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 11 

Abstract 12 

More than a third of the world’s population lives in drylands and is disproportionally at risk of 13 

hydrometeorological hazards such as drought and flooding. While existing studies have widely 14 

explored weather systems governing precipitation formation in humid regions, our understanding of 15 

the atmospheric processes generating precipitation in arid regions remains fragmented at best. Here 16 

we show, using a variety of precipitation datasets, that Rossby wave breaking is a key atmospheric 17 

driver of precipitation in arid regions worldwide. Rossby wave breaking contributes up to 90% of daily 18 

precipitation extremes and up to 80% of total precipitation amounts in arid regions equatorward and 19 

downstream of the midlatitude storm tracks. The relevance of Rossby wave breaking for precipitation 20 

increases with increasing land aridity. Contributions of wave breaking to precipitation dominate in the 21 

poleward and westward portions of arid subtropical regions during the cool season. Given the 22 

projected precipitation decline and the large uncertainty in projections of precipitation extremes in 23 

these regions, our findings imply that Rossby wave breaking plays a crucial role in projections and 24 

uncertainties of future precipitation changes in societally vulnerable regions that are exposed to both 25 

freshwater shortages and flood hazards.  26 

 27 

Keywords: rainfall, drylands, atmospheric dynamics, Rossby wave breaking, floods, climate change, 28 

freshwater resources. 29 

 30 

Introduction 31 

Drylands cover more than 40% of the Earth’s land surface and host more than two billion people. 32 

These dry regions are projected to expand in a warming climate1 along with an expected doubling of 33 

the number of people living in these regions by the end of the 21st century2. The population in these 34 
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regions is disproportionally exposed to hydrometeorological hazards such as flooding3 and drought 35 

(Tanarhte, Chfadi, A.J. de Vries & Zittis, accepted in Earth-Science Reviews) as developing countries, 36 

which are common in these regions, often have limited resources to mitigate flood hazards and 37 

freshwater shortages4. A horrific example is the destructive flooding that unfolded in Libya in 38 

September 2023 and left at least 4,000 people dead and another 10,000 missing 39 

(https://www.bbc.com/news/world-africa-66961312). On the other hand, precipitation in arid 40 

regions replenishes scarce freshwater resources on which food security and ecosystems rely5,6. 41 

Precipitation deficits and severe droughts in already water-scarce regions, amplified by climate 42 

change, have been suggested to foster armed conflict7,8 and migration9. Further increased stress on 43 

water resources in the future will likely put societies that are already affected by political and 44 

economic instability, civil unrest, and armed conflict under even larger pressure. 45 

 46 

Climate models generally project a decline in precipitation amounts in much of the dry subtropics10,11, 47 

while the intensities of the most severe precipitation extremes are anticipated to increase12-15, 48 

exacerbating the dual impacts of precipitation in these regions under global warming. However, 49 

projected changes in precipitation in these regions are subject to large uncertainties that stem from 50 

the atmospheric circulation that features a spatially varying response to climate change and is affected 51 

by internal climate variability and model bias16. Whereas atmospheric thermodynamics leads to 52 

spatially homogenous and robust increases in extreme precipitation intensities globally, atmospheric 53 

dynamics can modify the extreme precipitation response to global warming at a regional level, 54 

particularly in the dry subtropics17. Understanding the atmospheric dynamics that govern precipitation 55 

formation in these dry regions is thus a prerequisite for developing plausible storylines of 56 

hydrometeorological hazards in arid regions in a future climate as well as for a process-based climate 57 

model evaluation regarding these hazards.  58 

 59 

Weather systems at synoptic scales (~1,000 km and one to several days) that govern precipitation 60 

formation in humid tropical and extratropical regions have been widely studied from a global 61 

perspective. In humid extratropical regions, precipitation largely results from extratropical 62 

cyclones18,19 and associated warm conveyor belts20, fronts21,22, and atmospheric rivers23,24. In humid 63 

(sub)tropical regions, precipitation is often associated with tropical cyclones25, monsoon lows26, and 64 

tropical easterly waves27. However, synoptic-scale weather systems governing precipitation in arid 65 

regions have virtually only been studied at the regional scale, pointing to a variety of atmospheric 66 

processes at play28-34. These processes often include upper-level troughs35,36 and cutoff lows37-40 of 67 
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midlatitude origin, suggesting a key role of extratropical wave breaking into low latitudes for the 68 

formation of precipitation in arid regions. 69 

 70 

Atmospheric Rossby waves owe their existence to the rotation and spherical shape of the Earth41 and 71 

are of central importance for midlatitude weather and extreme events42,43. Rossby waves can amplify 72 

and overturn in the meridional direction, leading to the breaking of these waves and vigorous mixing 73 

of air masses between higher and lower latitudes44,45. Rossby wave breaking (RWB) can support the 74 

formation of precipitation by providing both atmospheric moisture advection and forcing for ascent, 75 

making the atmosphere conducive to deep moist convection46,47. Existing studies have linked RWB to 76 

observed precipitation extremes in several regions, including North America48, the Alpine region49, 77 

and the Middle East50 as well as to reanalysis-based precipitation in subtropical and extratropical 78 

regions globally51,52. 79 

 80 

Here, we quantify the contribution of RWB to both precipitation extremes and total amounts in arid 81 

regions worldwide using a variety of precipitation datasets. We identify RWB by combining diagnostics 82 

for potential vorticity streamers and cutoffs (see Methods) and applying these diagnostics to 83 

atmospheric reanalysis data. Given that precipitation is a challenging variable to measure, we quantify 84 

the contribution of wave breaking to precipitation using precipitation data from reanalysis, satellite-85 

based estimates, station-based observations, and a product that combines these three different data 86 

sources (see Methods). 87 

 88 

Results 89 

Contribution of RWB to precipitation globally 90 

We demonstrate the importance of RWB as a driver of precipitation in arid regions by 8 catastrophic 91 

flood events that caused fatalities and damage in different arid regions around the world (Extended 92 

Data Fig. 1 and Extended Data Table 1). To quantify the portion of precipitation that forms under the 93 

influence of RWB, we compute the fractions of daily extreme precipitation occurrences and 94 

precipitation amounts that coincide with RWB in a climatological year-round analysis and examine 95 

where this relation has a significant positive association (see Methods). RWB significantly contributes 96 

to precipitation in subtropical and extratropical regions equatorward and downstream of the 97 

midlatitude storm tracks (Fig. 1), where wave breaking occurs relatively frequently compared to other 98 

regions (Extended Data Fig. 2). Fractions of daily precipitation extremes attributed to RWB exceed 80-99 

90% in southwest and central North America, the entire Mediterranean Basin and adjacent parts of 100 

North Africa, the Middle East and eastern Europe, the Atacama region, Patagonia, and the southern 101 
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flanks of southern Africa and Australia (Fig. 1a). In the same regions, up to 70-80% of the total annual 102 

precipitation amounts are significantly associated with RWB (Fig. 1b). Evaluation of all four 103 

precipitation datasets provides generally consistent estimates of precipitation patterns and fractions 104 

associated with RWB (Fig. 1 and Extended Data Fig. 3).  105 

 106 

In contrast to the aforementioned regions, RWB has a significant negative association with 107 

precipitation in humid low- and high-latitude regions where other weather systems are primarily 108 

responsible for precipitation formation (Fig. 1 and Extended Data Fig. 3). Prominent regions emerge 109 

over the eastern parts of the North American and Asian continents and adjacent western parts of the 110 

North Pacific and North Atlantic Ocean basins, where tropical cyclones25, extratropical cyclones18,19, 111 

and fronts21,22 govern much of the precipitation formation. Other regions where precipitation has a 112 

significant negative association with RWB can be found over the extratropical west coasts of North 113 

America, Europe, southern South America, and New Zealand, where landfalling atmospheric rivers 114 

dominate precipitation generation23,24. 115 

 116 

The relevance of RWB for precipitation follows the seasonality of the large-scale circulation (Fig. 2 and 117 

Extended Data Figs. 4-7). In winter, fractions of precipitation significantly associated with RWB reach 118 

largest values over lower latitudes when the midlatitude storm tracks attain their strongest intensity 119 

and most equatorward influence53. For example, hotspots of winter precipitation attributed to wave 120 

breaking emerge over southwestern North America and the Mediterranean in the Northern 121 

Hemisphere (Fig. 2a,c) and the Atacama region, southern Africa, and southern Australia in the 122 

Southern Hemisphere (Fig. 2b,d). In summer, large fractions of precipitation significantly associated 123 

with wave breaking are evident at higher latitudes over central North America and Europe (Fig. 2b,d) 124 

and across Patagonia and the Antarctic coast (Fig. 2a,c). In several regions, the sign of the association 125 

reverses between the winter and summer seasons. For example, in the Southern Hemisphere, a 126 

negative association over the larger parts of the Atacama region, southern Africa, and Australia in 127 

austral summer (Fig. 2a,c) changes to a positive association in austral winter (Fig. 2b,d), showing that 128 

wave breaking contributes to precipitation formation in these regions primarily during winter.  129 

 130 

Relevance of RWB for precipitation increases with land aridity 131 

The analysis above shows that RWB contributes to much of the precipitation equatorward and 132 

downstream of the midlatitude storm tracks where most of the world’s arid regions are situated. In a 133 

next step, we link the relevance of RWB for precipitation to land with different degrees of aridity (see 134 

Methods). Much of the arid land, here defined by a semi-arid to hyper-arid climate, features a 135 
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significant positive association between precipitation and wave breaking, specifically across their 136 

poleward and westward flanks (Fig. 3a and Extended Data Fig. 8). In contrast, the equatorward and 137 

eastward flanks of these arid regions show to a varying extent a significant negative association, most 138 

prevalent over central Asia, the Atacama region, southern Africa, and Australia. This diagonally 139 

oriented dipole pattern over several prominent arid regions shows that the extratropical forcing 140 

through RWB into low latitudes is a key driver of precipitation in the poleward-westward portions of 141 

arid regions and suggests that tropical weather systems control much of the precipitation in the 142 

equatorward-eastward parts of arid regions. 143 

 144 

Portions of land surface where precipitation has a positive association with RWB (see Methods) 145 

increase with land aridity. Across the four evaluated precipitation datasets, fractions of land surface 146 

where extreme precipitation occurrences have a positive association with RWB reach from 17-41% in 147 

world’s humid regions up to 64-79% in regions with a hyper-arid climate (Fig. 3b). Similarly, land 148 

surface fractions where total annual precipitation amounts have a positive association with RWB 149 

increase from 24-54% in humid regions up to 71-83% in hyper-arid regions (Fig. 3c). 150 

 151 

The increasing relevance of RWB for precipitation with land aridity is further examined using an 152 

estimate by how much precipitation is enhanced or reduced due to RWB, referred to as precipitation 153 

surplus (see Methods and Extended Data Fig. 9). Spatially aggregated precipitation surplus due to RWB 154 

ranges from 2% to a deficit of 7% in humid regions to a surplus of 7-14% in hyper-arid regions for 155 

extreme precipitation occurrences (Fig. 3b), and likewise, from a surplus of 1% to a deficit of 5% in 156 

humid regions to a surplus of 5-13% in hyper-arid regions for total precipitation amounts (Fig. 3c). 157 

Thus, from a spatially aggregated and year-round perspective, RWB tends to suppress precipitation in 158 

humid regions and enhances precipitation in arid regions. While the relatively low values can be 159 

expected given the strong regionally and seasonally varying relationship between precipitation and 160 

RWB, this analysis shows that also wave breaking contributions to precipitation increase with 161 

increasing land aridity. 162 

 163 

A regional and seasonal perspective 164 

To further understand the regionally and seasonally varying relevance of RWB for precipitation 165 

formation in arid regions, we further explore their relationship in eight prominent arid regions during 166 

traditionally defined seasons. These regions are (1) southwest North America, (2) central North 167 

America, (3) the southern Mediterranean, North Africa, and the Middle East, (4) central Asia, (5) the 168 

Atacama, (6) Patagonia, (7) southern Africa, and (8) Australia (Fig. 3a). Figure 4 shows the spatially 169 
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aggregated precipitation characteristics attributed to RWB in the same manner as in Fig. 3b,c, but 170 

based on seasonally partitioned precipitation over the arid portions of these eight regions only. 171 

 172 

In subtropical arid regions (southwest North America, the Mediterranean - North Africa - Middle East, 173 

the Atacama, southern Africa, and Australia), RWB contributes to much of the precipitation during the 174 

transition seasons and winter (Fig. 4). In many of these regions and seasons, RWB substantially 175 

enhances precipitation, apart from Australia in MAM. Moreover, fractions of land surface where 176 

precipitation has a positive association with RWB reach from 40% to nearly 100%, showing that RWB 177 

widely governs precipitation formation in the arid subtropics during the transition seasons and winter, 178 

whether being the wetter (Mediterranean-North Africa-Middle East; Fig. 4c,k) or the drier (the 179 

Atacama, southern Africa, and Australia; Fig. 4e,g,h,m,o,p) seasons of the year. In contrast, during 180 

summer, precipitation has a systematic negative association with wave breaking in 40-100% of arid 181 

land surface, except for the Mediterranean-North Africa-Middle East region, and spatially aggregated 182 

precipitation surplus due to RWB show values of -5 to -19% over southwest North America, southern 183 

Africa and Australia (Fig. 4). Among these regions, southern Africa and Australia receive most of their 184 

precipitation during summer (Fig. 4g,h,o,p), consistent with the significant negative association across 185 

many of these regions in the year-round analysis (Fig. 3 and Extended Data Fig. 8). These findings 186 

demonstrate that arid subtropical regions receive much of their precipitation during the transition 187 

seasons and winter under the influence of extratropical forcing by breaking Rossby waves into low 188 

latitudes and suggest that tropical weather systems control much of the precipitation in these regions 189 

during the warm season when the tropical circulation exerts its most poleward influence. 190 

 191 

Arid regions at extratropical latitudes receive precipitation under the influence of RWB during varying 192 

seasons throughout the year (Fig. 4). Central North America and Patagonia receive enhanced 193 

precipitation due to RWB during the transition seasons and summer, while precipitation is suppressed 194 

by RWB over central North America during winter. Over Central Asia, spatially aggregated 195 

precipitation surplus ranges from a weak deficit to moderate surplus, while the spatial patterns of 196 

precipitation surplus and deficit remain constant during the seasons (Supplement Figs. 2-5), 197 

suggesting that the influences of the extratropical and tropical circulation patterns on precipitation 198 

formation remain similar throughout the year. Thus, extratropical arid regions differ from their 199 

subtropical counterparts, as breaking Rossby waves govern precipitation formation in extratropical 200 

arid regions during varying seasons throughout the year, while this is confined to the transition 201 

seasons and winter for subtropical arid regions, consistent with the seasonality of the large-scale 202 

circulation. 203 
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 204 

Discussion 205 

 206 

This study reveals that RWB is responsible for much of the precipitation in arid regions around the 207 

world. The importance of RWB for precipitation is particularly strong in the poleward and westward 208 

portions of subtropical arid regions, including those with a Mediterranean-type climate11, where the 209 

extratropical forcing governs precipitation formation during the cool season through wave breaking 210 

into low latitudes. In contrast, the equatorward and eastward flanks of several prominent arid regions 211 

display a negative association between precipitation and RWB, suggesting that tropical weather 212 

systems regulate much of the precipitation generation during the warm season in these regions. 213 

Subtropical arid regions are typically situated at the transition between extratropical and tropical 214 

circulation regimes. As a result, these regions experience a strong seasonally alternating and 215 

geographically varying influence of both types of circulation regimes, making these regions likely very 216 

sensitive to climatic changes. In some regions, changes have been observed, or are projected to occur 217 

in the future, toward increased precipitation during the warm season54 and reductions in cool season 218 

precipitation along with a ceasing of extratropical weather systems55-57. 219 

 220 

The findings of this study have important societal and scientific implications for understanding and 221 

predicting extremes and climatic changes in the water cycle in arid regions around the world. Applying 222 

diagnostics of RWB to model forecasts has the potential to assist medium-range to subseasonal 223 

prediction of flood hazards in arid regions following the successful application of other weather 224 

system-based diagnostics to such forecasts with relevance to precipitation extremes in humid 225 

regions58. Importantly, in the context of climate change, we note that wave breaking contributions to 226 

precipitation are particularly large in arid subtropical regions where climate models project a future 227 

decline in precipitation amounts16 and where projected changes in precipitation extremes suffer from 228 

large uncertainties17. This implies that the response of RWB to a warming climate is of direct relevance 229 

to the projected precipitation decline in these regions and that robust projections of future extreme 230 

precipitation changes critically depend on climate models’ ability to accurately simulate this 231 

atmospheric process and associated precipitation generation. Extending our analysis to climate model 232 

simulations in future studies will thus help clarify the role of atmospheric dynamics in projections and 233 

uncertainties of future precipitation changes in societally vulnerable regions exposed to both flood 234 

hazards and freshwater shortages.  235 
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Methods 439 

Precipitation. Precipitation is a challenging meteorological variable to measure due to its very high 440 

spatiotemporal variability, specifically in arid regions59. To obtain well-informed estimates of 441 

precipitation attributed to RWB, we use 4 precipitation products based on 3 different types of data 442 

sources: (1) the ERA5 reanalysis60 of the European Centre for Medium-Range Weather Forecasts for 443 

1979-2021, (2) the Integrated Multi-satellitE Retrievals of the Global Precipitation Measurement 444 

(GPM) Mission (IMERG) 61, final version 6, for 2001-2020, (3) the Climate Prediction Center (CPC) global 445 

unified gauge-based analysis of daily precipitation62 of the National Oceanic and Atmospheric 446 

Administration (NOAA) for 1979-2021, and (4) the Multi-Source Weighted-Ensemble Precipitation 447 

(MSWEP)63 version V280 for 1979-2020. Each of these data sources has its own strengths and 448 

limitations64. Precipitation from reanalysis has a full coverage across space and time, and is generated 449 

by a physically consistent model, but stems from a short-range model forecast at a relatively coarse 450 

resolution and relies on parameterization for convective precipitation. The GPM IMERG product has a 451 

very high spatiotemporal resolution and provides measurements for regions with limited station 452 

density, but has deteriorated accuracy over mountains65 and arid regions65,66, reduced coverage 453 

toward higher latitudes66, and covers only the period since 2000. CPC precipitation is directly derived 454 

from ground-based observations, but rain gauge observations are subject to measurement errors, 455 

interrupted time series, and limited station density, particularly in arid regions67. The MSWEP product 456 

is based on the combination of these three different data sources to leverage their respective 457 

strengths63. Daily precipitation fields from each dataset are interpolated using  first-order conservative 458 

remapping on a 0.5-degree regular grid to facilitate the attribution to RWB at the grid scale. Extreme 459 

precipitation days are defined by daily precipitation amounts that exceed the 99th percentile of all 460 

days throughout the period under consideration (Supplement Fig. 1). For the seasonal analysis, we 461 

use the same selection of year-round defined extreme precipitation days and partition these across 462 

the corresponding seasons. 463 

 464 

Identification of RWB. Data are retrieved from the ERA5 reanalysis on a global 0.5-degree regular grid 465 

at 6-h time intervals. Potential vorticity (PV) is computed from data on model levels and then 466 

interpolated onto isentropic surfaces between 275-360K with 5K intervals. PV fields are smoothed 467 

using a 9-point local smoothing to reduce excessive small-scale PV structures. For the detection of 468 

RWB we combine the object-based identification methods of PV streamers and cutoffs (Extended Data 469 

Fig. 2), first introduced by ref 68, and using some of the newer adaptations from refs 50,52,69 for PV 470 

streamers, and from refs 70,71 for PV cutoffs. Other studies have used other indicators of RWB, such 471 

as PV contour advection72, meridional reversal of PV73, and meridionally overturning contours of 472 
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PV74,75, potential temperature76, or absolute vorticity77. Here we briefly summarize the applied 473 

identification method in this study and refer for more details, motivations for specific choices, and 474 

sensitivity analyses to refs 50,52,68-71.  475 

 476 

The detection of PV streamers and cutoffs is based on PV fields on single isentropic surfaces and 477 

follows three steps. First, we define in each hemisphere the stratospheric reservoir by the +2 potential 478 

vorticity unit (PVU; 1 PVU = 10-6 kg K-1 m2 s-1) contour (-2 PVU contour in the Southern Hemisphere) - 479 

representing the dynamical tropopause - at the lowest latitude that encircles the Pole. If no 480 

circumglobal PV contour is present, the longest +/-2 PVU contour is designated as the stratospheric 481 

reservoir, provided it spans more than 180° in the zonal direction and reaches at least partly poleward 482 

of +/-80° N. Assigned stratospheric reservoirs are evaluated on their vertical connection up to the 483 

360K isentropic surface to avoid erroneous classification of large-scale high PV air masses near the 484 

Earth’s surface over the Poles as stratospheric reservoir. Additionally, stratospheric reservoirs that 485 

intersect with the Earth’s surface as a result of the interpolation of PV fields from model levels to 486 

isentropic surfaces are removed.  487 

 488 

Second, PV streamers are defined by elongated structures in the +/-2 PVU contours that encircle the 489 

stratospheric reservoir. Each combination of contour points (A and B), obtained by the get_isolines 490 

function of NCL version 6.6.2, on the +/-2 PVU contour is evaluated on the four following geometric 491 

criteria (see also ref 52, their Fig. 1): (1) the width (the great-circle distance between points A and B) 492 

< 1,500 km, (2) the length (the largest great circle distance of any contour point between points A and 493 

B, and the great circle of points A and B) > 1,000 km, (3) the ratio length over width > 1, after refs 494 

50,52, and (4) the length along the contour between points A and B < 15,000 km, after ref 69. If more 495 

than 50% of the stratospheric reservoirs’ surface is classified as streamer, all streamers are removed 496 

on that isentropic surface.  497 

 498 

Third, all remaining > 2 PVU (< - 2 PVU in the Southern Hemisphere) air masses that are not part of 499 

the stratospheric reservoir are considered as potential PV cutoffs. PV cutoffs are scrutinized on their 500 

vertical connection to the stratospheric reservoir aloft and low moisture content (specific humidity < 501 

0.1 g kg-1 and relative humidity < 70% for at least 50% of the PV cutoff surface area) to remove PV 502 

structures with an orographic frictional and diabatic origin, respectively, after refs 70,71. Only PV 503 

cutoffs with a surface area < 5x106 km2, after ref 71, and > 2.5x104 km2 are retained to focus on 504 

synoptic-scale structures. 505 

 506 
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Attribution of precipitation to RWB. Precipitation forming under the influence of wave breaking 507 

typically occurs at the downstream flank of the breaking waves (see Extended Data Fig. 1). The upper-508 

level forcing and associated cyclonic circulation of the breaking waves induces poleward moisture 509 

transport and dynamical lifting at this location46,47,49,52. Therefore, to attribute precipitation to wave 510 

breaking, we provide the PV structures with an extended area around their circumference using a 511 

fixed distance of 500 km, adjusted from refs 51,52. Precipitation is attributed to wave breaking based 512 

on the following spatiotemporal criteria. Daily precipitation extremes as well as daily precipitation 513 

amounts are attributed to RWB if PV structures, including their extended area, overlap with 514 

precipitation at the grid scale on at least 3 of the 5 time intervals during daily precipitation (00, 06, 12, 515 

and 18 UTC of the same day and 00 UTC of the next day) on at least 2 isentropic surfaces as a proxy of 516 

wave breaking with a vertical depth of approximately 10K or more. Extended Data Figure 1 517 

demonstrates the attribution of extreme precipitation to PV structures based on eight extreme 518 

precipitation events in different arid parts of the world. 519 

 520 

Positive and negative associations and statistical significance testing. To examine the relationship 521 

between precipitation and RWB, we determine where this relationship has a positive or negative 522 

association and where this association can be considered significant. To this end, we follow the 523 

following procedure, which includes the testing of the null hypothesis that precipitation and RWB 524 

occur independently, and this hypothesis is rejected in regions where precipitation co-occurs with 525 

RWB significantly more or less than expected under independence (i.e., a two-sided test).  526 

 527 

First, we perform a Monte Carlo test whereby the dates of PV streamers and cutoffs are shuffled by 528 

taking a random day in the same month of a different year, while the dates of precipitation are kept 529 

as in reality. In this way, the seasonal influence on the relationship between precipitation and wave 530 

breaking is accounted for. This procedure is repeated 100 times for the entire period under 531 

consideration. At each grid cell, the Monte Carlo test results in 100 computed fractions of precipitation 532 

attributed to wave breaking assuming an independent relationship. The p-value is then determined 533 

based on the ranking of the observed fraction of precipitation attributed to RWB as in reality within 534 

the distribution of 100 fractions based on random matching.  535 

 536 

Second, we control the number of false rejections of the null hypothesis by using the false discovery 537 

rate (FDR) test78 with alpha = 0.1. Grid points with > 50% missing values are not included in the FDR 538 

test. This procedure yields global fields with information at each grid point indicating whether the 539 

relationship between precipitation and RWB has a significant positive, nonsignificant, or significant 540 



 17 

negative association. A significant positive association indicates that precipitation is significantly more 541 

likely to occur in the presence of RWB than under climatology (i.e., normal conditions). A significant 542 

negative association indicates that precipitation is significantly less likely to occur in the presence of 543 

wave breaking than under climatology, suggesting the dominance of other weather systems for 544 

precipitation generation that tend to not co-occur with wave breaking. This procedure is repeated for 545 

both precipitation extremes and total amounts, for the year-round and seasonal analyses, and for 546 

each precipitation dataset.  547 

 548 

The results from the significance testing inherently depend on the sample size, i.e., the length of the 549 

datasets that differ among the used precipitation products. To obtain consistent indications of 550 

spatially aggregated land surface where RWB favors precipitation formation, we define in addition to 551 

the significant associations, also nonsignificant positive and negative associations between 552 

precipitation and RWB at grid points where the observed fraction is larger and smaller, respectively, 553 

than the median of the fractions from the Monte Carlo samples. While positive and negative 554 

associations do not indicate statistical significance, the sign of the association is much less dependent 555 

on the length of the respective data records and is thus more easily compared across datasets with 556 

different lengths. 557 

 558 

Precipitation surplus. Precipitation fractions associated with RWB can be large even in regions where 559 

there is a significant negative association between precipitation and RWB, for example, in much of the 560 

humid extratropics, where wave breaking occurs relatively frequently. To obtain estimates by how 561 

much precipitation is enhanced or reduced due to RWB (note the difference to “precipitation 562 

associated with RWB”), we introduce a measure termed the precipitation surplus, denoted 𝑆. First, 563 

we compute the daily precipitation rate conditional to days without RWB, 𝑅!"#$%, and derive the 564 

total precipitation that would have formed throughout the period under consideration assuming the 565 

absence of RWB, by multiplying 𝑅!"#$% by the number of days in the considered time period (i.e., the 566 

length of the respective precipitation datasets, days with missing values excluded), yielding 𝑃!"#$%. 567 

The difference between the observed total precipitation, denoted 𝑃, and total precipitation in absence 568 

of RWB yields the so-called precipitation surplus, i.e., 𝑆 = 𝑃 − 𝑃!"#$%. We compute the precipitation 569 

surplus 𝑆 for all months separately to account for the seasonality in the relationship between 570 

precipitation and RWB and then sum it across the year or seasons, corresponding to the respective 571 

analyses in this study. Fractions of precipitation surplus are expressed relative to total precipitation at 572 

the grid scale (Extended Data Fig. 9 and Supplement Figs. 2-5) or based on spatially aggregated 573 

quantities (Figs. 3b,c and 4). Spatial aggregations of precipitation surplus are area-weighted based on 574 
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the surface area that each grid point represents. Identical computations are performed for both the 575 

extreme precipitation occurrences and precipitation amounts. This approach provides an ad hoc 576 

estimate of the precipitation that forms due to (surplus) or is suppressed by (deficit) RWB and supports 577 

an adequate comparison of RWB contributions to precipitation across regions with a spatially varying 578 

RWB climatology. 579 

 580 

Differences in results from the varying precipitation datasets. All analyses in this study, from global 581 

to regional scales and from year-round to seasons, show generally robust results across the four 582 

evaluated precipitation datasets, providing confidence in the results. However, we note a systematic 583 

lower contribution of RWB to precipitation based on GPM IMERG compared to the other three 584 

datasets (ERA5, CPC, and MSWEP) in terms of local associations (Figs. 1 and 2, Extended Data Figs. 4-585 

7), spatially aggregated land surface with a positive association (Figs. 3b,c and 4) and spatially 586 

aggregated precipitation surplus (Figs. 3b,c and 4), particularly in midlatitudes during winter (Fig. 4). 587 

Although well beyond the scope of this paper to investigate this further, we speculate that these 588 

differences may directly stem from the abovementioned strengths and limitations of satellite-based 589 

measurements. Local convective precipitation, for which synoptic-scale processes such as RWB can be 590 

of reduced relevance compared to large-scale precipitation, may be better represented in GPM IMERG 591 

than in the relatively coarse resolution precipitation forecasts from reanalysis, while these storms may 592 

be missed by stations due to the low-density network in arid regions. On the other hand, precipitation 593 

from GPM IMERG has reduced accuracy over mountains and arid regions65,66, and for winter 594 

precipitation and snowfall65,66, which may contribute to the differences between the datasets, 595 

particularly the large differences for winter precipitation in the midlatitudes (Fig. 4). 596 

 597 

Eddy kinetic energy. To illustrate the location and intensity of the midlatitude storm tracks, we 598 

compute the eddy kinetic energy (EKE) using the 10-day high-pass filtered (fast Fourier transform) 599 

horizontal wind of ERA5 at a regular 2-degree grid at 6-h time steps and vertically integrate the mass-600 

weighted EKE across 37 pressure levels between 1-1000 hPa, adjusted from ref 53. 601 

  602 

Aridity index. We retrieved monthly precipitation and potential evapotranspiration from the Climate 603 

Research Unit (CRU) dataset79 for the period 1979-2021. The data have a global coverage over land 604 

except for Antarctica. The aridity index (AI) is computed as the ratio of precipitation over potential 605 

evapotranspiration (AI = precipitation / potential evapotranspiration), and the AI categories are 606 

defined as follows, following refs 59,80: humid (AI ³ 0.65); dry-subhumid (0.5 £ AI < 0.65); semi-arid 607 

(0.2 £ AI < 0.5); arid (0.05 £ AI < 0.2); and hyper-arid (AI < 0.05). 608 
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Data availability 609 

All datasets used in this study are freely available from the respective data providers. ERA5 reanalysis 610 

data from the ECWMF were obtained via the MARS archive and are also available from the Climate 611 

Data Store (https://cds.climate.copernicus.eu). Other datasets used for precipitation were accessed 612 

from NASA (https://gpm1.gesdisc.eosdis.nasa.gov) for GPM-IMERG, from NOAA 613 

(https://downloads.psl.noaa.gov) for CPC, and from GloH2O (https://www.gloh2o.org) for MSWEP, 614 

while monthly data from CRU were obtained via https://data.ceda.ac.uk/badc/cru/. Societal impacts 615 

from 8 demonstrative extreme precipitation events driven by RWB were obtained from the Emergency 616 

event database (EM-DAT) via https://www.emdat.be, accessed on 24-10-2023.  617 
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Extended Data Table 1. Societal impacts of 8 flood-related natural disasters in arid regions linked 700 

to RWB1  701 
No. Date Country Location (provinces) Deaths Affected 

people  

Damage USD 

(million) 

1 24 Nov 2013 United States Oklahoma, Texas, California, New Mexico, Arizona  14  2,513 

2 4-8 May 2007 United States Colorado, Iowa, Kansas, Minnesota, Missouri, 

Nebraska, Oklahoma, South Dakota 

12 40 494,010 

3 10-11 Sep 2023 Libya Cyrenaica (Derna) 4,0002   

4 21-29 Jul 2002 China Xinjiang, Uygur, Zizhiqu  11 12,312 62,802 

5 19 Jun 1991 Chile Antofagasta 141 82,811 12,893 

6 5-21 Apr 2017 Argentina Chubut 1 9,000  

7 25 Jul – 3 Aug 

2016 

South Africa Western Cape, Kwazulu Natal 7 6,900 219,485 

8 10-22 Sep 2016 Australia Victoria, South Australia 1 280 30,484 

1) The data are taken from the Emergency Event Database (EM-DAT), accessed on 24-10-2023, except for the flood in Libya.  702 
2) At the time of submission of this manuscript, this event is not yet reported in the EM-DAT. A BBC news article from 10 October 2023 703 
reports that at least 4,000 people are confirmed dead and another 10,000 missing (https://www.bbc.com/news/world-africa-66961312). 704 



Figure 1. Contribution of RWB to year-round precipitation. Fractions of year-round ERA5 daily extreme precipitation occurrences (a) and total precipitation 
amounts (b) associated with RWB for 1979-2021. Crossed hatching and stippling in black (gray) indicate regions where the relationship between precipitation 
and RWB has a significant (nonsignificant) positive and negative association, respectively (see Methods). Orange contours denote the midlatitude storm 
tracks based on annual mean eddy kinetic energy (EKE; see Methods) at 0.7, 0.85, and 1. MJ m-2 intervals. 



Figure 2. Contribution of RWB to seasonal precipitation. Fractions of ERA5 daily extreme precipitation occurrences (a,b) and total seasonal precipitation 
amounts (c,d) associated with RWB in DJF (a,c) and JJA (b,d). Regions where extreme precipitation occurrences (a,b) and seasonal amounts (c,d) fall below 5% 
of the year-round extreme precipitation occurrences and total amounts, respectively, are masked in gray. Crossed hatching and stippling in black and gray 
denote associations as in Fig. 1, but for the respective seasons. Orange contours denote the midlatitude storm tracks based on the corresponding seasonal 
mean EKE at 0.5, 0.7, 0.9, and 1.1 MJ m-2 intervals. 



Figure 3. Relevance of RWB for precipitation in arid regions. a, Global aridity index categories, Antarctica excluded, and the associations between ERA5 total 
annual precipitation amounts and RWB in black and gray hatching and dots, as in Fig. 1b. Green contours denote the midlatitude storm tracks as in Fig. 1. b,c, 
bar segments represent fractions of land surface where precipitation has a positive (crossed hatching) or negative (stipples) association with RWB, considered 
significant in black and nonsignificant in gray, for the five aridity index categories for extreme precipitation occurrences (b) and total precipitation amounts (c). 
Gray shaded parts of the bar denote the fraction of land surface where precipitation datasets have missing values for > 50% of all days. The colors and 
numbers in b,c indicate the spatially aggregated precipitation surplus due to RWB (see Methods) as a fraction of the total precipitation over land from the 
different aridity index categories based on precipitation from, left to right, ERA5, GPM IMERG, CPC, and MSWEP.



Figure 4. Contribution of RWB to precipitation in selected arid regions and seasons. Seasonal distribution of extreme precipitation occurrences (a-h) and total 
precipitation amounts (i-p) in eight selected arid regions, indicated by the gray boxes in Fig. 3a, considering their portions with a semi-arid to hyper-arid 
climate only: southwest North America; 123-95 W, 20-40 N (a,f), central North America; 123-95 W, 40-60 N (b,j), the southern Mediterranean, North Africa, 
and the Middle East; 20 W-75 E, 15-40 N (c,k), central Asia; 40-85 E, 40-55 N and 75-120 E, 35-50 N (d,l), the Atacama region; 75-65 W, 15-35 S (e,m), 
Patagonia; 72.5-62.5 W, 35-55 S (f,n), southern Africa; 10-40 E, 15-35 S (g,o), and Australia; 110-155 W, 15-40 S (h,p). The bar height denotes the fraction of 
the seasonal precipitation from the annual total, and the bar segments with crossed hatching and stipples reflect the fraction of arid land surface where the 
relationship between precipitation and RWB has a positive or negative association, respectively, significant in black and nonsignificant in gray. Gray shaded 
parts of the bar denote the fraction of land surface without any precipitation during that season or where the precipitation dataset has > 50% missing values 
for all days during that season. The color in the bars indicate the spatially aggregated precipitation surplus due to RWB as a fraction of the seasonal 
precipitation in these regions based on precipitation from, left to right, ERA5, GPM IMERG, CPC, and MSWEP, while the numbers above the bars show the 
corresponding minima and maxima across the four evaluated precipitation datasets. 
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