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            Abstract
Spatially compounding extremes pose substantial threats to globally interconnected socio-economic systems. Here we use multiple large ensemble simulations of the high-emissions scenario to show increased risk of compound droughts during the boreal summer over ten global regions. Relative to the late twentieth century, the probability of compound droughts increases by ~40% and ~60% by the middle and late twenty-first century, respectively, with a disproportionate increase in risk across North America and the Amazon. These changes contribute to an approximately ninefold increase in agricultural area and population exposure to severe compound droughts with continued fossil-fuel dependence. ENSO is the predominant large-scale driver of compound droughts with 68% of historical events occurring during El NiÃ±o or La NiÃ±a conditions. With ENSO teleconnections remaining largely stationary in the future, a ~22% increase in frequency of ENSO events combined with projected warming drives the elevated risk of compound droughts.
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                    Fig. 1: Historical and future characteristics of compound droughts in CESM.[image: ]


Fig. 2: Crop, pasture lands and population exposure to severe compound droughts.[image: ]


Fig. 3: Projected changes in the frequency of ENSO events and compound droughts.[image: ]


Fig. 4: Simulated composites of detrended SPEI and detrended SST anomalies during compound droughts.[image: ]


Fig. 5: Influence of ENSO and non-ENSO drivers on compound drought characteristics.[image: ]


Fig. 6: Changes in the ENSO teleconnections with SPEI over land in future climate.[image: ]
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Extended data

Extended Data Fig. 1 Observed CHIRPS (1981-2018) summer (June-September) precipitation characteristics over SREX regions considered in this study.
(a) Map shows the fraction of annual precipitation that falls in summer season. (b) Map shows the summer precipitation entropy value over land. (c) Significant (P-valueâ€‰<â€‰0.05) linear regression coefficients between ENSO and JJAS precipitation. (d) Map showing the 10 SREX regions (maroon boxes) considered in this study. Maroon text indicates the fraction of each SREX region with high entropy values [entropy > 4.86, which is the median entropy value across 10 SREX regions] (teal) estimated from observed CHIRPS precipitation data (1981-2018) at 0.250 resolution. The regions shown in teal are used to estimate compound drought characteristics.


Extended Data Fig. 2 Agricultural land and population exposure to moderate compound droughts.
Same as Fig. 2a, but for moderate compound droughts.


Extended Data Fig. 3 Climatology of precipitation and evapotranspiration.
Seasonal climatology of precipitation and evapotranspiration and their projected changes in late-21st century (2071â€“2100) relative to historical (1971-2100) climate.


Extended Data Fig. 4 Regional exposures to severe compound droughts.
Regional (a) cropland and (b) pastureland exposure risk to severe compound droughts in the historical (1971-2000) and late-21st century (2071â€“2100) climate. Error bars indicate uncertainties (ensemble spread; Â±1Ïƒ) in the drought likelihood and exposures.


Extended Data Fig. 5 El NiÃ±o and La NiÃ±a characteristics.
Relationship between meridional sea surface temperature (SST) gradient and NiÃ±o3 rainfall in historical (1971-2000; top row) and late-21st century (2071-2100; bottom row) climate. Dark red, orange, navy blue, and sky-blue dots indicate extreme El NiÃ±o (defined as events with NiÃ±o3 JJAS rainfall exceeds 4â€‰mm/day), moderate El NiÃ±o (defined as events with detrended NiÃ±o3 SST anomalies are > 0.5Ïƒ and that are not extreme El NiÃ±o events), extreme La NiÃ±a (defined as events with detrended NiÃ±o4 SST anomaliesâ€‰<â€‰-1.75Ïƒ), and moderate La NiÃ±a (defined as events with detrended NiÃ±o4 SST anomaliesâ€‰<â€‰-0.5Ïƒ and that are not extreme La NiÃ±a events) events, respectively. Text in each panel indicates the number of extreme El NiÃ±o, moderate El NiÃ±o, extreme La NiÃ±a, and moderate La NiÃ±a events.
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