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Atmospheric rivers are associated with
nine out of every 10 floods in major global

river basins
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The role of atmospheric rivers (ARs) in 119 major flood events across 50 global river basins was
investigated. The ARs were linked to 74% of the flood areas and 89% of the full basins. Their
contributions were evident during and before floods, with influences spanning mid-latitudes to tropical
regions, causing human fatalities and population displacements. These findings underscore ARs as
dominant and widespread drivers of extreme flood events worldwide.

Atmospheric rivers (ARs) are narrow corridors of intense water vapour
moving poleward in the lower troposphere'” typically associated with a low-
level jet stream ahead of the cold front of an extratropical cyclone’. However,
they can also be linked to other meteorological configurations, including
low-level jets, tropical plumes, and related large-scale circulation features
involving tropical, extratropical, and tropical-extratropical interactions™’.

These phenomena frequently drive extreme precipitation and winds
over short periods®, which often result in natural disasters’, overwhelming
river systems and triggering widespread flooding’. While ARs contribute
22-50% of total runoff in global river basins and can increase flood
occurrence by up to 80% in AR-affected regions’, their hydrological influ-
ence extends beyond these well-documented direct impacts, including
drought busters'’. The role of ARs in preconditioning catchments through
antecedent precipitation and their spatial influence beyond flood zones
remains poorly quantified.

Floods are among the most frequent and devastating natural disasters
worldwide and are responsible for the greatest number of fatalities among all
natural hazards, as well as long-term displacement, infrastructure damage,
and economic disruption that affect vulnerable populations worldwide”"".
As climate change intensifies the hydrological cycle"?, floods have increased
substantially across diverse geographic regions, representing an
increasing threat that demands improved understanding of the atmospheric
drivers responsible for extreme precipitation and flood generation.

Atmospheric rivers have emerged as a critical driver of flood events
globally, yet their role in flood generation across diverse climatic regions
remains incompletely characterised. Conventional analyses of ARs have
focused largely on their structure, the associated precipitation and impacts
along the western coastal areas in midlatitude continents, particularly North
America and Europe'>'. Nevertheless, their global significance remains
incompletely described, as flood generation mechanisms vary across lati-
tudes and continents, with tropical and subtropical basins home to billions

remaining understudied. This study focuses on global river basins as they
represent fundamental hydrological units that capture the integrated
response to atmospheric inputs like precipitation associated with ARs.

To quantify the global relationship between ARs and flooding, the
spatiotemporal coincidence of ARs with flood events was analysed. We
examined entire river basins, HydroBASINS level 4 and 5 sub-basins"’,
representing successive, hierarchically nested subdivisions of the major
basins, and flood-affected areas to capture direct impacts and upstream
influences, respectively. In addition, analysed ARs activity during flood
periods and up to 3 days before, to assess both immediate triggers and
antecedent conditioning effects. Using the Global Active Archive of Large
Flood Events'®, we identified 119 major flood events across 24 of 50 global
river basins between 1999 and 2018 (Fig. 1), with the spatial intersections
between flood extents and the corresponding HydroBASINS level 4 and 5
sub-basins shown in Fig. 2. Our analysis reveals striking patterns; 88 of the
119 flood events (74%) were influenced by ARs that directly intersected the
inundated region, spanning 18 distinct basins across multiple continents,
including the Amazon, Niger, Congo, and Yangtze River basins, where AR
impacts on flooding have been largely unquantified (Table S1). When the
impact of the AR outside the flood area but within the basin was also
considered, this influence expanded to 106 events (89%) across 22 basins,
also demonstrating the widespread role of ARs in flood generation beyond
direct precipitation zones. The analysis and results, however, are conditional
on major floods as documented by the Dartmouth Flood Observatory
(DFO). Regions experiencing frequent AR landfalls, such as the U.S. West
Coast and Western Europe, do not exhibit strong AR-flood associations in
our study, as basin-scale floods meeting DFO criteria were relatively rare
during the study period. Furthermore, while our methodology was neces-
sary for consistent global AR-flood attribution analysis within defined
hydrological units, it may underrepresent the flood burden in regions with
frequent, extensive, transboundary, or seasonally recurring flooding (e.g.
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Fig. 1 | Geographical distribution of studied river
basins and flood events. Map showing the location
of 24 river basins (black contours) affected by 119
flood events, with coloured regions indicating the
corresponding flood-affected areas. River basins
boundaries from HydroBASINS project at https://
www.hydrosheds.org. Arrows represent the major 0°
mechanisms of moisture transport at the global
scale: Atmospheric Rivers (ARs; dark red arrows),
Low-Level Jets (LL]Js; blue arrows), and monsoon
systems (cyan arrows). The main LLJs are indicated:
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The Great Plains Low-Level Jet (GPLLJ), the Chocé
Low-Level Jet (ChocoLL]), the South American
Low-Level Jet (SALLJ), the Caribbean Low-Level Jet
(CLL)), the West African Westerly Jet (WAW]), and
the Somali Low-Level Jet (Somali LL]). The two-
phase nature of the SALLJ is highlighted, distin-
guishing between the Chaco Jet Event (CJE) and the
No-Chaco Event (NCJE). The major monsoon
regimes are also indicated: The West African
Monsoon (WAM), Western and Southern India
(WSI), and the Australian Monsoon (AM).
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Southeast Asia). This limitation reflects the constraints of our basin-focused
analytical framework rather than a diminished importance of flooding in
these regions, or the potential role of AR-like features within monsoon
systems in generating these floods.

When the river basin was considered to be the reference area, ARs
coincided with nearly 90% of the flood events during the core flood period
and ~30% of all 3 days prior to the events (Fig. 2a). To assess the robustness
of these associations across spatial scales, we also analysed hydrobasins sub-
basin levels 4 and 5 areas, which represent more hydrologically constrained
domains than entire river basins. AR coincidences during flood events
decreased systematically to 79% (level 4) and 77% (level 5), demonstrating
spatial scale dependence while maintaining high association rates. The
coincidences for days -1, -2, and -3 individually were similar, with ARs
affecting ~55-57% of the events on each of those days at the river basin scale.
At sub-basin scales, individual daily percentages ranged from 34 to 49%
(level 4) and 27 to 38% (level 5), with percentages increasing from day —1 to
day —3. Collectively, ARs during the three preceding days coincided with
30% (river basin), 29% (level 4), and 24% (level 5) of flood events. When the
flood-affected area was used as the reference area, the percentage of flood
events in which ARs were present decreased but remained above 70%. In
contrast, the coincidence of ARs during the preceding days decreased
markedly to about half, and even less when assessed collectively for all
3 days. These findings suggest that ARs frequently precede flood onset and
impact broader upstream regions, even without directly overlapping with
flooded zones, highlighting the potential key role of the river basin in
modulating surface runoff and flood generation.

At the river basin scale, the majority of floods events (60 events),
showed AR-related precipitation representing less than 10% (Fig. 2b). Lower
distributions in the 0-10% range were observed at sub-basin scales, with 45
and 44 events at levels 4 and 5, respectively, whereas ~40 events fell into this
range when the flood area was considered. However, for the remaining
precipitation percentage ranges, the number of events across spatial scales
does not differ substantially. Notably, more events were recorded in flood-
affected areas, where AR-related precipitation accounted for more than 80%
of the total precipitation. Overall, these results highlight a potential spatial
mismatch between the precipitation footprint of ARs and the actual extent
of the resulting floods. This mismatch arises because flood generation
depends not only on precipitation location but also on basin-scale hydro-
logical processes, including upstream-downstream water routing, ante-
cedent soil moisture conditions, and drainage network configuration.
Statistical analysis confirmed that ~72% of events in which ARs intersected
the flood area, and about 67.0% of events with AR presence in the river basin

showed precipitation significantly above climatological values (p < 0.10).
When constrained to sub-basin scales, 72.3% (level 4) and 73.0% (level 5) of
events showed significant AR associations, confirming that approximately
three-quarters of major floods remain robustly associated with ARs even
under spatially refined hydrological assessment.

Next, we analysed the AR-driven precipitation during the 3 days
preceding flood onset, determining the number of flood events categorised
by the precipitation percentage attributable to ARs across different spatial
scales. For most events, AR-associated precipitation accounted for a rela-
tively low percentage of the total rainfall over the entire river basin during
each of the 3 days preceding flood onset (Fig. 2c). At sub-basin scales (Fig.
2d, e) days —3 and —2 show the highest number of events in low con-
tribution bins (f_AR <20%). This pattern reverses dramatically at high
contribution bins (£ AR >70%), where day —1 dominates, particularly at
level 5. This pattern aligns with the distribution observed during the flood
period itself (Fig. 2f), suggesting that upstream AR-driven precipitation,
although not always intense, play a critical role in increasing antecedent soil
moisture, as confirmed in Fig. S1, and thus increasing the basin’s vulner-
ability to flooding from subsequent rainfall, as stated in previous findings
(e.g. Webb et al.”).

In contrast, a considerable number of events fall in the highest
precipitation bins (80-90% and 90-100%), particularly on the day
immediately preceding flood onset (Fig. 2d-f). This result indicates that,
in many cases, nearly all the rainfall triggering the flood originated from
a single AR event occurring just 1 day before the flood, supporting the
idea that ARs often serve not only as contributing factors but also as the
principal hydrometeorological drivers of flood events, which have been
demonstrated to affect water availability’. Conversely, days -2 and -3 are
associated with markedly fewer events associated with higher pre-
cipitation, indicating that while ARs may influence atmospheric and soil
conditions up to 72h in advance, their peak hydrological impact is
concentrated within the 24 h immediately preceding the flood. This
temporal clustering suggests that ARs play dual roles as both immediate
flood triggers and antecedent preconditioners that progressively saturate
catchments, thereby lowering the threshold for runoff generation and
amplifying the flood response when subsequent rainfall occurs, whether
from continued AR activity or other weather systems. This pre-
conditioning effect has significant implications for flood forecasting and
early warning. In addition, climate warming is expected to intensify
water vapour transport in ARs by 6.3-9.7% per degree Celsius of
warming”, altering their frequency, duration, and geographical dis-
tribution, implying a significant contribution to future flood risk".

npj Natural Hazards | (2026)3:6


https://www.hydrosheds.org
https://www.hydrosheds.org
www.nature.com/npjnathazards

https://doi.org/10.1038/s44304-026-00167-x

Brief communication

River basin areas

100 @ 30
(a) BB During flood £ (c) = Day -3
[ Days-3,-2,-1 3 25 1 [ Day -2
" = gay ; .8 20 4 [ Day -1
80 - ay - g
5 [ Day-1 "=5 15 4
£ © 10
el
= g .
3 60 :E’
3 K3
3 S Q NI Q b° ,\0 %0 Q N
o 20 4 TS S S QQ”Q
g Subbasin lev4 areas
0 s
(U] c (d
< £ 20
o 204 @
B 2
8 151
=
e 104
0- g
Area considered: Area considered: Area considered: Area considered: -E 51
River basin areas Subbasin lev4 areas Subbasin lev5 areas Flood areas 3
04
QS Q N QO Q S QS N} QO L
. ) P PP TP ELEN LD
04 (B) BN River basin areas TSNS S S §
3 Subbasin lev4 areas o1 Subbasin lev5 areas
[ Subbasin lev5 areas £,
[ Flood areas H
n 50 1 o 101
-
£ 2.
=
H B 5 0
9 401 u 5 4
k-] 2
] E 27
€ 2
4= 30 - PN I I R B I MR
[ RN A A I S SR
- Flood areas
g 2 14
€ (f)
£ 20 g 121
5 9 10
2 3
o 81
s
10 4 £ o
5
E 29
3
0- t t Z o-
Q Q Q Q Q Q Q Q Q Q S Q Q Q QS S QS O Q S
& oV N N &> Q,b Qf\ N & N AIRM R IYy RN e
~ v ) ™ i) © A ® QQ’ A

% of Precipitation from AR

Fig. 2 | Association between atmospheric rivers and flood events. a Percentage of
flood events and the three days prior to flood onset coincident with ARs considering
either the river basin area, sub-basin level 4, sub-basin level 5, and flood area.

b Number of flood events with total precipitation percentages attributed to ARs in

various ranges over the basin, sub-basin level 4, sub-basin level 5, and flood areas.
Number of flood events with total precipitation percentages attributed to ARs for
c river basin areas, d sub-basin level 4 areas, e sub-basin level 5 areas, and

f flood areas.

These results are based on the tARget v4 AR detection algorithm using
the 85th percentile threshold of the Integrated Vapour Transport (IVT).
Although this threshold is widely accepted and validated across multiple
regions, the different detection methods or thresholds could yield different
absolute percentages of AR-associated floods. Indeed, the Atmospheric
River Tracking Method Intercomparison Project (ARTMIP) has shown that
tropical regions exhibit the largest variance in AR frequency among different
catalogues, with disagreement concentrated primarily due to high humidity
that confounds certain detection methodologies, and different approaches
to marginal detections”. Consequently, our conclusions remain robust
across different methodologies, as they rely on the physical AR-flood
association instead of being tied to specific AR intensity thresholds.

To assess the broader societal implications of AR-driven floods, we
analysed the human impacts of the 106 AR-associated flood events across
affected river basins from 1999 to 2018, examining spatial patterns of
inundation, mortality, and population displacement. Indeed, since 2000,
flood-related disasters have increased by 134% compared with the previous
two decades™, with ARs contributing substantially to this trend. The spatial
analysis reveals that AR-induced floods show annual recurrent impacts and
larger inundation areas across tropical and subtropical basins. It is well
observed in the Amazon and Mississippi River basins in South and North
America, respectively, the basins across the Sahel region in Africa, and the
Yangtze River in China (Fig. 3a). The annual total affected area exhibits
marked interannual variability, with peak years such as 2004 and

2014 showing the highest cumulative flood extent (Fig. 3b). These findings
demonstrate that AR-flood impacts affect regions with high population
density and economic activity, where flood-prone river basins coincide with
centres of human settlement.

Flood-related mortality displays substantial spatial heterogeneity, with
the highest death tolls reported in the Niger River and Nile River basins in
Africa and the Yangtze River Basin in China (Fig. 3¢). The temporal evo-
lution of this indicator reveals pronounced peaks in 2006, 2012, 2014, and
2016 (Fig. 3d). These areas are highly vulnerable to floods and make up
nearly three-quarters of the total modelled displacement, averaging almost
10 million globally each year™’. The displacement of populations due to AR-
associated floods during the study period was most pronounced in the Nile
River basin, the Andean region southwest of the Amazon River basin, and
the southeast of the Mississippi River Basin (Fig. 3e). The temporal profile of
displaced persons reveals a notable maximum in 1999, followed by a sec-
ondary peak in 2006, which is consistent with years of elevated mortality
(Fig. 30).

This study reveals that ARs function as a near-universal driver of major
flood events in river basins across diverse climate zones and hydrological
regimes. However, further research is needed to develop improved methods
for quantifying how antecedent AR-related precipitation drives flooding
preconditions in catchments, for example, the land use changes, or infra-
structure modifications that influence flood generation. These limitations
do not fundamentally undermine our core findings, as a large sample size
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Fig. 3 | Global distribution and impacts of floods during 1999-2018. a Locations
of floods with colour scale representing the total geographical area affected (million
km?). b Annual total area affected by floods. ¢ Reported deaths and their locations.
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and robust statistical associations provide strong evidence. In addition, the
potential for using AR characteristics (intensity, duration, orientation) as
predictors of flood magnitude and extent, beyond simple precipitation
forecasts, should be explored. This would enable more targeted adaptation
strategies in future AR scenarios, to avoid major impacts on society, agri-
culture and finally the economy.

Methods

Flood event database

The flood event records were obtained from the DFO', which is accessible at
https://floodobservatory.colorado.edu. This database was used to identify
flood occurrences across 50 representative river basins worldwide, covering
a broad range of climatic regions, hydrological regimes, and socio-
environmental contexts (Table S2) over 20 years (1999-2018), which we set

as the study period. The information compiled in this archive is derived
from a combination of sources, including news reports, governmental
records, instrumental measurements, and satellite-based remote sensing.
The archive provides detailed records of flood events, encompassing key
attributes that were used in this study, such as spatial outlines of affected
areas, onset and end dates, event durations, and associated impacts,
including reported fatalities and numbers of displaced persons.

Atmospheric river detection

The global atmospheric river database developed by Guang and Waliser”
was also utilised. These authors implemented the tARget v4.0 (Tracking
Atmospheric Rivers Globally as Elongated Targets) algorithm to provide
daily, objectively detected AR footprints based on the IVT magnitude (areas
exceeding the 85th percentile threshold) and direction derived from ERA5
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Fig. 4 | Example of coincidence between an atmospheric river and a flood-
affected area. a The La Plata River basin (black contour) and the flood-affected area
(blue contour) during 4-15 July 2013 are shown together with the footprint of an
atmospheric river (magenta contour). Coloured shading depicts the vertically
integrated water vapour transport (IVT, kg m™ s), and arrows indicate the direction
and magnitude of the moisture flux. b Accumulated precipitation during 4-15 July
2013 in the selected sub-basin.

reanalysis at 6 h intervals and a 0.25° x 0.25° horizontal resolution. An
object is retained if its length exceeds 2000 km and has a length-to-width
ratio greater than 2. This criterion ensures that only long and narrow objects,
characteristic of ARs, are kept. They also implemented an algorithm to
better handle ARs in tropical and polar areas and zonal ARs, which is crucial
to identify AR-like structures in tropical regions where the background
moisture content is naturally relatively high and where traditional fixed-
threshold approaches might miss AR events. Thus, the term AR in this study
refers to structures objectively detected by this algorithm, which in tropical
regions may differ dynamically (e.g. monsoon moisture surges, tropical
plumes, cross-equatorial flows) from classical extratropical ARs. However,
these features share the fundamental characteristic of transporting anom-
alously high amounts of water vapour in coherent, elongated structures that
justify the use of a unified detection framework".

Flood selection criteria

From the DFO archive, we selected flood events that (1) occurred within any
of the 50 pre-selected river basins and (2) had their entire flood-affected area
completely contained within a single basin boundary. This spatial con-
tainment criterion ensured unambiguous AR-flood attribution and avoided
complications from floods spanning multiple basins or extending beyond
basin limits. Given the very large spatial extent of some of the major river
basins considered, flood attribution was further refined by identifying the
HydroBASINS sub-basins (levels 4 and 5) intersecting each flood-affected
area. These sub-basins represent hierarchically nested subdivisions of the
original basins that preserve upstream-downstream connectivity, allowing
the spatial extent of each flood event to be characterised within smaller,
hydrologically coherent units.

Attribution of precipitation to ARs

To quantify the fraction of precipitation attributable to ARs, we used daily
precipitation data from the Multi-Source Weighted-Ensemble Precipitation
(MSWEP) dataset version 2.8 at 0.1° spatial resolution. For each flood
event, we identified the spatial overlap between the AR footprint from the
tARget database and the flood-affected area from DFO for each day during
the flood period and the three preceding days. We then calculated the total
precipitation over the entire flood-affected area (P_total) and the pre-
cipitation within the AR-flood intersection area (P_AR). The fraction of
precipitation attributable to the AR was computed as f AR = (P_AR /
P_total) x 100, representing the percentage of total flood-area precipitation
that occurred within pixels where an AR was present. This fraction was
calculated separately for each flood event and for each of the 3 days pre-
ceding the flood onset, which allow to assess both immediate triggers and

antecedent conditioning effects. When the AR footprint completely covered
the flood-affected area, f AR = 100%, indicating all precipitation was AR-
related, whereas f AR = 0% when no AR was present over the flood area.
This analysis was conducted at multiple spatial supports, including the
flood-affected area, the intersecting HydroBASINS level 4 and 5 sub-basins,
and the corresponding major river basin, in order to assess the sensitivity of
AR-precipitation attribution to spatial aggregation and to better approx-
imate hydrological connectivity.

As an example, representative for all cases, we present the spatial extent
of a flood event (blue line) that affected the La Plata River basin from 4 to 15
July 2013 (Fig. 4). The shape of the AR is delineated by the magenta line,
covering the whole flood area and intersecting part of the river basin. In this
case, we considered this AR to be associated with the flood area and the river
basin. The vectors show the IVT arriving at the flood area from the
northeast, with the maximum values coinciding with the flood area, and the
rainfall observed over subbasin 4, primarily in the southern half. This
approach provides a consistent and objective metric for assessing AR con-
tributions across our global dataset, under the assumption that precipitation
falling within the AR footprint can be attributed to AR-related moisture
transport.

Assessment of precipitation anomalies

To assess whether the accumulated precipitation during each event was
anomalous with respect to the long-term climatology, we first calculated the
total precipitation of the event over its duration in the year of occurrence.
For comparison, we then computed the accumulated totals for the same
calendar days in all other years of the record, thereby constructing a refer-
ence distribution. Statistical significance was evaluated by contrasting the
event total against the distribution mean, while accounting for temporal
autocorrelation through an effective sample size adjustment. A confidence
level of 0.90 was adopted to identify those events with total precipitation
considered statistically significant.

Data availability

The AR database used in this study is publicly available at https://doi.org/10.
6084/m9 figshare.c.6953288.v1. The flood inventory data are available at
[https://floodobservatory.colorado.edu]. The daily MSWEP reanalysis data
are available at https://www.gloh20.org/mswep/. The GLEAM data are
available at [https://www.gleam.eu/]. The Python scripts used for processing
the data are available from the corresponding author upon reasonable
request.
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