
1. Introduction
Poor countries or individuals often pay the heaviest price for climate extreme events (e.g., heatwaves, droughts, 
and floods) because they are often ill-equipped to adequately prepare for these extreme events and struggle harder 
to recover from them afterward (Ahmadalipour, Moradkhani, Castelletti, & Magliocca, 2019; Ahmadalipour, 
Moradkhani, & Kumar, 2019; Callahan & Mankin, 2022; Gazzotti et al., 2021; Wing et al., 2022). Such extreme 
events are very likely to become more frequent and intense under a warming climate, thereby increasing the 
already daunting costs of adaptation for low-income countries in coming decades (Batibeniz et al., 2020; Masood 
et al., 2022; Swain et al., 2018). In addition to individual extreme events, the emergence of compound events such 
as the abrupt shift from drought to downpour (hereafter referred to as drought-to-downpour) has been receiving 
widespread attention from researchers, practitioners, and policy makers (Zscheischler et al., 2018, 2020). Recent 
drought-to-downpour events in multiple countries such as India (Roxy et  al.,  2017), Peru (Son et  al.,  2020), 
Mozambique (Brida et al., 2013), the United Kingdom (Parry et al., 2013), and the United States (Simon Wang 
et al., 2017) illustrate that the emerging threat is a global challenge. This is especially true in low-income countries 
where infrastructure systems tend to be less developed and the multi-hazard early warning system is often lacking, 
the drought-to-downpour events can cause unmitigated damage and suffering (Hallegatte & Rozenberg, 2017).
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recent years, with particularly disastrous consequences in low-income regions. However, the spatiotemporal 
evolution and poverty exposure to such drought-to-downpour events remain poorly understood. Here, we 
investigate the connection between poverty and drought-to-downpour events based on three data products and 
climate models on a global scale. We find that the drought-to-downpour events increased by 24%–48% in the 
poorest 20% of the world's population from 1980 to 2010. The drought-to-downpour events do not appear to 
be occurring more frequently in most regions globally, just affecting regions with higher poverty rates more 
frequently, especially in African countries. The exposure inequality remains under future socioeconomic 
pathways, with a nearly fivefold increase in the exposure for the poorer populations. Poverty exposure to more 
frequent drought-to-downpour events demands greater support for climate adaptation in low-income countries 
to reduce poverty and inequality.

Plain Language Summary Many regions have suffered greatly from recent occurrences of 
abrupt shift from drought to downpour, suggesting that the emerging threat is a global challenge. Such 
drought-to-downpour events pose challenges to water infrastructures in developed countries, let alone 
those poor countries with limited adaptation capacity and resources. However, the connection between the 
drought-to-downpour events and poverty incidence remains poorly understood. Here, we show that such 
drought-to-downpour events experienced by the poorest 20% of the world's population increased significantly 
by 24%–48% from 1980 to 2010. Such a significant increase, however, is not observed for the remaining 
wealthiest 80%. The drought-to-downpour events do not appear to be occurring more frequently in most global 
regions, just affecting regions with higher poverty rates more frequently, especially in African countries. 
Climate projections show that such inequality would remain in a warming climate. Our results highlight the 
urgency to provide greater support for climate adaptation in low-income countries to reduce poverty and 
inequality.
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Poverty exposure to single climate extreme events has been well documented (Baez et  al.,  2020; Rentschler 
et al., 2022; Winsemius et al., 2018). Among the top 10 countries in terms of the impacts of climate extreme 
events in 2019, eight are lower-middle-income countries according to the Global Climate Risk Index 2021 
(Eckstein et al., 2021). Approximately 170 million people worldwide are exposed to 1-in-100-year floods and 
living in extreme poverty, nearly half of which reside in Sub-Saharan Africa (Rentschler et al., 2022). In addition, 
studies show that poor people are often disproportionately exposed to droughts (Winsemius et al., 2018), floods 
(Rentschler et al., 2022), and heatwaves (King & Harrington, 2018). Yet, none of existing studies consider the 
interrelationship between poverty incidence and compound climate events, especially the drought-to-downpour 
events that have attracted worldwide attention (Chen & Wang, 2022; Qing et al., 2023; You et al., 2023). Such 
events often exacerbate damage due to the compounding effects of multiple hazards and are likely to have the 
most devastating impacts on low-income countries (He & Sheffield, 2020).

Recognizing the severe impacts of the drought-to-downpour events on socioeconomic development, developed 
countries have made a multibillion-dollar investment for constructing new water infrastructures such as levee 
setback projects (Collenteur et al., 2015). In comparison, current water infrastructure in low-income countries is 
typically designed for individual water-related hazards (i.e., drought or rainstorm) and often undersized, failing to 
address hazards from the drought-to-downpour events (Rentschler et al., 2022; Simon & Leck, 2015). To reduce 
such an inequality, the 27th Conference of the Parties to the United Nations Framework Convention on Climate 
Change (COP27) reached an agreement to compensate vulnerable developing countries for loss and damage from 
climate extreme events (Masood et  al.,  2022). However, the exposure risk of emerging drought-to-downpour 
events remains poorly understood, especially in low-income countries, which may cause inappropriate invest-
ment in water infrastructure of developing countries and potentially increase risks of infrastructure failure in the 
future, thereby reverting years of progress in development and poverty reduction. Therefore, it is urgent and vital 
to conduct a global assessment of drought-to-downpour events, including their recent evolution in low-income 
countries and regions, hot spots of exposure, and the inequality in exposure, enhancing climate resilience for 
low-income countries.

2. Methods
Gridded data products of daily precipitation are taken from three data sets, including the Rainfall Estimates on a 
Gridded Network (REGEN) (Contractor et al., 2019), the ERA5 reanalysis (Hersbach et al., 2020), and Princeton 
University's global land surface model data (Sheffield et al., 2006) to investigate global drought-to-downpour 
events from 1955 to 2014 (see a detailed description and evaluation of the three data sets in Text S1 as well 
as Figures S22, S23, and S24 in Supporting Information S1). Here, a drought-to-downpour event is defined as 
the occurrence of downpour within a month after the last month of a drought event (see a schematic in Figure 
S1 in Supporting Information S1). Drought is defined as the monthly self-calibrating Palmer Drought Severity 
Index (scPDSI) values continuously below −2 for at least three months. The monthly potential evapotranspiration 
(PET) in the Climate Research Unit (CRU) data set is used to calculate the scPDSI (Harris & Jones, 2020). The 
downpour is defined as the daily precipitation amount exceeding two thresholds: the 95th and 99th percentiles 
of precipitation on wet days (i.e., daily rainfall of at least 1 mm). A sensitivity analysis on the choice of drought 
threshold and precipitation quantile can be found in Text S2 in Supporting Information S1. In addition to data 
products, climate simulation data sets from 15 CMIP5 and 10 CMIP6 model outputs (Tables S1 and S2 in 
Supporting Information S1) as well as CESM Large Ensemble Community Project (CESM-LENS) are used to 
identify drought-to-downpour events under historical and future climates (Deser et  al., 2020). Future climate 
projections under two emission scenarios (RCP4.5 and RCP8.5) are used. The monthly PET is also estimated 
based on the climate model simulations using the corrected Penman-Monteith equation, which takes into account 
atmospheric CO2 concentration (Yang et al., 2019). The climate model simulation data sets are regridded onto 
2.5° × 2° grids given their coarse resolutions.

To estimate the poverty exposure of drought-to-downpour events, we use a 5-arcmin gridded subnational data 
set of GDP per capita (PPP, i.e., purchasing power parity) from Kummu et al. (2020) to group the globe into 
two clusters (i.e., the poorest 20% and the wealthiest 80%). This data set provides average GDP per capita at the 
subnational level for the 25-year period of 1990–2015, which is generated through compiling the reported data at 
national and subnational scales, together with temporal interpolation and extrapolation (Figure S13 in Supporting 
Information S1). The population exposure is determined based on the population density in World Pop 2000 maps 
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calibrated on census and satellite data (WorldPop, 2020). In addition, we use the poverty rates available in the 
latest edition of the World Bank's Global Subnational Atlas of Poverty (GSAP) (World Bank, 2021). Here, we use 
the poverty headcount ratio (%) at $5.50 per day, which is one of the standard World Bank definitions of poverty 
(Figure S12 in Supporting Information S1). Since there are small subnational units in the GSAP that are too small 
for a 0.5° × 0.5° grid, we aggregate adjacent small units into a single unit that covers at least five 0.5° × 0.5° grids 
(approximately 15,000 km 2) within each country and omit the isolated small units such as the Cayman Islands. 
Finally, 843 subnational units are kept in the GSAP, which cover 169 countries.

We investigate the influence of four hydroclimatic anomalies, including convective available potential energy 
(CAPE), vertically integrated moisture divergence (VIMD), vapor pressure deficit (VPD), and PET, on the 
drought-to-downpour weather whiplashes based on odd ratios calculated by fitting a logistic regression (Li 
et al., 2020; Mukherjee et al., 2023; Varga & Breuer, 2022). The logistic regression is fitted using the binary 
sequence of the last months of drought events as the independent variable (X ) and that of months when down-
pours occur as the dependent variable (Y ) with Z as the confounding variable. The odd ratio is given as exp(β), 
where β is the regression coefficient of the logit model, such that exp(β) > 1 and exp(β) < 1 indicate a multiplica-
tive increase and decrease, respectively, in the odds of a downpour for a given drought and per unit increase in 
hydroclimatic variables or confounders (here, standardized anomalies of CAPE, VIMD, VPD, and PET).

3. Historical Characteristics of Drought-To-Downpour Events
Before assessing the drought-to-downpour events, we examine historical changes in the interval from drought to 
downpour (see Method and a schematic in Figure S1 in Supporting Information S1) and find a statistically signif-
icant (P < 0.05) decrease globally during the period of 1955–2014 for all three data sets (see Figure 1a for R95p 
and Figure S2 in Supporting Information S1 for R99p). The magnitude of estimated slope suggests a decrease of 

Figure 1. (a) Temporal evolution of the transition time from droughts to R95p downpours generated from three data products (REGEN, ERA5, and Princeton). Solid 
lines represent annual values of the global land-averaged transition time and dashed lines represent the linear trend based on the Sen's slope estimator (Sen, 1968). The 
p-value is the trend significance using a Mann–Kendall (MK) test (Kendall, 1975). The shaded areas represent the spread in the three data products. The historical (b) 
frequency and (c) probability of abrupt shift from droughts to R95p downpours within a month over the period of 1955–2014. The drought-to-downpour probability 
is calculated as the percentage of drought events that abruptly shift to downpours within a month. The stippling in (c) indicates the drought-to-downpour probability 
is significantly higher than expected from independence between drought and downpour occurrences. (d) PDF of the land fraction showing the drought-to-downpour 
probability generated from data products and 1,000 synthetic data sets that assume independence between drought and downpour occurrences. The vertical dashed 
lines represent the global mean drought-to-downpour probability. The lower and upper bounds of the gray shading in (d) refer to 2.5th and 97.5th percentile estimates, 
respectively.
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6.6–16 days in the interval from droughts to R95p downpours during the study period for all three data sets, with a 
decadal decline of 1.1–2.5 days (Figure 1a). Such a decrease is 33–102 days with a decadal decline of 5.5–17 days 
if the downpour is defined as R99p (Figure S2a in Supporting Information S1). Such a decrease may further 
enhance the likelihood of abrupt shift from drought to downpour, leading to significant drought-to-downpour 
events (i.e., shift from drought to downpour within a month). We find that such drought-to-downpour events 
frequently occur in East Asia, Southeast Asia, Central Africa, Southern Brazil, Amazon Basin, Eastern United 
States, and Southern Europe (Figure 1b). Particularly, Southern Brazil, East Asia, and Eastern United States not 
only are the high-frequency regions but also show a relatively high probability of abrupt shift from drought to 
downpour (i.e., a relatively high percentage of droughts followed by downpours within a month), with more than 
80% of droughts abruptly shifting to downpours within a month during the period of 1955–2014 (Figure 1c). 
These are also the regions where multiple high-impact events have been reported (Chaves & Ennes,  2021; 
Migiro, 2013; ReliefWeb, 2010). For example, Southern Brazil, one of the regions that are most vulnerable to 
droughts and downpours, experienced remarkably dry conditions from January 2014 to February 2015 followed 
by a downpour in 2015, which affected over 200,000 people across the states of Rio Grande do Sul and Santa 
Catarina in Southern Brazil (Geirinhas et al., 2021).

We also use a bootstrap resampling test to assess whether the observed drought-to-downpour probability is 
significantly higher than expected under independence between drought and downpour occurrences. The 
bootstrap resampling test compares the drought-to-downpour probability detected from the data product and 
1,000  synthetic data sets. The synthetic data sets are generated by separately shuffling the observed binary time 
series of drought and downpour at the monthly scale (see Text S3 in Supporting Information S1). The observed 
drought-to-downpour probability is significantly (P < 0.05) higher than expected under independence between 
drought and downpour occurrences over 42% of global land area based on three data products (see the stippling 
in Figure 1c). This indicates that the abrupt shift from drought to downpour cannot be a pure coincidence. The 
occurrence of drought and downpour has a strong temporal dependence, which increases the global average 
probability of abrupt shift from 20%−29% to 37%−48% (Figure 1d). Such increases are nearly double (from 
5%−8% to 11%−18%) for the abrupt shift from drought to heavy downpour (R99p) (Figure S2d in Supporting 
Information S1).

4. Growing Poverty Exposure to Drought-To-Downpour Events
Figure 2a shows that approximately 60% of global land area shows increases in the frequency of drought-to-downpour 
events between the early and later periods (1955–1984 and 1985–2014). These regions are home to approximately 4 
billion people, mainly located in Africa, East Asia, Southern Europe, Southeastern Brazil, and the Arabian Penin-
sula, nearly 30% of which (1.22 billion) live in poverty (i.e., on less than $5.50 per day). Our results also show 
that there is a significant (P < 0.05) correlation between median multiplicative changes of drought-to-downpour 
events and the share of population living in poverty (i.e., on less than $5.50 per day) (see Figure 2b). Specifically, 
the frequency of drought-to-downpour events shows little change (i.e., ∆ drought-to-downpour frequency close 
to 1) at the locations with poverty rates lower than 10%. In comparison, locations with poverty rates higher than 
90% experience approximately 50% increases (i.e., ∆ drought-to-downpour frequency equals 1.5), on average, in 
the frequency of drought-to-downpour events. For example, our estimates show that Mozambique experiences an 
80% increase in drought-to-downpour events and more than 90% of population in Mozambique live in poverty. 
Among the top 10 countries in terms of multiplicative changes in drought-to-downpour events, seven have more 
than 70% of population living in poverty (Figure 2c).

We find that the poorest 20% of the world's population have experienced a statistically significant (P < 0.05) 
increase in the occurrence of drought-to-downpour events based on three data products during the period of 
1980–2010 (Figure 3a and Figure S4 in Supporting Information S1). The magnitude of estimated slope suggests 
an increase of 24%–48% in the frequency of drought-to-downpour events during the study period, with an annual 
growth of 0.8%–1.6% (Figures S3 and S4 in Supporting Information S1). Such a significant increase, however, 
is not observed for the remaining wealthiest 80% of the world's population (P  =  0.08). Climate simulations 
also show that the poorest 20% experienced a statistically significant (P < 0.05) increase in the frequency of 
drought-to-downpour events, with the ensemble-mean growth rate similar to those observed (see Figure 3b for 
CMIP5 and Figure S21 in Supporting Information S1 for CMIP6). The CMIP5 ensemble also resembles the insig-
nificant changes in the frequency of observed drought-to-downpour events experienced by the wealthiest 80% 
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(Figure S5 in Supporting Information S1). Here we merge the years 2006–2010 from the RCP4.5 simulations with 
the years 1980–2005 from the historical simulations since the trends in the probability of drought-to-downpour 
events under different emission scenarios are almost identical for the first two decades of the 21st century (Figure 
S6 in Supporting Information S1). Such divergent trends in the frequency of drought-to-downpour events expe-
rienced by poor and non-poor people are not affected by drought thresholds and extreme precipitation indices 
chosen to identify drought-to-downpour events (Figure S7 in Supporting Information S1).

We also find that the poverty exposure to drought-to-downpour events is projected to increase in the late 
twenty-first century relative to the late twentieth century. This is shown through aggregating locations by income 
decile and by graphing the local fraction of population exposed to a high drought-to-downpour risk for SSP2-
4.5 and SSP5-8.5, respectively (see Figures 3c and 3d for CMIP5, Figure S8 in Supporting Information S1 for 
CMIP6, and Figure S9 in Supporting Information S1 for CESM-LENS). Here, the high drought-to-downpour risk 
is defined as over 80% of droughts abruptly shifting to downpours. The fraction of populations exposed to the 
high drought-to-downpour risk increases most for people from the poorer income deciles, with a nearly fivefold 
increase under SSP5-8.5. Such an increase is not significant for people from the wealthier income deciles.

Figure 2. Drought-to-downpour events and poverty. (a) Observed multiplicative change from the early period 
(1955–1984) to the later period (1985–2014) in the frequency of drought-to-downpour events at the subnational level. 
(b) Global interrelationships between the share of population that is poor ($5.5 per day) and changes in the frequency of 
drought-to-downpour events. Box extents are at the 25th and 75th percentiles with Tukey whiskers. The red dashed line 
represents the fitted linear regression between poverty rates (x-axis) and median values of drought-to-downpour change 
(y-axis). The slope and p-value of the linear regression are shown. (c) The horizontal bar chart shows the 10 countries with 
the highest multiplicative changes of drought-to-downpour frequency, while the orange scatter plot shows the corresponding 
share of population that is poor ($5.5 per day).
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5. Changes in Processes Responsible for Drought-To-Downpour Events
We find that CAPE and VIMD show positive influences (odd ratio >2) on the odds of drought-to-downpour events 
mainly in tropical regions (Figures 4a and 4b). A higher value of CAPE means the atmosphere is more unstable 
and would therefore produce a stronger updraft that characterizes a storm's early development, and the intense 
water vapor transport (a high VIMD value) is likely to provide fuels for the occurrence of drought-to-downpour 
events. Some of these regions show a compounding influence of CAPE and VIMD, such as in Brazil, southeast-
ern Africa, northern India, Southeast Asia, and northern Australia, where the values of odd ratio indicate that a 
simultaneous increase in CAPE and moisture convergence (negative VIMD) anomalies by one unit can yield 3–4 
times increase in the odds of drought-to-downpour event cascade in these regions. Most of these regions show 
negative and strong influences of VPD, such as in central and northern North America, Russia, and Kazakhstan 
(Figure 4c). PET shows a positive but moderate influence (1 < odd ratio <2) and VPD shows a negligible influ-
ence in the majority of tropical regions (Figure 4d). The influence of PET is more dominant (odd ratio >3) in 
extratropical regions, including northern North America, Europe, and central and northern Asia.

Figure 3. Time series of annual drought-to-downpour events generated from (a) the REGEN product and (b) CMIP5 simulations for the poorest 20% (red) and the 
wealthiest 80% (blue) regions of the world. The time series were normalized by calculating annual values as a fraction of the 1980–2010 local mean. The spatial 
distribution of the poorest 20% is shown in Figure S4a in Supporting Information S1. Dashed lines represent annual values from data products and ensemble mean; 
solid lines represent the linear trend; the lower and upper bounds of the colored shading refer to 2.5th and 97.5th percentile estimates, respectively. The slope (unit: 
year −1) is the linear trend based on the Sen's slope estimator; and the p-value is the trend significance using a MK test. The fraction of (c) the poorest 20% and (d) the 
wealthiest 80% worldwide exposed to the drought-to-downpour probability of at least 80% under historical (1955–2004) and future (2051–2100) climates. Gridded data 
sets of population and GDP in 2000 and 2100 under SSP2 and SSP5 are taken from Gao (2020) and Murakami et al. (2021), respectively. Box extents are at the 25th 
and 75th percentiles with Tukey whiskers.
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We also find that changes in the four hydroclimatic anomalies may explain the different trends of 
drought-to-downpour events for the poorest 20% and the wealthiest 80% of the world's population. The CAPE and 
VIMD significantly (P < 0.05) increase at the drought termination period for the poorest 20% of the world's popu-
lation (Figures 4e and 4f), thereby increasing the frequency of drought-to-downpour events for the corresponding 
area. Such increases, however, are not significant (P > 0.05) for the wealthiest 80%. Although the VPD shows 
a significant (P < 0.05) increase for the wealthiest 80% of the world's population (Figure 4g), it has a negative 

Figure 4. Spatial maps of statistically significant (at 95% confidence level) odd ratios (exp(β)) calculated by fitting the logistic regression model for the 
drought-downpour events associated with (a) CAPE, (b) VIMD, (c) VPD, and (d) PET. Normalized time series of averaged e CAPE, (f) VIMD, (g) VPD, and (h) PET 
during the drought termination period generated from the ERA5 reanalysis for the poorest 20% and the wealthiest 80% of the world. Dashed lines represent annual 
values and solid lines represent the linear trend. The p-value is the trend significance using a MK test.
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impact on the drought-to-downpour occurrence for the extratropical region. The PET has a positive impact on the 
drought-to-downpour occurrence over the extratropical region, but it shows an insignificant (P > 0.05) change for 
the wealthiest 80% of the world's population (Figure 4h).

6. Discussion
The IPCC Sixth Assessment Report (AR6) suggests that developing countries need USD 140∼300 billion per year 
by 2030 for climate adaptation, but the increasing exposure of poor regions to the emerging weather whiplash was 
not considered in current climate assessment reports and adaptation strategies (Hallegatte & Rozenberg, 2017; 
Markkanen & Anger-Kraavi,  2019). Our results suggest that in addition to the well-known extreme events 
(Alizadeh et al., 2022; Mohanty & Simonovic, 2021; Winsemius et al., 2018), low-income regions and countries 
have likely been suffering significantly more than previously understood due to the increasing occurrence of 
drought-to-downpour events (Figure S20 in Supporting Information S1), and such increases are not detected for 
middle- and high-income regions. Low-income and vulnerable countries are very likely to need greater support 
than estimated by IPCC AR6 for adaptation to compound events. Climate adaptation of poor and vulnerable 
regions should address the emerging risk from drought-to-downpour events to avoid disproportionate burdens 
and additional damages, especially in East Asia, Southeast Asia, Central Africa, Southern Brazil, and Amazon 
Basin. Poverty exposure to more such compound events would have a higher potential to push vulnerable house-
holds into poverty and keep households poor than individual extreme events (Hallegatte et al., 2020; Hubacek 
et  al.,  2017; Rao et  al.,  2017), thereby reinforcing the inequalities. Although the COP27 established funding 
solutions for climate adaptation in low-income countries, international community's efforts toward climate justice 
would be hampered if drought-to-downpour events are not taken into account given their increasing poverty expo-
sure and serious consequences (Green, 2016; Hallegatte et al., 2018). This could put at risk the achievement of the 
United Nations' Sustainable Development Goals which are to reduce poverty (Goal 1) and inequality within and 
between nations (Goal 10), as well as to take urgent actions to combat climate change impacts (Goal 13) (Codjoe 
& Atiglo, 2020; Diffenbaugh & Burke, 2019).

Identifying hydroclimatic anomalies associated with the exposure inequality of drought-to-downpour events is 
crucial to developing plausible measures aimed at reducing global inequality. Our findings reveal that the hydro-
climatic anomalies in favor of the occurrence of drought-to-downpour events vary between poor and wealthy 
regions. The poor regions of the world tend to be located in the tropics and these regions show significant increases 
in atmospheric instability and water vapor transport that are in favor of the occurrence of drought-to-downpour 
events. In contrast, the wealthy regions of the world tend to be located in the extratropical regions, where the 
dominant hydroclimatic processes (e.g., evapotranspiration and vapor deficit) do not change toward a favorable 
condition for the occurrence of drought-to-downpour events. The poor regions of the world overlap with global 
monsoon regions where a statistically significant (P < 0.01) increase in the frequency of drought-to-downpour 
events is also detected, but such an increase is not exhibited in non-monsoon regions (Figure S10 in Support-
ing Information S1) (Wang et al., 2020; W. Zhang et al., 2021). The different changes in drought-to-downpour 
events for poor and wealthy regions may also result from changes in the drought frequency. Droughts show a 
statistically significant (P = 0.016) increase for the poor region of the world but do not show significant change 
for the wealthy region of the world (Figure S26 in Supporting Information S1). Previous studies also show that 
poor people are often disproportionally exposed to droughts (Winsemius et al., 2018). In addition, our findings 
also reveal that the exposure inequality remains under future socioeconomic pathways. Such an inequality may 
result from different changes in atmospheric conditions for the tropical and extratropical regions since the CMIP5 
ensemble shows that atmospheric instability and water vapor transport are projected to significantly increase 
in tropical regions but show a smaller increase in extratropical regions between historical and future (RCP8.5) 
climates (Figure S11 in Supporting Information S1).

Our findings should be interpreted with caution since the scPDSI and extreme precipitation indices alone cannot 
offer a full picture of drought-to-downpour events. Specifically, daily rainfall exceeding the 95th and 99th percen-
tiles may not completely reverse a significant drought since its many aspects end slowly and the legacy effects 
may persist for years. Significant seasonal rainfall may be required to end drought conditions, especially in 
regions vulnerable to multi-year droughts such as California and Australia (Swain et al., 2018). However, extreme 
precipitation indices can act as a proxy for flash flood warning and capture the abrupt shift from drought to flood 
warnings in a matter of days together with the scPDSI (Figures S14 and S15 in Supporting Information S1). Such 
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drought-to-downpour events leave little time for emergency management agencies to assess damages and prepare 
for the next hazard, especially for those low-income countries with limited capacities for forecasting and early 
warning. In comparison with the drought-to-downpour events, compound drought and downpour may not lead 
to significant water-related hazards (e.g., flash floods), but rather alleviate the ongoing droughts (see details in 
Text S4 in Supporting Information S1). We did not account for compound drought and downpour because the 
drought-to-downpour events may be more impactful as the ground at the drought termination period is more likely 
to become parched than that at the drought onset and development periods, which prevents rain from saturating 
the ground, thereby enhancing the risk of flash flooding (Figure S25 in Supporting Information S1). By using 
poverty rates at the subnational administrative level, we assume that hazard exposure is uniform across income 
groups within a given area. This may result in an overestimation of exposed populations for the locations with 
substantial socioeconomic inequality but does not affect the results regarding the connection between poverty 
incidence and drought-to-downpour events. In addition, although we use a logistic regression to understand the 
influences of the different processes on the occurrence of drought-to-downpour events, correlations between the 
different physical processes would violate the assumption of logistic regression, which may affect the analysis 
result and require futher investigation in the future.

Data Availability Statement
All data sets used in this study are publicly available. The REGEN precipitation product is available at Contractor 
et al. (2019). The ERA5 data set is available at Hersbach et al. (2023), and CAPE, VIMD, and VPD are derived 
from it. Princeton University's global land surface model data is available at Sheffield et al. (2006). The CRU 
data is available at Harris and Jones (2020). The CMIP5/6 model outputs are available at Taylor et al. (2012) and 
Eyring et al. (2016). The CESM-LENS model output is available at Kay et al. (2015). The population density 
map (WorldPop-2000) is publicly available at Tatem (2017). The GDP per capita data set is available at Kummu 
et al. (2020). Relevant processed data is stored at B. Zhang (2023).
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