to the choice
of population dataset (Archila Bustos et al., 2020; Leyk et
al., 2019), which may lead to uncertainties regarding our esti-
mated exposure. One of the main error sources for population
datasets is related to the areal interpolation methods to dis-
aggregate the population data (Archila Bustos et al., 2020).
GHS-POP distributes population only within built-up areas,
which has the downside that non-residential areas are simu-
lated as being populated as well (Freire et al., 2016). In fact,
a comparison with satellite imagery reveals that some areas
in Beira are populated which are most likely only commer-
cial or industrial sites. On the other hand, not all settlements
are captured by GHS-POP, most likely due to their building
type. Nonetheless, GHS-POP is still one of most accurate
datasets in estimating and modeling the known population
(Archila Bustos et al., 2020), especially in urban contexts
(Leyk et al., 2019) as in the case for Beira.

No information is available regarding the spatial distribu-
tion of displacements within GIDD; we assume that vulnera-
bility to displacement is uniform across the affected area. The
total number of displacements is furthermore not specifically
categorized by hazard type, which reflects the multivariate
(wind, rain, and flood) compound characteristics of TC haz-
ards (Zscheischler et al., 2020). However, this impedes the
attribution of coastal-flood-induced displacements. Further-
more, the GIDD estimates include different forms of dis-
placement, such as forced displacement or preemptive evacu-
ations, with the latter potentially accounting for a substantial
proportion (McAdam, 2022). This poses far-reaching impli-
cations for displacement risk modeling, as evacuations may
already be triggered by lower flood depths or by early warn-
ings of an impending hazard, which may not materialize in
the expected manner or may not cause the level of destruc-
tion that would lead to a corresponding magnitude of forced
displacement.

Our main analysis also assumed no direct effect of high
wind speeds on displacement, lacking clear evidence for sub-
stantial displacement due to high winds alone. Our additional
sensitivity analysis suggests that changing this assumption
could increase the number of displacements attributable to
climate change considerably. Given this potentially large ef-
fect and our limited understanding of the relative roles of dif-
ferent drivers of displacement in general, the specific vulner-
ability to displacement from different types of hazard should
be the subject of future studies. Moreover, assuming that
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displacement can occur already at inundation depths of less
than 100 cm also leads to higher estimates of climate-change-
attributable displacement, according to our sensitivity analy-
sis. We also tested if the flood depth threshold can be esti-
mated from the data by summing up the affected people per
10cm flood depth increment until equaling the number of
observed displacements. This analysis yields an alternative
flood depth threshold of 400 cm, which we assess to be phys-
ically not reasonable in the context of building structures in
Mozambique. Again, a better understanding of vulnerability
beyond hard physical flood depth thresholds and empirically
derived vulnerability factors will be critical to refine risk as-
sessments. Future work may produce a functional relation-
ship between displacement risk, contextual drivers, and phys-
ical flood properties, covering, for example, depth, velocity,
and duration.

We did not change storm track or size in our counterfac-
tual simulations. While storm tracks may be affected by cli-
mate change (Knutson et al., 2019), we assume that Beira
has not become more or less likely as a landfall site. Mean
storm size is found to increase systematically with the rela-
tive sea surface temperature (Chavas et al., 2016), although
numerical simulations suggest that projected median sizes
remain nearly constant globally (Knutson et al., 2015). As-
suming increases in storm size due to climate change would
again result in higher estimates of attributable displacements
in our analysis. By design, in our attribution study, we as-
sumed a fixed population distribution in both factual and
counterfactual simulations, as well as a fixed, empirically de-
termined displacement vulnerability factor, and only investi-
gated changes in displacement risk following from changes
in the physical characteristics of TC Idai and its impacts. As-
sessments of future risks — or of past impacts — should take
into account not only the intensification of physical hazards,
but also changes in exposure (Kam et al., 2021), as well as
potential changes in vulnerability due to social, economic,
or technological developments. For instance, TC-related dis-
placements depend not only on the damage to housing, but
also on other factors such as government responsiveness or
poverty levels (Cissé et al., 2022). Here, we have chosen
a storyline approach for the impact attribution instead of a
more traditional probabilistic attribution approach (Philip et
al., 2020; Titley et al., 2016), as for instance previously em-
ployed to attribute the heavy precipitation of Hurricane Har-
vey (van Oldenborgh et al., 2017) to climate change. One rea-
son is that for Mozambique neither the complete time series
of rainfall nor the high station density required by a proba-
bilistic approach (van Oldenborgh et al., 2021) is available.
Reanalysis products for precipitation could be used as an al-
ternative; however, their quality depends on geographic lo-
cation, so the use of multiple reanalysis and/or observation
products is recommended (Angélil et al., 2016). Nonetheless,
a climate attribution approach focusing on changes in the
probability or intensity of TCs in the southern Indian Ocean
due to anthropogenic forcing (O’Neill et al., 2022) could

Nat. Hazards Earth Syst. Sci., 23, 3467-3485, 2023

B. Mester et al.: Human displacements from Tropical Cyclone Idai attributable to climate change

guide the construction of counterfactual scenarios of the sto-
ryline approach. Further, in contrast to the probabilistic ap-
proach, the storyline approach allows us to investigate the
driving factors involved, as well as their plausibility (Shep-
herd et al., 2018).

Framing the risk of tropical cyclones in the context of cli-
mate change in an event-specific rather than a probabilis-
tic manner also allows us to assign absolute numbers of
attributable displacements, which raises risk awareness in
a more tangible way. Even though these numbers include
substantial and important uncertainties related to the mod-
els, datasets, and counterfactual assumptions, as discussed
above, they provide an informative quantitative indication
of the additional risk posed by climate change to commu-
nities affected by one of the worst natural disasters in re-
cent history. The responsibility for managing and reducing
displacement risk lies primarily at the national and provin-
cial level, but often local authorities, organizations, and com-
munities respond to displacement disasters (Hollinger and
Sienkevych, 2019). Demonstrating quantitatively how cli-
mate change affects the societal risks associated with natu-
ral hazards may play an important role in raising awareness,
with different types of stakeholders, to the changing nature
of such risks. It may also incentivize governments to step
up their efforts in terms of both planning and investing in
adaptation measures and rapidly mitigating greenhouse gas
emissions. The storyline approach is particularly suited for
highlighting the risk-amplifying effects of climate change in
a tangible and accessible way, based on a well-known event
in the recent past (van den Hurk et al., 2023). Estimates of the
costs of displacement additionally highlight the adverse eco-
nomic aspects of climate change (Desai et al., 2021); aver-
age costs have been put at USD 310 per displaced person per
year, though actual costs are heavily dependent on the coun-
try and duration (days and weeks to years) (IDMC, 2019).
Only 50.7 % of the required Mozambique Humanitarian Re-
sponse Plan 2019 of USD 620.5 million was funded, demon-
strating that climate change poses an additional burden on
insufficiently equipped financial aid resources. Anticipating
the intensification of tropical cyclones under future global
warming (Knutson et al., 2020) calls for enhancing adapta-
tion measures, as well as disaster relief and humanitarian aid.
The IPCC Sixth Assessment Report (AR6) projects an ad-
ditional global increase in mean sea level and surface tem-
perature of 0.44m and 1.2°C (SSP1-2.6) and 0.77 m and
4.0°C (SSP5-8.5), relative to a baseline of 1995-2014, by
the end of the 21st century (Fox-Kemper et al., 2021; Lee
et al., 2021). Even though these increases may vary between
basins, an enhanced displacement risk due to Idai-like TCs
needs to be accounted for in the next decades, especially if
future changes in exposure due to population growth and ur-
banization are considered. Under both SSPs 1 and 5, the pop-
ulation of Mozambique is projected to increase by approxi-
mately 8 million and its urbanization level from about 40 %
to over 70 % just over the next 30 years (Riahi et al., 2017).
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Our study expands the scope of extreme event impact at-
tribution to include displacement as a societal impact dimen-
sion. In general, due to the lack of calibrated regional mod-
els and gauge stations, only a few attribution studies (Luu
et al., 2021; Takayabu et al., 2015) focus on storms — or
any extreme weather event, for that matter — in low-income
countries. This not only limits our understanding of climate
change effects on extreme events from a global perspective,
but also biases geographically the amount of knowledge and
information available to inform risk management and adap-
tation strategies (Otto et al., 2020). Our impact attribution
is built on global-scale datasets and models, which could be
employed in other relevant locations. Despite the discussed
limitations and uncertainties inherent to this approach, dis-
placements could be similarly attributed to climate change
for other major TCs that occurred in data- and model-scarce
regions, such as Typhoon Haiyan (Philippines; 4.1 million
displacements) or Cyclone Amphan (India and Bangladesh;
combined 4.95 million displacements) (IDMC, 2022). The
continuing increase in spatial resolution of global-scale prod-
ucts will eventually allow for more granular displacement
risk assessments, which regional authorities could incor-
porate in urban development plans, zoning regulations, or
required building codes (IDMC, 2019). Mozambique, like
many countries, is exposed not only to TCs but also to
other climate-related hazards, such as droughts, and at the
same time faces socioeconomic challenges, making it all the
more important to understand and anticipate risks in a chang-
ing climate. Our approach may hence be extended to large-
impact attribution, using, for example, global counterfactual
climate datasets (Mengel et al., 2021).

Code availability. The source code for this study is available from
https://doi.org/10.5281/zenodo.10027136 (Mester et al., 2023a).

Data availability. Satellite imagery is used with the per-
mission of Atmospheric and Environmental Research and
African Risk Capacity. Output of the flood depth algorithm,
GeoClaw results, and TC Idai wind speed files can be ac-
cessed at https://doi.org/10.5281/zenodo.10038190  (Mester
et al, 2023b). GHS gridded population data are avail-
able at https://doi.org/10.2905/42ESBE89-54FF-464E-BE7B-
BFOE64DA5218 (Schiavina et al., 2019).

National borders of Mozambique were obtained from https://
gadm.org/data.html (GADM, 2018). For the trendline analysis of
annual means of maximum wind speeds we use the IBTrACS Ver-
sion 4 database, accessible at Knapp et al. (2010).

All data used for the figures are publicly available. Maps
were generated with QGIS, which can be downloaded
at  https://www.qgis.org/ (QGIS.org, 2023). Satellite im-
agery background by © Google Maps can be accessed via
https://www.google.com/maps/place/Mozambique\@-18.
3359987,25.1264933,2875812m/data=!3m1!1e3!4m6!3m5!
1s0x18d4aceae6fd4ac5:0x12bbbfb9ael6al 15!8m2!3d-18.665695!
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4d35.529562!16zL.20vMDR3bGg?entry=ttu (Google Maps, 2022a)
and https://www.google.com/maps/place/Beira,+Mozambique/
\@-19.7768616,34.7865512,22273m/data=!3m2!1e3!4b1!4m6!
3m5!1s0x1f2a6a5f5da047c1:0xald3dd2e50b3b6e6!8m2!3d-19.
831594914d34.8370183!16zL20vMDNtajFk?entry=ttu  (Google
Maps, 2022b). We used IBTrACS Version 4 to extract the trajectory
data of Tropical Cyclone Idai, available at Knapp et al. (2010).

Mozambique admin level 4 shapefiles for Beira are avail-
able at https://data.humdata.org/dataset/mozambique-admin-level-
4-beira-and-dondo-neighbourhood (INGC, 2019). GSHHG shore-
line data can be accessed via Wessel and Smith (1996).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/nhess-23-3467-2023-supplement.
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