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Strong institutions as well as economic development are gener-
ally understood to play critical roles in protecting societies from
the adverse impacts of natural hazards, such as tropical cyclones.
The independent effect of institutions on reducing these risks,
however, has not been confirmed empirically in previous global
studies. As a storm’s path and intensity influence the severity of
the damages and may be spatially correlated with human vul-
nerabilities, failing to accurately capture physical exposure in an
econometric analysis may result in imprecise and biased estimates
of the influence of the independent variables. Here, we develop
an approach to control for physical exposure by spatially interact-
ing meteorological and socioeconomic data for over 1,000 tropical
cyclone disasters from 1979 to 2016. We find evidence that higher
levels of national government effectiveness are associated with
lower tropical cyclone mortality, even when controlling for aver-
age income and other socioeconomic conditions. Within countries,
deaths are higher when strong winds are concentrated over areas
of the country with elevated infant mortality rates, an indica-
tor of institutional effectiveness through public service delivery.
These results suggest that policies and programs to enhance insti-
tutional capacity and governance can support risk reduction from
extreme weather events.
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Between 1979 and 2016, over 418,000 people across 85 coun-
tries and territories have lost their lives in tropical cyclone

disasters.∗ However, there is substantial variation in the degree
of harm. Out of more than 4,000 tropical storms and cyclones
recorded between 1979 and 2016, about 20% triggered human-
itarian disasters, and less than 5% resulted in more than 100
deaths. As recently as 2008, Cyclone Nargis killed over 138,000
people in Myanmar. Nargis was a powerful category 3 or 4 storm
at landfall, but tropical cyclones with similar wind speeds struck
several other countries that year with far fewer fatalities. Under-
standing what drives this large variation in impacts may provide
guidance on how we can prevent mortality from future storms,
which will be of increasing importance as countries grapple with
complex vulnerabilities to extreme weather events under climate
change (5).

This paper investigates relationships between tropical cyclone
mortality and institutional, economic, and human development
(collectively referred to as “development”). We focus, in par-
ticular, on the role of institutional effectiveness, going beyond
previous efforts in two important ways. First, we establish an
empirical association between national government effectiveness
and tropical cyclone deaths that cannot be explained away by
income, health, or education. Second, we present a global analy-
sis showing that locally elevated infant mortality rates (IMRs) in
the exposure zone are associated with increased tropical cyclone
mortality. We interpret this as evidence that tropical cyclones
are more deadly when they impact areas with weaker public ser-
vices due to limited local institutional capacity or the failure of
national programs to be inclusive of all vulnerable populations.

Natural hazards, including tropical cyclones, result in disas-
ters only when vulnerable human systems are exposed to haz-

ardous conditions. This can be represented as follows (e.g., refs.
6–8):

risk = f (hazard , exposure, vulnerability), [1]

where the risk , in this case, the probability of mortality from
tropical cyclones, is a function of the hazard (the frequency and
intensity of storms), exposure (the assets or population in the
hazard zone), and the vulnerability (susceptibility to harm) of
the exposed population.

Empirical efforts to relate vulnerability and risk will therefore
be confounded by hazard and exposure if these variables are not
also accounted for. Studies of vulnerability that include multiple
classes of hazard are unable to control for intensity and exposure,
as events of different types (i.e., earthquakes, storms, floods, and
heat waves) are not directly comparable. As a result, estimates
of socioeconomic risk factors for vulnerability will be imprecise.
Indeed, previous large-N empirical efforts that have pooled dif-
ferent types of hazards have been unable to provide statistical
evidence of the relative importance of different socioeconomic
risk factors for natural disaster mortality (9, 10). Measures of
democracy and the quality of institutions, including government
effectiveness, are found to be correlated with natural disaster
deaths, but these effects are not precisely estimated when con-
sidered in combination with other possible explanatory variables
such as GDP per capita (10, 11). Furthermore, if hazard is cor-
related with socioeconomic conditions, the failure to control for
characteristics of hazard exposure can result in biased estimates.
In Fig. 1, we illustrate how, from 1996 to 2016, countries with
more-effective governments had lower mortality from tropical
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Fig. 1. Governance, mortality and exposure for tropical cyclone-affected
countries, 1996–2016. Average national government effectiveness scores
from 1996 to 2016 are taken from the WGI; higher scores indicate more
effective governance (12). Average annual tropical cyclone disaster deaths
from 1996–2016 are based on data from the EM-DAT (1). Average annual
population exposure to tropical cyclone strength winds (exceeding 119
km/h) is modeled by country from 1996–2016. Country abbreviations are
based on the ISO 3166 alpha-3 country codes (13). Exposure from tropical
cyclones occurring in the Indian Ocean basin may be underestimated due to
missing storm tracks in the underlying data (see SI Appendix for details).

cyclones even though more people within those countries were
exposed to dangerous wind speeds. Correlation between tropical
cyclone exposure and socioeconomic variables could be inciden-
tal, or could arise from the impacts of storms on socioeconomic
development in areas of repeated exposure (e.g., refs. 14 and 15).

Studies restricted to a particular class of hazard are better able
to account for variations in intensity and exposure. Recent stud-
ies of tropical cyclone risk and adaptation that include physical
hazard observe that storms of similar intensity tend to result in
fewer deaths when they strike countries with higher GDP per
capita (16, 17, 18). This may reflect higher levels of individ-
ual or collective investment in assets and activities that reduce
risk. However, the effects of economic development on risk are
not unambiguously positive; growth-targeting activities can also
exacerbate or create new vulnerabilities (7, 19, 20). Because
existing tropical cyclone studies do not include multiple devel-
opment factors in a single model, it is unclear whether income
or other facets of development drive the observed relationship
(16, 21, 22). The GDP effect may be a proxy for other corre-
lated aspects of development that have also been theorized to
reduce disaster deaths, such as higher levels of social capital,
lower poverty rates, or better quality institutions (7, 19, 23).

Institutional effectiveness and inclusivity at multiple scales
may be particularly important for reducing mortality from nat-
ural hazards, such as tropical cyclones. The Intergovernmental
Panel on Climate Change Fifth Assessment Report concludes
with “very high confidence” that the quality of institutions and
governance are enabling factors for adaptation and disaster risk
reduction in the context of climate change (23). The state plays
a direct role in disaster preparedness and response, and fur-
ther influences how conducive the national environment is to

collective and individual adaptation (24). Government capac-
ity may complement financial resources, particularly when the
state acts as an intermediary in receiving and disbursing bilat-
eral and multilateral aid (25). It is also important in its own
right; economically less developed countries with high function-
ing states and civil societies have repeatedly demonstrated the
capacity for adaptation to hazards (19, 24). In contrast, govern-
ment failures such as the lack of capacity, will, and resources have
been implicated in some of the deadliest tropical cyclone disas-
ters in history. These include the 1970 Bhola cyclone that killed
an estimated 250,000 to 500,000 people in former East Pakistan
(now Bangladesh) (26) and the 2008 Cyclone Nargis that killed
approximately 138,000 people in Myanmar (1, 27). Government
programs for managing tropical cyclone risk—including early
warning systems, shelters and evacuation plans, and integrat-
ing disaster risk and development planning—require an effective
central bureaucracy but also depend upon local institutions for
implementation (e.g., refs. 28 and 29).

Within countries, who benefits from disaster risk reduction
policies and investments is shaped by existing patterns of vulner-
ability and marginalization (7, 30–32). People and locales may be
excluded from national protections against tropical cyclone haz-
ard due to the uneven quality of local institutions, the political
marginalization of certain groups, and other forms of social or
economic inequality. If these inequalities and their effects are
large, they are likely to contribute to within-country variation
in tropical cyclone mortality when patterns of physical exposure
are sufficiently varied. Exposure to tropical cyclones is highly
heterogeneous across but also within countries, with affected
areas concentrated in coastal regions between 10 and 30 (±)
degrees latitude (Fig. 2). However, most global studies of dis-
aster mortality from tropical cyclones and other climate hazards
are restricted to the country level (9–11, 16, 22), and therefore do
not consider how local institutional quality and socioeconomic
conditions may differ from national averages in affected regions.
As a result, our understanding of the scales at which underde-
velopment contributes to tropical cyclone vulnerability is limited.
This constrains the ability of policy makers to target their actions,
for example, whether to focus on building the capacity of federal
agencies, local institutions, or both.

In this analysis, we address the limitations of previous efforts
by testing for the importance of multiple risk factors at both
the national and subnational level, using models that explicitly
account for hazard exposure. We construct a dataset of nearly
1,500 tropical cyclone disasters from 1979 to 2016. Our analy-
sis is based on two subsets of this dataset, the first from 1996
to 2016—where we test the relationship to national government
effectiveness—and the second from 1979 to 2016—where we
test subnational indicators of institutional capacity and inclusion.
Because tropical cyclone mortality results from the interaction of
the physical hazard and the human system, we use spatial meth-
ods to match meteorological and socioeconomic data for each
storm. Time-variant gridded population estimates and socioeco-
nomic data are spatially matched to parametrically modeled wind
profiles based on storm tracks from the Best Track Archive for
Climate Stewardship (IBTrACS) and to rainfall data from the
National Oceanic and Atmospheric Administration Climate Pre-
diction Center’s Unified Precipitation Project (2, 3, 33, 35–38).
This provides multiple advantages. First, controlling for storm
intensity and population exposure increases precision and con-
trols for the possibility that cyclone exposure may be correlated
with socioeconomic conditions. Doing so improves our ability to
identify relationships between socioeconomic factors and mor-
tality. Second, we are able to study the importance of both
national risk factors and local conditions in the exposure zone.
We draw on data and insights from the civil conflict, develop-
ment economics, and public health literatures to characterize
subnational heterogeneities in institutional effectiveness (e.g.,
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Fig. 2. National tropical cyclone disaster deaths and subnational wind exposure (1979–2016). Total mortality is indicated by the shaded triangles for all
countries with at least 100 total deaths from 1979–2016 (1). Areas shaded in gray indicate countries that have not experienced tropical cyclone deaths
during this period. The frequency of exposure to sustained winds exceeding 63 km/h is mapped at 2.5-min (∼ 5 km) resolution (author calculations based
on data and models by refs. 2, 3, 33, and 34). Exposure from tropical cyclones occurring in the Indian Ocean basin may be underestimated due to missing
storm tracks in the underlying data. This region is therefore excluded from the main empirical analysis (see SI Appendix for details).

refs. 39–41). Finally, because we construct hazard and exposure
measures for all recorded tropical cyclones, we can examine the
characteristics of storms that were not associated with a recorded
disaster. This is a useful check on potential selection and mea-
surement error issues in this literature and allows us to observe
the conditions under which tropical cyclone disaster is avoided.

Results
The effects of institutions, income, and human capital on tropical
cyclone mortality are estimated via two sets of multivariate neg-
ative binomial regression models. The first set of models tests
the importance of different national characteristics for cyclone
deaths, using data from over 900 events across 67 countries
between 1996 and 2016. In addition to confirming the correla-
tion between several facets of development and disaster deaths
in the existing literature (9–11, 16, 22), our country-level mod-
els establish evidence of a robust association between national
government effectiveness and mortality from tropical cyclones.
Government effectiveness is represented in our models using
annual country-level scores, published by the World Governance
Indicators (WGI) and designed to capture the overall quality
and independence of public policy and service delivery (12). The
second set of models investigates the importance of subnational
development patterns for disaster mortality, using data from
tropical cyclone disasters in 59 countries between 1979 and 2016.
Socioeconomic conditions in the path of the storm are found to
have a large effect on expected mortality. Importantly, we con-
trol for hazard exposure in both the national and subnational
specifications.

National Government Effectiveness and Socioeconomic Conditions.
Government effectiveness, real GDP per capita, IMRs, and pri-
mary school enrollment are all good predictors of cyclone mor-

tality in a country-level model that controls for hazard exposure.
When we include only one of these four development indicators
at a time, each has a highly statistically significant association with
tropical cyclone deaths (SI Appendix, Table S5). This is consistent
with existing evidence that GDP per capita is a useful proxy for
tropical cyclone vulnerability (16, 22); an increase of one log-unit
of GDP per capita is predictive of a 66% decrease in deaths in a
model with no other socioeconomic variables. However, because
institutions, income, health, and education are highly correlated,
the independent effects of these variables cannot be identified by
models with only a single socioeconomic variable.

To parse these relationships, we test multiple aspects of
national development in combination (SI Appendix, Table S5).
This yields evidence of a large and statistically significant asso-
ciation between national government effectiveness and lower
cyclone mortality. In a model with no other socioeconomic vari-
ables, a 1 SD increase in government effectiveness is associated
with a 71% decrease in deaths. As illustrated in Fig. 3, when
we add GDP per capita and infant mortality to the model, gov-
ernment effectiveness accounts for a 49% decrease in mortality
per SD, remaining practically and statistically significant. When
we also include education, this reduces the number of observa-
tions due to missing data, but the effect of governance remains
large and statistically significant. The association between gov-
ernment effectiveness and lower tropical cyclone deaths is robust
to a range of sensitivity analyses, including ordinary least squares
(OLS) estimation, as described in SI Appendix, section 2 and
Tables S6–S14.

In contrast, GDP per capita, health, and education are more
sensitive to multivariate specifications. The decrease in mortal-
ity associated with a one log-unit increase in GDP per capita
falls from 66 to 44% when we add government effectiveness
to the income-only model. The GDP per capita loses statistical
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Fig. 3. Predicted effects of national government effectiveness score on
deaths, based on the SI Appendix, Table S5. The shaded area represents
the 95% CI. Variables not shown, including real GDP per capita and infant
mortality, are held at mean values for prediction.

significance with the addition of infant mortality and education
to the model. The effects of infant mortality and education also
lose statistical significance in the joint model with GDP per
capita and government effectiveness.
Disasters versus Hazard Exposures. The source of the mortality
data for this analysis is the Emergency Events Database (EM-
DAT), a global database of disasters based on reports from
governments, United Nations agencies, and other nongovern-
mental organizations (NGOs). This raises two key concerns when
the EM-DAT data are utilized to validate theories of vulnerabil-
ity to natural hazards. First, when disaster is averted, perhaps
due to the actions of effective and well-endowed institutions,
hazard events are not represented in the EM-DAT. Second,
the reliance on self-reported data creates the possibility of mea-
surement error. For example, countries with lower institutional
capacity or corruption may underreport disaster deaths. This has
implications beyond this analysis, as the EM-DAT database is
the primary source of mortality data used in global studies of the
risks posed by tropical cyclones and other natural hazards (e.g.,
refs. 9–11, 16, and 22). The potential biases introduced by study-
ing disasters versus hazards have been discussed in the literature
(see ref. 22), but have not previously been assessed empirically.

In order to compare tropical cyclones that do and do not
result in disasters recorded by the EM-DAT, we construct a
dataset that includes all country-storm exposures from 1996 to
2016 based on the IBTrACS dataset. We can then estimate a
logistical regression model of the probability that an instance of
tropical storm or cyclone exposure is included in the EM-DAT,
given a vector of regressors that includes government effective-
ness and real GDP per capita as well as controls for hazard
exposure. Our results indicate that tropical storm and cyclone
exposures that occur in wealthier countries with more effective
governments are less likely to be included in the EM-DAT (SI
Appendix, Table S15). While we cannot completely disentan-
gle the selection effects, this result indicates that selection bias
does not account for the direction of the governance–mortality
estimates in our main results and lends further support to our
hypothesis that more-developed countries have a higher capacity
to avert disaster when exposed to hazard.

Institutions and Socioeconomic Conditions in the Cyclone Wind Field.
We also investigate whether the protections afforded by effec-
tive national governments and other country-level attributes are
inclusive of areas of the country with weaker institutions or
marginalized groups. We select IMRs and settlements of polit-

ically excluded ethnic groups as proxies for the quality and
inclusiveness of institutions at the wind field level. IMRs are
linked to the quality of institutions via their role in the provision
of public services (40, 42), such as health care, education, sani-
tation, and social safety nets that protect against food insecurity
and malnutrition. Elevated infant mortality may reflect a lack of
will or capacity in the provision of such services, or else that not
all segments of the population benefit from them. The political
exclusion of ethnic groups was selected to more specifically cap-
ture the effects of marginalization; we anticipate that death tolls
will increase when governments lack accountability to portions
of the affected population (43). This could occur because areas
settled by excluded groups receive fewer resources, group mem-
bers have less trust in or access to them, or marginalized groups
are forced to settle in more physically vulnerable locations (7,
44). We exploit the spatial variability in where storms occur over
nearly four decades (1979–2016) to capture whether the popu-
lation in the wind field is relatively better or worse off than the
national average by these metrics. This allows us to compare out-
comes across events that occurred in the same country but under
different local institutional and socioeconomic conditions. The
construction of the wind field variables is described in Materials
and Methods and further elaborated in SI Appendix.

The main results of the subnational analysis are presented in
Fig. 4 and based on the negative binomial regression model esti-
mated in SI Appendix, Table S18. Using a model that controls
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Fig. 4. Predicted effects of the wind field IM ratio on deaths. The IM ratio is
the ratio of the IMR in the storm wind field compared to the national aver-
age. (Top) The predicted effect of the IM ratio in the tropical storm exposure
zone (sustained winds of >63 km/h). (Bottom) The predicted effect of the
IM ratio in the more intense tropical cyclone exposure zone (sustained winds
of >119 km/h). Predictions are based on the estimated models presented in
SI Appendix, Table S18. The shaded areas represent the 95% CIs.
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for national socioeconomic conditions as well as hazard expo-
sure, we find that death tolls are higher when IMRs are elevated
within the cyclone wind field. For the tropical storm-strength
wind field (sustained winds of >63 km/h), the model predicts
an 11% increase in storm deaths when local IMRs are elevated
by 10% above the national average. At higher wind speeds (sus-
tained winds of >119 km/h), the effect is more pronounced; a
10% increase in wind field infant mortality is associated with
a 14% increase in storm mortality. The results for these more
intense tropical cyclone wind fields are robust to various permu-
tations of the model and the dataset, while the results for the
weaker tropical storm wind fields lose statistical significance in
some alternative specifications (SI Appendix, Tables S19–S29).

The statistical relationship between elevated IMRs and disas-
ter deaths may be interpreted in several ways. Infant mortality
is a measure of public health and has also been employed as
a proxy for overall well-being, poverty, or inequality (e.g., refs.
31, 39, 45, and 46), each of which is plausibly related to disas-
ter deaths. However, the importance of within-country variation
in IMRs clearly demonstrates that disaster deaths are not only a
function of the national context and hazard exposure. Local vul-
nerabilities are important, and particularly so in areas that are
exposed to sustained wind speeds in excess of 119 km/h, the “very
dangerous” threshold for tropical cyclone winds (47).

Our analysis of the effects of politically exclusive institutions
on disaster mortality is not conclusive and highlights the need for
further research on this topic. Following the Ethnic Power Rela-
tions (EPR) classifications, we consider groups to be excluded
from executive political power if they are powerless, discrimi-
nated against, or self-excluded (48, 49). By this measure, the
effects of exclusion are not precisely estimated (SI Appendix,
Table S18). However, we find that very few tropical cyclones in
our dataset actually impact areas settled by groups that are dis-
criminated against or self-excluded. Our measure of ethnic group
exclusion therefore primarily captures the effects of powerless
groups settled in the impact area (SI Appendix, Table S30). Pow-
erless groups, which lack representation, may be less likely to be
excluded from national protections compared to groups that are
actively discriminated against. Our indicators of exclusion also do
not unpack potentially important heterogeneities in the density
of ethnic group settlements and the de facto and de jure forms of
political power sharing (50–52).

Discussion
Our analysis generates empirical support for the role of govern-
ments and institutions in reducing tropical cyclone risk. First, we
show that national government effectiveness is associated with
lower mortality from tropical cyclones, independent of GDP per
capita, health, and education. We then demonstrate the impor-
tance of within-country heterogeneities in vulnerability through
global analysis of subnational institutional quality and tropical
cyclone risk. Specifically, we find that death tolls are higher when
IMRs, a proxy for the quality and inclusiveness of local insti-
tutions, are elevated compared to the national average within
the cyclone wind field. These results lend support for general
theories of how effective and inclusive institutions can moder-
ate vulnerability and foster resilience to a range of shocks and
stressors.

We acknowledge several limitations of this work. First, we rely
on data that include only the direct, short-term disaster deaths.
Our analysis does not capture how institutions may mediate
longer-term mortality, for example, through their role in mitigat-
ing economic hardship or reestablishing health care and other
services in the aftermath of the storm (14, 53). Second, these
results may be sensitive to the data sources used to operational-
ize the latent concept of institutional capacity. Our analysis relies
on the subjective WGI government effectiveness scores. While,
to our knowledge, a suitable alternative measure of government

effectiveness is not publicly available at present, we encourage
future research to test the robustness of these findings using new
or proprietary data sources. Future work could also investigate
the importance of other facets of governance for disaster mortal-
ity, such as polity and sociopolitical goals (54, 55). Third, our data
and research design are not suitable for demonstrating causality.
The challenges of overcoming multicollinearity in the analysis
of observational data and, in particular, disentangling different
aspects of governance and the complex processes that underlie
the correlation between income and institutions, are well doc-
umented (e.g., refs. 56–59). Our results, however, go beyond
previous efforts, by demonstrating that the association between
national government effectiveness and tropical cyclone mortal-
ity cannot be fully explained by indicators of income, health, or
education. Finally, the trade-off of focusing on a single class of
hazard is that it limits our ability to generalize these results to
other types of natural disaster. However, our approach can be
adapted to the study of additional hazards, scales, and outcomes
to gain further insight into the role of institutions and economic
development in risk reduction.

Our findings are salient to current questions about the inter-
section of institutions, sustainable development, and disaster
risk, questions made more urgent under climate change. The
intensity and rainfall of the strongest tropical cyclones are
expected to increase under climate change (37, 60–62), and
trends in population growth and sea level rise will further
contribute to risk in the absence of effective adaptation (22,
37, 63). Many tropical cyclone-affected countries will also face
increased risk from other climate change impacts, including
extreme weather events such as droughts, floods, and heat
waves (5). These challenges are amplified by uneven progress
on eliminating poverty, hunger, disease, illiteracy, environmental
degradation, and discrimination against women (5, 64). Enhanc-
ing institutions may have wide-ranging benefits for disaster risk
reduction as well as climate adaptation and sustainable develop-
ment. This underscores the value of understanding relationships
between institutions and disasters.

Materials and Methods
Disasters occur when a population is exposed to hazardous conditions and
is unable to adapt or cope. Understanding mortality from tropical cyclones
therefore requires information about the spatial intersection of physical
hazard and socioeconomic systems. Here, we describe the methods and
data sources used to build our event-based dataset of tropical cyclone dis-
asters that extends from 1979 to 2016. This is followed by a description of
the econometric methods that underlie our results. The hazard exposure
variables and the socioeconomic variables are summarized in SI Appendix,
Tables S1 and S2; the source data and methods are also described in further
detail in SI Appendix.

Dataset. Our approach recognizes the importance of accurately accounting
not only for the intensity of the hazard but also for the number of people
exposed to hazardous conditions and the local socioeconomic conditions of
the affected population. Basic statistics such as a storm’s maximum wind
speed or minimum central pressure are indicators of hazard intensity rather
than exposure, and therefore incomplete measures of the severity of the
shock. Many intense storms never pass within striking distance of populated
land or weaken sufficiently to pose little threat upon landfall. When intense
storms do strike land, minor differences in storm trajectory can have large
implications for the number of people exposed to hazardous conditions.
The speed and longevity of a storm impacts the duration of wind exposure
as well as the cumulative rainfall.

To translate from hazard to exposure, we develop a method to match
storm tracks and rainfall to disaster data and then parametrically model
the intensity and spatial extent of each storm. With the area of exposure
spatially delineated, we can then determine the size and socioeconomic con-
ditions of the population living there. In brief, this is done by first identifying
the grid cells that fall within the storm’s wind field, extracting the measures
of interest for each of those grid cells (e.g., population, infant mortality),
and then computing the average conditions in the wind field. Thus, while
several variables in this analysis draw on subnational data specific to the
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area of the country impacted by the storm, these data are aggregated
into country-storm measures. This allows for comparison with our princi-
pal outcome variable: the number of disaster deaths associated with each
country-storm event. Our criteria for disaster are detailed in SI Appendix,
section 2 and follow the EM-DAT, the source of the disaster mortality data
for this analysis (1).

Measures of Hazard Intensity and Exposure. Tropical cyclone data obtained
from the IBTrACS Project (2, 3) do not share a common identifier with the
EM-DAT disaster data. The observations were therefore matched using a
spatial algorithm that, for each disaster, looks for the closest storm in space
and time. Automated matches between the EM-DAT and IBTrACS were man-
ually reviewed for accuracy by consulting additional sources, such as storm
reports published by governments and meteorological agencies.

Best track data consist of wind and pressure data georeferenced at 6-h
intervals along the central track of the storm. In order to produce a spatial
representation of storm winds, suitable for matching with gridded popu-
lation and socioeconomic data, track data are interpolated and winds are
modeled using a parametric tropical cyclone model (34). This is implemented
using a globally adapted version of stormwindmodel in R (see SI Appendix
for details) (33). The modeled winds are then rasterized at a 2.5-arc-minute
resolution, and the spatial extent of the wind fields over land is mapped for
each country-storm event. This is performed for multiple wind thresholds.
Fig. 5 illustrates the steps of this process for a single country-storm event,
the 2004 Cyclone Gafilo in Madagascar.

Once the wind hazard has been spatially delineated, we can then overlay
the wind fields with population data to estimate the exposure. Time-variant,
subnational population estimates from the Center for International Earth
Science Information Network’s Global Population Count Grid Time Series
Estimates and Gridded Population of the World (Version 4.10) are inter-
acted with the modeled wind fields to estimate the size of the populations
exposed to winds of different intensities (36, 65). Rainfall exposure is based
on the Climate Prediction Center Global Unified Gauge-Based Analysis of
Daily Precipitation dataset, available at a 0.5◦ resolution from 1979 to
present (38). Rainfall is represented by the maximum total rainfall over the
duration of the storm for any grid cell in the country and within a 500-km
buffer of the storm track.

This analysis is limited to the satellite era (1979+) of wind and rain-
fall data, and to more recent years (1996+) for specifications including
national government effectiveness scores. Indian Ocean tropical cyclones are
excluded from our main specifications, due to concerns about the quality
and completeness of the data for this region during the study period. How-
ever, the main findings presented in this paper are robust to the inclusion or
exclusion of any particular region, including the Indian Ocean basin. See SI

A B C

Fig. 5. Modeling tropical cyclone wind fields for Cyclone Gafilo (2004) in
Madagascar. We begin with (A) the 6-hourly wind speeds and locations (2,
3). Using a parametric wind speed model (34) implemented in the software
R (33), we then estimate (B) the maximum sustained wind speed over land
at a 2.5-arc-minute resolution. Finally, we define (C) the spatial extent of the
TD (Tropical Depression: <63 km/h), TS (Tropical Storm: 63–118 km/h), TC1
(Tropical Cyclone: 119–153 km/h), and TC2+ (Tropical Cyclone: > 153 km/h)
wind fields.

Appendix for the sensitivity analyses and additional documentation of the
Indian Ocean storms.

Socioeconomic Variables. Country-level socioeconomic variables are
matched to tropical cyclone events based on the year and the country.
National indicators of income, health, and education are taken from the
World Development Indicators (66) and other sources (67–69). The GDP per
capita and IMRs are lagged by 1 y.

Following previous related work (e.g., refs. 10 and 22), we use the WGI to
capture national government effectiveness, defined as the quality of pub-
lic policies and service delivery by formal institutions (12, 70). The scores
are based on surveys of public, private, and NGO experts combined using
an unobserved components model. While perception-based measures are
unavoidably imprecise, an advantage of the WGI methodology is the explicit
characterization of the uncertainty. This allows us to conclude that there
is meaningful variation in governance scores across the countries in our
dataset.

Within countries, local institutional quality and inclusion are proxied
using subnational IMRs and spatial data on the political exclusion of eth-
nic groups. For each storm, these variables are constructed for wind fields
of multiple intensities (as illustrated in Fig. 5). Both the infant mortality and
political exclusion variables are weighted by the grid cell population (36,
65), and therefore are restricted to the over-land wind field. The infant mor-
tality ratio (IM ratio) is the ratio of the IMR in the storm wind field to the
national IMR, based on data from the Poverty Mapping Project’s Global Sub-
national Infant Mortality Rates for the year 2000 (35). Country dummies are
included in all subnational models, as the resolution of the infant mortality
data varies by country. Given that the underlying subnational IMR data are
time invariant (for the year 2000), one concern is that infant mortality might
be elevated in parts of the country due to the direct or indirect impacts of
tropical cyclones. However, when we exclude the years 1999–2000 or only
include the years 2001–2016 as a robustness check, the estimated effect of
locally elevated IMR on disaster deaths remains consistently positive and,
for the tropical cyclone strength wind fields, highly statistically significant
(SI Appendix, Tables S19 and S20).

The population-weighted percentage of the wind field that is settled by an
excluded ethnic group is also constructed. This is based on data from the EPR
Dataset Family (48, 49, 71). The EPR provides annual data on politically rele-
vant ethnic groups’ access to state power, and classifies groups as excluded
if they are powerless, discriminated against, or self-excluded. However, the
excluded ethnic group settlements that overlap with the tropical cyclones
are primarily classified as powerless rather than discriminated against or
self-excluded. See SI Appendix for a discussion of the implications.

Methods
Tropical cyclone deaths y for event i are modeled using a negative bino-
mial regression model. The use of a count data model is suitable given
that storm deaths are nonnegative integer values. The simpler Poisson
model is not used, because the data violate the equidispersion principle
E [yi | xi]= Var [yi | xi]. The negative binomial regression model allows us to
relax this assumption such that the variance depends on the mean and a
dispersion parameter α= 1/θ. We use the Negbin 2 (NB2) form of the neg-
ative binomial regression model represented in Eqs. 2–4, following Greene
(ref. 72, p. 808). The NB2 model has several useful properties compared to
other negative binomial models, including that it is robust to distributional
misspecification (73). However, model standard errors may be inconsis-
tent in cases of distributional misspecification (74). We therefore estimate
robust standard errors for all negative binomial regressions presented in
this analysis. The NB2 model is

Prob(Y = yi | xi) =
Γ(θ+ yi)

Γ(yi + 1)Γ(θ)
r

yi
i (1− ri)

θ , [2]

where
λi = exp(x′i β), [3]

and
ri =λi/(θ+λi). [4]

The characteristics of each country-storm event i, represented by the vector
xi , include socioeconomic characteristics, measures of storm intensity and
exposure, and geographic and other control variables. The parameters to
estimate are β, θ.

One drawback of the negative binomial model is that it is not well suited
to handle large outlier events. We therefore exclude events with more than
5,000 deaths from the negative binomial specifications. These outlier events
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are few in number, but catastrophic in their humanitarian impacts.† We
therefore estimate comparable OLS models with a transformed dependent
variable to accommodate these high-mortality events as a robustness check.
As described in SI Appendix, the main results are robust to OLS estimation
with and without the outlier events.

Data Availability. A replication package including the R code and data files
generated for and analyzed during the current study has been deposited
in the Cornell Institute for Social and Economic Research (CISER) Data &
Reproduction Archive, https://doi.org/10.6077/89ba-bj79 (4). The replication
package includes all publicly available and author generated source data.

†Our criteria exclude Thelma (1991) and Haiyan (2013) in the Philippines and Mitch
(1998) in Honduras. See SI Appendix for additional Indian Ocean storms that exceed
5,000 deaths.

Due to copyright, the original EM-DAT data (1) is not included in the repli-
cation files; details on how the EM-DAT data can be accessed directly (for
noncommercial use) are included.
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