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Global atmospheric rivers are major conduits for moisture and energy transport, playing a critical role in
the global hydrological cycle and energy redistribution as climate changes. Here, we assess their
evolving roles using observations and climate simulations. By 2100, under a high-emission scenario,
about 70% of mid-latitude atmospheric rivers are projected to carry more moisture than the Amazon
River, with 11% of this intensification driven by future warming. This trend is expected to increase flood
risks in densely populated basins such as the Yangtze, Loire, and Sacramento. Moist static energy
provides insight into atmospheric rivers’ behavior on subseasonal scales. Atmospheric rivers
redistribute meridional energy transport during active seasons, a process projected to intensify and
shift poleward. Their diverse heat archetypes have varying impacts on precipitation and temperature.
These findings highlight the growing influence of atmospheric rivers as dynamic agents of freshwater

delivery and heat transport in a warming climate.

The global water cycle is a fundamental process that circulates water among
the atmosphere, land, and ocean, balancing energy on Earth’s surface
through phase changes between vapor, liquid, and solid states. The ocean, as
the largest reservoir of saline water, and the land, which provides direct
access to freshwater, play pivotal roles in this cycle. Atmospheric rivers
(ARs) act as a dynamic highway, linking ocean evaporation to continental
precipitation’, efficiently transporting water and redistributing energy. A
critical function of ARs is the meridional transport of moisture-laden air
from the warm tropics to the cooler high latitudes. Along their pathways,
ARs release both moisture and latent heat during precipitation, contributing
substantial amounts of water to the surface water cycle while warming the
lower atmosphere and Earth’s surface. This vital water-energy exchange
fosters the conditions necessary for life to flourish.

The phenomenon of ARs has sparked considerable debate and
extensive discussion. Originally proposed as “Tropospheric Rivers” in the
pioneering study’, AR was introduced to explain the long-distance transport
of carbon monoxide, which could not be adequately accounted for by
prevailing wind patterns. Although the term “Atmospheric Rivers” was not
coined until 1992, the concept of low-altitude, large-scale moisture strea-
mers had been discussed earlier’. Subsequent research has extensively
analyzed their climatological'” and hydrological®™"" impacts, highlighting
the crucial role of ARs play in the global water cycle. These narrow, elon-
gated corridors of intense moisture transport in the lower atmosphere were
aptly termed “rivers” due to their comparable or even greater magnitude of
moisture transport compared to the Amazon River. For instance, Zhu and

Newell'” estimated AR moisture transport at approximately 2.2 x 10°kgs ™,

which is about 38% greater than the flux of the Amazon River. Similarly,
Ralph etal. (2017) estimated that the total instantaneous water vapor flux in
an average AR is 2.6 times the flow of the Amazon River and roughly
equivalent to the flow of 27 Mississippi Rivers'’. More than 90% of the mid-
latitude water vapor flux is transported by ARs'. Unlike surface rivers,
however, the moisture transported by ARs is continuously released and
recharged along their lifecycle and routes, reflecting complex atmospheric
processes'. In addition to the impact on the water cycle by moisture-laden
air, the huge amount of warm moist air from low latitudes also transports
substantial heat energy'® to higher latitudes. During the release process of
moisture, a great amount of latent heat will be released. Therefore, ARs can
potentially contribute to heat-related extremes'*’. Accompanied by sub-
stantial amounts of latent and sensible heat, ARs play a critical role in
atmospheric energy dynamics.

Given that Earth is warming due to increases in greenhouse gases, it is
critical to understand how ARs may respond and change in a warming
world**. Recent projections based on Coupled Model Intercomparison
Project Phase 6 (CMIP6) indicate that ARs may occur one to two times
more frequently, bring associated increases in rainfall and exhibit a pole-
ward shift”. As extreme weather events have become more frequent in
recent years, improving the prediction of ARs has become crucial. It is
imperative to deepen our understanding and investigate the future roles of
ARs in the hydrological cycle and Earth’s energy redistribution, which is
vital for improving future predictions, enhancing model simulation
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accuracy, and advancing overall predictability. The increased frequency of
ARs raises intriguing scientific inquiries into their future impact, particu-
larly given the uncertainties in precipitation efficiency’*** and the non-linear
changes in atmospheric circulations™. This inquiry compels us to ask fun-
damental questions: How much water do ARs transport globally across
different latitudes from past to future periods? How much heat and energy
do they carry, shaping their potential impact on various regions? By
quantifying the moisture and heat transported by ARs, we will be able to
unveil the vital roles of ARs in the future.

In this paper, we aim to steer future discussions on ARs by addressing
the aforementioned questions. We conduct a comprehensive analysis to
quantify the changes in moisture and heat energy transported by ARs across
historical condition and future climate projections, considering the regional
differences in AR characteristics. We explore the roles of ARs from an
energy perspective on synoptic-to-subseasonal timescales. While ARs pose
considerable challenges due to the immense amounts of moisture and heat
they transport, they also offer opportunities to harness these as future
resources of freshwater and heat. By integrating both hydrological and
energy perspectives, our results not only improve understanding of ARs’
fundamental roles in the Earth system but also provide valuable insights for
effectively utilizing these resources.

Results

Amazon-scale ARs: rising global frequency and basin-wide
impacts

Freshwater constitutes only 0.014% (approximately 200,000 cubic kilo-
meters) of the global water reserves on Earth”. The quantity and quality of
this scarce resource are essential for the survival of countless lifeforms and
human development. Surface rivers provide the most direct access to
freshwater resources, with the largest river on Earth, the Amazon River,
transporting approximately 1.6 x 10° kg s™ of water"”. To better understand
the scale and impact of ARs, the concept of AR equivalent flow is used as a
quantitative metric to compare the transport of water vapor in ARs to the
flow of water in surface rivers. This metric is defined as the meridional water
vapor flux passing through a specific cross-section and is typically expressed
as a mass flow rate (unit: kg s™). It provides an intuitive reference for
assessing the magnitude and influence of ARs on the global water cycle. The
mid-latitudes (range between 30° and 60° N/S) represent the region with the
highest frequency of ARs (Supplementary Fig. S1). These largest rivers in the
sky can last from several hours to several days, with an average lifetime of
about 40 h**. They frequently make landfall along the West Coast of North
America, Western Europe, and Eastern China, often resulting in heavy
precipitation. Although many studies associate heavy to hazardous pre-
cipitation with ARs'****”, they also represent an undeniably important
source of freshwater due to the substantial amount of water they transport
(Fig. 1a). However, the feasibility of tapping water from ARs remains
debatable, both from a technological standpoint™ and due to potential cross-
boundary resource conflicts.

A greater volume of moisture is projected to be transported poleward
by ARs. CMIP6-based projections indicate an overall increase in AR mer-
idional moisture flux across latitudes, with the most significant increase (at
the 90% significance level based on a t-test) occurring in the Northern
Hemisphere (Fig. 1a). The scale of Amazon River flow (1.6 x 10° kg s™) is
used as a benchmark for evaluating the magnitude of moisture transported
by ARs. By 2100, the frequency of Amazon River-scale ARs is projected to
increase across global latitudes (Fig. 1b, c). Remarkably, approximately 70%
of mid-latitude ARs are projected to transport water vapor at levels com-
parable to or exceeding the scale of the Amazon in the future, surpassing
historical levels of 60% (Supplementary Fig. S1). The occurrence of Amazon
River-scale ARs is projected to increase more substantially poleward of 40°S
and 40°N (Fig. 1b, c). The fraction of attributable risk (FAR; see “Methods”)
is used to assess the influence of anthropogenic forcing on the probability of
Amazon-scale ARs. Results indicate that FAR increases poleward of 40° in
both the Northern and Southern Hemispheres (Fig. 1b, ¢), with an average
of 11% of Amazon-scale ARs in the mid-latitudes attributable to future

warming. This anticipated pattern accentuates the critical need to prioritize
research on the impacts of ARs in mid-to-high latitude regions, which are
likely to experience profound climatological shifts. Recent studies™** have
noted a general poleward shift in AR frequency. Our findings further reveal
that intense Amazon-scale ARs will particularly exacerbate hydro-
meteorological conditions in mid-to-high latitude regions. These regions,
home to flood-prone basins such as the Sacramento, Yangtze, and Loire
rivers across various continents, are likely to face amplified impacts from
increased and intensified AR activity.

To elucidate the potential hydrological impacts of ARs on river basins,
we conducted detailed moisture budget analyses for three distinct river
basins affected by ARs: the Yangtze, Loire, and Sacramento (as shown in
Fig. 1d, f, h). These basins were selected due to their strong susceptibility to
ARs™ and their distinct characteristics, including variations in size, geo-
graphic location, and river flow directions. Specifically, the Yangtze flows
predominantly west to east, the Loire basin flows north before turning west,
and the Sacramento flows primarily southward. The results indicate that the
annual peak value of net AR moisture contribution to river basins increases
as the climate warms. Specifically, under the SSP585 far-future scenario
compared to the historical period, the annual peak increases by 185% for the
Yangtze, 47% for the Loire, and 35% for the Sacramento (Fig. le, g, i). We
observed a strong coherence between the annual cycles of AR moisture
contributions and river flows, especially in the flood season, highlighting the
crucial role of AR-related precipitation in driving river flow variability. The
uncertainty ranges (Supplementary Fig. S2) show that, while all CMIP6
models generally agree, disagreements intensify during flood seasons
regarding the magnitude of increases. Specifically, the flood seasons in the
Loire and Sacramento River basins align with peak AR moisture con-
tributions from November to April. Meanwhile, the Yangtze River’s flood
season, from May to September, coincides with the most active period for
ARs in East Asia. Although the timing of peak AR activity differs across
regions—occurring in summertime in East Asia and in winter in North
America and Europe™”**—these peak periods consistently correspond to
the hydrological annual cycles of their respective regions. Under SSP585
scenario, CMIP6 projections indicate a decrease in AR contributions to
Yangtze and Loire basins during non-flood seasons, in some months ARs
potentially take moisture away from the basins and exacerbate dry condi-
tions, as indicated by the negative values in Fig. 1e, g. Conversely, during the
flood seasons, continued warming is expected to increase AR moisture
contributions, leading to more intense precipitation events in these basins.
This trend suggests a shift toward a more uneven distribution of runoff
throughout the year, resulting in a more pronounced amplitude in the
annual cycle. These changes are likely to escalate flood risks and challenge
water resource management.

In the Yangtze River basin, overall river flow exceeds the AR moisture
contribution (Fig. le), primarily because AR-related precipitation is con-
centrated in the lower reaches, while additional water sources, such as
snowmelt from the Tibetan Plateau, contribute substantially to the upper
Yangtze”. The flood season extends from May to October, corresponding to
the pre-Meiyu through the summer stages of the East Asia Monsoon®.
From March to July, ARs provide a positive net moisture contribution,
creating an off-peak relationship between the annual cycles of AR moisture
contributions and river flows. For the rest of the year, the net moisture
contribution from AR is negative, indicating a greater moisture recharge
from the lower reaches of the Yangtze to AR than its moisture release. This
pattern is projected to intensify under future climate scenarios, with AR net
contributions expected to decrease from August to December while
increasing substantially from March to July. Such changes could sub-
stantially alter the annual cycle of river flows, particularly in the lower
Yangtze basin. As a result, proactive management strategies will be essential
to address these probable changes, to minimize potential failures to adapt to
the evolving environmental conditions and to effectively utilize the
resources”. The projected increases in moisture flux not only heighten the
risk for hydrometeorological extremes’*****"** but also suggest changes in
heat fluxes, which will be discussed in the following section.
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Horizontal and vertical heat transport associated with ARs

ARs play a crucial role in meridional heat transport through the movement
of moisture-laden air masses from lower to higher latitudes. These narrow
corridors of intense water vapor transport are important carriers of both
sensible and latent heat, contributing substantially to the Earth’s energy
redistribution***". The role of ARs in heat redistribution is particularly
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crucial in regions where they make landfall and trigger precipitation. The
total equivalent water flow (as in Fig. 1) serves not only as an indicator of
their hydrological impact but also reflects the amount of latent heat trans-
ported. This section examines the pivotal role of ARs in heat transport by
analyzing their large-scale horizontal heat fluxes and changes in vertical heat
fluxes. Figure 2 depicts the seasonal maps of total sensible heat flux and
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Fig. 1 | Global AR equivalent flows and their impacts on three river basins.

a Average AR equivalent flows in the meridional direction at different latitudes
(positive values indicate poleward flux; x10°kg s™'). b, ¢ The solid lines are the
exceedance probability of global AR equivalent flow in the meridional direction
exceeding Amazon River scale (1.6 x 10° kg s™*) in the Northern and Southern
Hemispheres, the red dashed lines are FAR variations across latitudes.

d, f, h Schematic maps of the Yangtze River basin, Loire River basin, and Sacramento
River basin, showing how they are influenced by ARs. The red lines represent the
basin boundaries, while the yellow rectangular boxes indicate the areas used for
calculating the AR moisture budget for each basin. Yellow triangles mark the

locations of flow stations in the Yangtze River and Sacramento River basins, whereas
the Loire River uses basin-averaged runoff data. WNPSH is the Western North
Pacific Subtropical High. e, g, i The annual variations of AR moisture budget and
river runoff. Red dashed lines represent the monthly average runoff for the three
basins, while the other lines show AR moisture budget variations at 10-day intervals
under three scenarios: historical (1980-2009, green), SSP585 near future
(2025-2054, blue) and SSP585 far future (2070-2099, orange). The shading repre-
sents the uncertainty range (the range between the maximum and minimum value)
across the CMIP6 models.
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Fig. 2 | Climatological total sensible heat flux and latent heat flux within ARs
derived from ERAS5 observations. a, b Total sensible heat flux within ARs for winter
(DJF) and summer (JJA), respectively. ¢, d Total latent heat flux within ARs for DJF
and JJA, respectively, during the historical period (1980-2014). The colored

3500 3800 4100 4400 4700 5000 5300 5600 5900 6200
Sensible Heat Flux (107 Jm~1s™1)

1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
Latent Heat Flux (106 Jm~1s71)

rectangle represents three key AR basins affected by the heat flux within ARs: East
Asia (EA), North Pacific (NP), and North Atlantic (NA). The value ranges shown for
sensible heat flux (a, b) and latent heat flux (¢, d) are different.

latent heat flux carried by ARs in the Northern hemisphere. Next, our
analysis will focus on the three key AR basins (hotspots of AR occurrence) in
the Northern Hemisphere, as marked in Fig. 2a: (1) Eastern Asia (EA:
15°-55°N, 110°-140°E), where ARs interact with complex summer mon-
soon systems, impacting extreme rainfall events in the Yangtze River
basin®***"**(2) North Pacific (NP: 30°-60°N, 150°-240°E), where AR
development and pathways are influenced by extratropical cyclone
dynamics, and (3) North Atlantic (NA: 40°-65°N, 50°W-15°E) where ARs
are crucial to understanding flooding events in the UK and Western
Europe''. Additionally, their poleward transports of heat and moisture also
potentially affect Arctic Sea ice dynamics™™.

ARs carry comparable magnitudes of latent heat flux across the NP and
NA basins during boreal winter (DJF). The spatial distribution and intensity
of ARs primarily determine the latent heat flux they carry. By aligning the
seasonal latent heat flux carried by ARs (Fig. 2¢, d) with historical clima-
tological AR frequency maps™, a clear consistency emerges. For example,
boreal summer (JJA) marks the peak season of AR frequency in EA, where
the strong Asian monsoon system dominates latent heat dynamics (Fig. 2d).
Despite debates over the characteristics of these intense moisture transports,
which are often intertwined with monsoon flows and exhibit wavy shapes
unlike those affecting North America and Western Europe, their existence
as persistent moisture transport routes in Asia is undeniable. These routes
play an indispensable role in the regional global water cycle and energy
transport, as evidenced by the quantified fluxes illustrated here.

In contrast, the total sensible heat flux transported by ARs displays
more pronounced spatial hotspots and exhibits strong seasonal variability in

magnitude. For instance, during DJF—the peak season of AR activity in the
NP and NA basins—the Aleutian Islands and the Bering Strait experience
higher AR-carried sensible heat flux compared to JJA (Fig. 2a, b). This
wintertime sensible heat flux within ARs correlates strongly (r = 0.65) with
the intensity of the Aleutian Low-pressure system (Supplementary Fig. S3),
suggesting a dynamic interplay between the position and strength of the
Aleutian Low and AR activities. Seasonal AR activity near British Columbia
and the Gulf of Alaska is closely correlated with the strength of the clima-
tological Aleutian Low™™'. The Aleutian Low modulates the path and
strength of extratropical cyclones in the North Pacific, which in turn
influences the location and intensity of ARs originating from East Asia and
impacting the Northern Pacific rim™*. Another notable hotspot of AR
sensible heat flux in NA is associated with nor’easters along the upper
Atlantic coast of North America, which are closely linked to the AR that
frequently causes floods inundating the UK'** and western Europe™*.
While sensible heat flux might directly influence regional atmospheric
circulation, the release of latent heat is associated with moistening the land
surface or contributing to excessive surface runoff (Fig. 1). This dual role
underscores the significance of ARs as a bridge between atmospheric cir-
culation and hydrological impacts. The substantial heat flux transported by
ARs highlights their important role in redistributing heat within the Earth
system. The convergence of horizontal heat flux associated with ARs can
lead to considerable surface impacts, such as increased precipitation or the
development of heatwaves". The temporal evolutions of total sensible heat
flux and latent heat flux within ARs exhibit distinct patterns across the three
basins from 1980 to 2099 (Supplementary Fig. S4). As the climate warms,
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Fig. 3 | Surface heat flux anomalies within ARs. Left panels show winter (DJF) and
right panels show summer (JJA) AR-associated surface heat flux anomalies during
the historical period (1980-2014) for a, b sensible heat flux, ¢, d latent heat flux,
e, f shortwave radiation, and g, h longwave radiation (unit: W/m®). Positive values
indicate downward anomalies (from the atmosphere to the surface). Anomalies
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within ARs are calculated as the seasonal mean heat flux within ARs (Supplementary
Fig. $8) minus the climatological mean heat flux (Supplementary Fig. S7) over all AR
covered grids. The red rectangle represents three key AR basins affected by the heat
flux within ARs: East Asia (EA), North Pacific (NP), and North Atlantic (NA).

the area-averaged sensible heat flux associated with AR remains relatively
stable during DJF but shows a decreasing trend during JJA, particularly in
the NP and NA basins. In contrast, latent heat flux is projected to increase
across all regions and in both seasons under future climate scenarios. These
divergent trends indicate a potential shift in the heat transport regimes of
ARs. As the climate warms, latent heat flux is anticipated to become the
dominant mode of heat transport by ARs, potentially reshaping regional
hydrological cycles.

ARs transport substantial sensible and latent heat flux and are asso-
ciated with seasonal warming anomalies in near-surface air temperature
(T2m) and sea surface temperature (SST) across all three AR basins. Within
identified AR grids, all three basins exhibit T2m warming anomalies
exceeding 5 °C in winter (Supplementary Fig. S5a, ¢, €). In summer, the T2m
anomaly is weaker, around 1.5 °C over oceanic areas in NP and NA (Sup-
plementary Fig. S5d), and approximately 2 °C over land in the EA basin
(Supplementary Fig. S5b). However, Greenland, Canada, the Kamchatka
Peninsula, and the Nordic region still exhibit strong T2m warming
anomalies greater than 5°C. Similarly, SST anomalies are stronger and
broader in winter—especially around coastal regions—exceeding 0.5 °C

(Supplementary Fig. S6a, c, €). In contrast, summer SST warming anomalies
are not pronounced across the three basins, with most regions instead
showing cooling anomalies (Supplementary Fig. S6b, d, f). Warmer summer
SST anomalies are mainly observed in the regions where ARs have higher
horizontal heat flux (Fig. 2d). These warming anomalies can be linked to
changes in vertical surface heat fluxes. For the surface heat flux anomalies
associated with ARs (Fig. 3), ARs consistently correspond to a reduction in
the climatological upward (negative sign) surface sensible heat flux (Sup-
plementary Fig. S7), reversing the sign of the surface sensible heat flux across
NP and NA basins, as well as parts of EA. This results in positive sensible
heat flux anomalies (from the atmosphere to the surface) during all seasons
when ARs occur. Regarding surface latent heat flux, the upward latent flux is
generally reduced during ARs—except in the tropical ocean region of EA
(enhanced ocean evaporation in the tropics to supply moisture transport)—
resulting in positive anomalies in most areas. Downward shortwave
radiation decreases during ARs due to increased cloud cover, while this can
be offset by overall positive anomalies in surface longwave radiation, indi-
cating an increase in downward longwave radiation at the surface. For the
seasonality, winter exhibits greater surface sensible and latent heat flux
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anomalies within ARs (exceeding 60 W/m?) compared to summer. In ocean
basins during summer, the surface latent heat flux within ARs can reverse
sign (Supplementary Fig. S8d) relative to the climatological mean (Sup-
plementary Fig. S7d), indicating strong condensation. For shortwave
radiation, summer shows a larger negative anomaly (about 70 W/m?)
during ARs due to stronger solar radiation. The increase in downward
longwave radiation during winter is greater than in summer, exceeding
40 W/m’. These changes in surface heat fluxes influence the regional total
energy balance and, consequently, temperature anomalies within ARs. For
example, the positive T2m warming anomaly in winter can be attributed to
increased downward sensible heat flux and longwave radiation, as well as
reduced upward latent heat flux. These factors can offset the weaker
reduction in shortwave radiation, thus maintaining surface warming.
During summer, T2m anomalies are weaker and SST warm anomalies are
limited to specific parts of the basins, as a greater reduction in shortwave
radiation cannot be offset.

Redistribution of Earth’s heat and energy: the role of ARs from an
energy perspective
Earth’s energy budget exhibits imbalances between higher and lower lati-
tudes, necessitating poleward energy transport via the atmosphere and
ocean system. The atmosphere plays a dominant role in this meridional
energy redistribution, accounting for 78% of the total heat transport in the
extratropic of the Northern hemisphere”. Within this framework, AR
emerges as one key contributor. Characterized by their intense water vapor
transport from tropics, ARs contribute to the poleward transport of both
sensible and latent heat. This transport mechanism is crucial in driving
phenomena such as extreme precipitation events™*” and heatwaves'**".
Figure 4 presents the meridional distribution of AR-related energy trans-
port, based on historical data and SSP585 scenario simulations for the near
and far future. The distribution of meridional energy transport by ARs in
each basin corresponds to their meridional-mean AR frequency, with both
curves varying similarly with latitude. Meridional energy, including sensible
heat, latent heat transported by ARs, exhibits a consistent increase from
historical, through near-future, to far-future periods (Fig. 4a, b), although
there is larger uncertainty in the far future. This trend is most pronounced at
latitudes where peak heat transport occurs within ARs across all three AR
basins. The ongoing intensification over time underscores the strengthening
of AR-mediated energy transport in response to enhanced global warming.

The occurrence of ARs enhances poleward sensible and latent heat
transport. Seasons with higher AR frequency exhibit stronger magnitudes of
heat transport, such as DJF in the NP and NA, and JJA in EA (Fig. 4). The
meridional temperature gradient influences the occurrence of ARs and the
latitudinal profile of sensible heat transport (SHT). To determine whether
the latitudinal distribution of SHT will be influenced by localized or large-
scale temperature gradients, we superpose SHT data onto zonal mean T2m
differences across various lower latitudes by adjusting the latitude decre-
ment delta, A (as illustrated in Fig. 4 and detailed in the “Methods” section).
We discover that in the NP and NA, the distribution of SHT in ARs aligns
more closely with the temperature gradient when A is set to 5 and 10,
respectively, compared to larger A values, as shown in Fig. 4a and Supple-
mentary Fig. $9. In summer, as temperature differences across the Northern
Hemisphere diminish, AR pathways shift northward due to the strength-
ening of the subtropical high, and AR pathways become primarily driven by
larger-scale temperature gradients (A = 30 and 25 for the NP and NA,
respectively, as indicated in Fig. 4a). In EA, SHT increases steadily with
latitude up to approximately 30°N. Beyond this latitude, AR heat transport
begins to diminish, gradually becoming independent of the temperature
gradient, until it completely ceases around 45°-55°N. This decline in AR
heat flux beyond 30°N can be attributed dynamically to the guide by the
northern flank of the Western North Pacific Subtropical High and the
barrier effect of the jet stream.

Meridional latent heat transport (LHT) exhibits comparable strengths
in winter and summer across the NP and NA oceanic basins, generally
ranging from 1-2 PW (1 PW =10" W). In contrast, EA shows more

pronounced seasonal variations, with notably higher LHT extending over a
notable meridional range from lower altitudes to approximately 30°N in
summer. The meridional distribution of LHT closely follows the latitudinal
profile of large-scale meridional moisture gradients (A = 30, 40, and 15° for
NA, NP, and EA, respectively) depicted in Fig. 4b. These findings suggest
that AR-associated LHT is primarily influenced by moisture sources from
lower latitudes. ARs not only reflect local humidity variations but are more
indicative of long-distance moisture redistribution and transport mechan-
isms, emphasizing again the dual role of AR in the global water cycle and
Earth’s heat transport and redistribution, the latter is the critical driver for
atmospheric processes. Beyond 30°N, LHT in EA gradually decreases, pri-
marily due to a limited moisture supply and dynamical constraint by the
position of the jet stream. In winter, the jet stream shifts southward com-
pared to its summer position, resulting in the peak meridional moisture
gradient occurring further south than in summer. This dynamic adjustment
underscores the role of AR as a vital marker of complex atmospheric
dynamics.

Moist static energy (MSE), which represents the total atmospheric
energy, is a useful thermodynamic variable in climate science. Rather than
using moisture indicators like integrated water vapor and water vapor
transport to describe the structure and dynamics of ARs, we aim to explore
ARs from an energy perspective. Poleward transport of MSE helps reduce
the energy surplus over the subtropics and tropics, with ARs—acting as
long, narrow corridors of moisture to higher latitudes—playing a crucial role
in this process. Under global warming, poleward MSE transport is projected
to increase at nearly all latitudes™, and the MSE transported by ARs also
increases across all three basins and at all latitudes in the future (Fig. 4c). ARs
make a substantial contribution to poleward MSE transport and its increase.
During the AR active season in each basin (JJA in EA, DJF in NA and NP),
ARs change the climatological latitudinal distribution of total MSE pole-
ward transport (different latitudinal distributions in EA JJA, NP DJF, NA
DJF between AR transport and seasonal total transport). In the future, ARs
exhibit a global poleward shift™, with the peak latitude of meridional MSE
transport under the SSP585 far-future scenario also shifting poleward in all
three basins. For sensible and latent heat transport, the NP and NA basins
also show obvious poleward shifts in the peak of heat energy transport.
Therefore, in the context of climate warming, ARs will play an increasingly
important role in redistributing energy over the Earth’s surface.

ARs play important roles from synoptic to subseasonal timescales.
Using daily AR data, successive AR pathways are connected to document a
complete lifecycle of each AR event’'. When ARs traverse the North Pacific,
they can travel long distances from East Asia to North America, persist for
longer durations on a subseasonal scale, and exert greater impacts™. These
ARs are fueled by subtropical outflows along the Asian summer monsoon
plume, which continuously transport warm, moist tropical air across the
North Pacific basin. During their lifecycle, the moisture undergoes repeated
processes of release and recharge. Figure 5 illustrates an example of such an
AR event playing the aforementioned role on a subseasonal timescale: this
event began on June 20 and ended on July 4, lasting a total of 15 days. The
animation of this AR event is provided in the Supplementary Movie 1. The
moisture release and recharge processes can be reflected by the positive and
negative fluctuations in the MSE tendency within the AR until total MSE
stabilize in the end. The energy transported by ARs undergoes changes
locally along the pathway, altering the atmospheric column energy dis-
tribution in different regions and contributing to variations in MSE. ARs
transport moisture from East Asia, releasing it as precipitation along their
pathways, then recharging and further developing until making landfall in
North America. Moreover, hourly variations in MSE, MSE advection, and
sensible heat advection are closely synchronized with changes in AR-related
rainfall intensity (r>0.6, p <0.001). In contrast, latent heat advection
exhibits a lagged correlation with rainfall intensity, with rainfall responding
one time step after changes in latent heat advection (r = 0.4, p <0.05). This
suggests that, although ARs are typically defined based on moisture com-
ponent, sensible heat and MSE can also be used to describe AR structure and
their impacts. Currently, skill in forecasting ARs at the subseasonal-to-
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Fig. 4 | ARs redistribute meridional moist static energy transport during active
seasons in three basins. a Sensible heat energy meridional transport (SHT) by ARs
in three basins. b Latent heat energy meridional transport (LHT) by ARs in three

basins. ¢ Moist static energy meridional transport (MSE) by ARs in three basins. The
solid lines represent the CMIP6 ensemble mean values, with shading indicating the
uncertainty range between the maximum and minimum values, referenced to the left
axis (1 PW = 10" W). Scatter points with error bars in (a) and (b) correspond to the

surface temperature gradient (for the SHT map) and the surface specific humidity
gradient (for the LHT map), referenced to the right axis (see “Methods”). A values
represent the latitude decrements to calculate meridional gradients. Dashed lines in
(c) are the seasonal mean of total MSE meridional transport. The heat transport by
ARs is calculated for three scenarios: historical (1980-2009), SSP585 near future
(2025-2054), and SSP585 far future (2070-2099). The value ranges differ across
seasons and regions.

Communications Earth & Environment| (2025)6:825


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02780-6

Article

Fig. 5 | Evolution of an AR event on subseasonal

AR event from 2002-06-20 to 2002-07-04

timescale from energy perspective. The figure
shows the hourly variations of MSE, MSE advection,
latent heat advection, sensible heat advection, MSE
tendency (bars) within AR, and 6-h precipitation
intensity (blue dashed line with circles) during the
AR event from June 20 to July 4, 2002.
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seasonal timescale remains limited”'. Analyzing the evolution of ARs from
an energy perspective at the subseasonal scale is conducive to developing a
deeper mechanistic understanding and may ultimately improve predictions
of ARs and their associated heat transport.

AR heat archetypes and their weather impacts

ARs manifest in various types, each characterized by distinct dynamic or
thermal mechanisms that govern their behavior and impacts®*®. They
transport huge amounts of heat, which is critical in determining their
influence on surface weather conditions. Although earlier research has often
highlighted the role of ARs in extreme precipitation events, their capacity for
transporting heat also critically affects surface temperatures. Recent studies
have begun to investigate how ARs can lead to warm winters and extreme
heat events by altering surface sensible heat flux'®, and impacting SST by
ageostrophic advection and vertical mixing'®. Relatively moist and warm
ARs carry a large amount of sensible heat flux, expected to increase the
downward heat flux and warm the surface. Our study employs total sensible
and latent heat fluxes within ARs as orthogonal axes to delineate distinct AR
archetypes. We explore how these classifications relate to variations in
precipitation and temperature patterns during the peak AR seasons across
three key basins: summer in East Asia, and winter in the oceanic basins of the
North Pacific and North Atlantic as depicted in Fig. 6. Due to differences in
climatology (larger temperature gradients in DJF than JJA), the distribution
of total sensible heat flux-latent heat flux within ARs is different in each
basin. For EA, there is a weak positive correlation between sensible heat flux
and latent heat flux; the two are relatively isolated and exhibit a wide range of
values. In the NP, total sensible heat flux and latent heat flux show a positive
correlation, with a noticeably skewed distribution. The correlation is
strongest in NA, where the distribution is more concentrated and even more
skewed. These distinct kernel density distributions indicate that ARs in
different regions display different heat archetypes, resulting in varied
impacts.

In NA and NP, the relationship between heat archetype and rainfall
intensity is less pronounced (Fig. 6b, c). Generally, the top grids of each
column (representing higher latent heat flux) exhibit stronger rainfall
intensity. Additionally, rainfall intensity increases toward the right grids as
sensible heat flux increases. Regarding SST anomalies, ARs characterized by
both higher sensible heat flux and latent heat flux (along the positive
diagonal) tend to produce greater positive SST anomalies, with the strongest
anomalies occurring in the upper right corner of the heatmap (Fig. 6e, f).
Strong ocean-atmosphere coupling can be observed in NP and NA, where
ARs are associated with about half degree warmer SST than the climatology
in coastal regions, such as the Bering Sea, the North American West Coast,
Greenland, the European North Sea, and British coastal waters (Supple-
mentary Fig. S10h, 1). The climatology of surface sensible heat flux over these

oceans is negative in winter, indicating heat transfer from the ocean to the
atmosphere (Supplementary Fig. S10e, i). However, during AR events, the
surface sensible heat flux shifts to positive values across most oceanic
regions, particularly in coastal areas where warm SST anomalies occur
(Supplementary Fig. S10f, j). This shift promotes heat transfer from the
atmosphere to the ocean. Stronger ARs enhance this atmosphere-to-ocean
heat transfer, thereby contributing to the formation of positive SST
anomalies. Notably, the specific physical processes of SST responses to ARs
are highly complex, with ocean dynamics partially offsetting atmospheric
forcing in some cases'®. ARs with high sensible heat and latent heat flux are
not strictly or linearly positively correlated with SST warming anomalies,
emphasizing the importance of detailed investigation on a smaller regional
or localized scale.

In summer over East Asia, the impacts of sensible and latent heat fluxes
from ARs on surface conditions are more independent. Stronger latent heat
flux is linked to heavier rainfall (Fig. 6a), while lower latent heat flux cor-
responds to warmer land T2m anomalies (Fig. 6d). This suggests that in
summer, latent heat flux in ARs plays a dominant role in shaping surface
conditions. ARs are associated with an increase in T2m of approximately
1-3°C in East Asia (Supplementary Fig. $10d), with the most pronounced
warming observed in Northern East Asia and the lower Yangtze River Basin.
This warming associated with ARs in summer suggests a potential link
between lowered latent heat flux within ARs and the occurrence of humid
heat wave events in the region. Further analysis reveals the surface heat flux
conditions under different levels of latent heat flux (Q") carried by ARs—
days with Q"> 15 x 10° Jm™'s™"' (Supplementary Fig. S11a) and days with
Q"< 15x%10°* Jm™'s™" (Supplementary Fig. S11b). Lower latent heat flux
within ARs is associated with a reduction in lower cloud cover and a sub-
sequent large increase in total incoming shortwave radiation, which can
offset the cooling effect caused by increased evaporation and slightly
decreased downward longwave radiation. Therefore, positive land surface
temperature anomalies in the lower Yangtze River Basin and the coastal
areas of Northern East Asia are strongly associated with AR events char-
acterized by low latent heat flux. Engineering experiments or strategies for
tapping AR freshwater should not overlook the possible collateral latent heat
release.

The detailed analysis of latent and sensible heat fluxes across various
AR regions offers crucial insights into their climatic impacts. Understanding
how ARs transport sensible and latent heat is vital for predicting their
regional and seasonal influences on surface meteorological conditions,
including changes in precipitation, temperature variations, and potential
extreme weather events. An emerging consensus suggests that global
warming may lead to more frequent and intense AR activity®, with varying
consequences due to a mix of overall increased latent heat flux and decreased
sensible heat in places such as East Asian summers (Supplementary Fig. $4).
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Fig. 6 | Distinct AR heat archetypes exhibit varying impacts on precipitation and
temperature patterns. a-c Heatmaps of average rainfall intensity in AR-related rain
patches for each AR basin: EA JJA, NP DJF, NA DJF. d Heatmap of T2m anomaly of
land grids through which ARs pass in EA JJA. e, f Heatmaps of winter SST anomaly
in the North Pacific (NP) coastal region (30-60°N, 225-240°E) and the North
Atlantic (NA) coastal region (40-65°N, 0-15°E), corresponding to regions with

Sensible Heat Flux (10°)
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higher SST anomalies shown in Supplementary Fig. S5. These heatmaps show the
relationship between different magnitudes of total latent and sensible heat flux
within ARs and their associated surface impact. g-i Two-dimensional Kernel
Density Estimation (KDE) maps for latent heat flux and sensible heat flux, showing
the joint distribution of latent heat flux and sensible heat flux for each AR basin.

Discussion

ARs are key manifestations of climate change impacts on the hydrological
cycle and the Earth’s energy redistribution. In this study, we use the scale of
Amazon River flow as a benchmark to quantify the magnitude of moisture
transported by ARs, and find that, under global warming, the probability of
Amazon-scale ARs is projected to increase, particularly at latitudes above
40°S and 40°N. About 70% of mid-latitude ARs are projected to transport
moisture exceeding the Amazon River’s flow under SSP585 far-future, with
11 % attributable to future warming. In three mid-latitude river basins—the
Yangtze, Loire, and Sacramento—a strong coherence is observed between
the annual cycles of moisture contributions by ARs and river flows, espe-
cially during the flood season, highlighting the crucial role of AR-related
precipitation in driving river flow variability. As ARs become more frequent,
more intense, and shift geographically, the annual flow patterns and asso-
ciated hydrological extremes in these densely populated basins are expected
to undergo substantial changes. Additionally, ARs can induce seasonal
warm anomalies in near-surface air and sea surface temperatures across
these key AR basins. These anomalies are associated with large-scale hor-
izontal sensible and latent heat fluxes, as well as related anomalous surface
heat exchanges. The heat archetypes of ARs, defined by their heat flux
profiles, effectively characterize the regional variations in AR-associated
precipitation and temperature patterns. Looking ahead, the poleward
transport of heat and total atmospheric energy by ARs is projected to
increase, with the peak shifting toward higher latitudes. During active AR
seasons, ARs will play a key role in redistributing energy poleward across

latitudes. From an energy perspective, repeated processes of moisture release
and recharge on subseasonal timescales can be observed during AR events,
underscoring the importance of describing ARs using energy-related
variables.

Future changes in AR moisture and heat transports will affect not only
regional hydrology but also weather systems, as ARs play a crucial role in
heat redistribution, particularly from synoptic to subseasonal timescales,
given their typical lifespans of 7-14 days™*, especially in the areas that are
under AR main routes. Sensible heat flux is a more direct process linked to
surface temperature'®; the impacts of the changes in AR latent heat flux are
complex, as they are influenced by the variability of precipitation efficiency
(PE). PE can vary across different regions and times due to a range of
atmospheric and topographic conditions®. As a result, effective latent heat
release depends on both the latent heat flux potential and the prevailing PE.
This variability is a key reason why tracking ARs alone does not necessarily
improve precipitation predictability”. Favorable conditions for precipita-
tion, such as topographic lifting and interactions with extratropical cyclones
and frontal systems, must also be present for extreme precipitation to
occur”. Therefore, only with a robust AR tracking system and reliable
forecasts of environmental conditions can we improve the prediction of AR-
associated precipitation. This has been demonstrated using a suite of deep
learning techniques™ to enhance AR tagging and prediction. Particular
attention should be given to the increased PE during AR events®. On
average, grid cells affected by ARs exhibit a mean PE of approximately 60%
in winter and 50% in summer, calculated as the ratio of daily precipitation to
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atmospheric precipitable water (Supplementary Fig. S12). Along the West
Coast of North America, winter ARs generally show relatively high PE. In
regions where future ARs exhibit enhanced latent heat flux, an associated
increase in PE could enable synoptic circulations to draw more moisture
from these systems. Such areas may offer opportunities for engineers to
explore water tapping schemes, leveraging the increased moisture avail-
ability from ARs™”.

ARs transport comparable amounts of moisture into river basins
(Fig. 1). However, only a portion of this moisture contributes directly to
surface water flow through precipitation, leaving the majority untapped.
With the projected increase in the frequency and intensity of ARs in many
regions around the world, the potential to harness them as future freshwater
and heat stocks is becoming a topic of growing interest. Although this idea still
raises debates”, both technically and geopolitically, it is crucial to seriously
explore this possibility as a viable resource for addressing water scarcity.

From a water resource perspective, ARs represent moving reservoirs of
water, often carrying water vapor amounts comparable to the world’s largest
rivers, with an equivalent flow that exceeds that of the Amazon River.
Capturing even a fraction of these “sky rivers” could contribute greatly to
securing freshwater reserves, particularly in regions subject to increasing
water stress. However, the exploitation of ARs presents considerable sci-
entific, technological and geopolitical challenges. From an engineering
standpoint, innovative technologies must be developed to extract water
from ARs without disrupting their essential function in the global water
cycle and energy balance. In considering ARs as not only vectors of moisture
but also as substantial stocks of heat energy, it is crucial to recognize the role
of latent heat release during their interaction with local weather systems. As
ARs are tapped, the release of latent heat can substantially alter local
atmospheric conditions, influencing temperature and pressure dynamics.
This process can lead to enhanced cloud formation, increased precipitation,
and potentially more intense weather events. Scientifically, there is a need to
better understand how ARs interact with atmospheric and hydrological
systems to ensure that water extraction does not exacerbate extreme weather
events or alter regional climates. On the geopolitical front, the trans-
boundary nature of many ARs implies resolving issues of water resource
sharing and governance. A cooperative and equitable approach will be
crucial to harnessing this water potential and preserving global ecological
balance. To address these challenges, it is crucial to conduct in-depth
research to map the opportunities and constraints related to the exploitation
of ARs in different regions of the globe. This mapping will need to integrate
climate projections, hydrological models, technical considerations, and
geopolitical issues. This comprehensive approach will aid in defining viable
and sustainable adaptation strategies, ensuring that ARs can be leveraged
responsibly as future freshwater resources.

While ARs hold promise as a potential freshwater resource, they also
pose notable hazards. Addressing these risks through robust mitigation and
adaptation strategies is critical. The intense moisture transport and rapid
precipitation associated with ARs can lead to catastrophic flooding events,
particularly in coastal and mountainous regions. As the climate warms and
the moisture-holding capacity of the atmosphere increases, the frequency
and intensity of AR-driven floods are projected to escalate in many parts of
the world. These events threaten communities, infrastructure, and ecosys-
tems, underscoring the urgency of enhancing flood preparedness and
resilience.

Conversely, the atmospheric conditions that fuel ARs can also con-
tribute to prolonged droughts in their wake®*®. The diversion of moisture-
laden air masses away from certain regions as moisture sources can result in
prolonged dry spells and water scarcity, impacting agriculture, water sup-
plies, and natural habitats. This heightens the need for effective water
management strategies to mitigate the effects of AR-induced dry periods.
Developing effective mitigation and adaptation measures will require a
multifaceted approach, drawing on advancements in weather forecasting,
early warning systems, infrastructure design, land use planning, and water
conservation practices. Collaboration across disciplines, sectors, and bor-
ders will be essential to address the complex challenges posed by the dual-

edged nature of ARs—harnessing their benefits while minimizing their
hazards.

Ultimately, the successful navigation of AR-related risks and oppor-
tunities will be a critical component of building resilient and sustainable
communities in the face of a rapidly changing climate. Investing in research,
innovation, and coordinated action will be key to unlocking the full potential
of these atmospheric phenomena while safeguarding the well-being of
people and the environment. By balancing opportunity with caution, ARs
can serve as both a vital resource and a manageable risk in the context of
global water security and climate resilience.

Methods

We utilize hourly ERA5 (fifth generation of the European Center for
Medium-Range Weather Forecasts) variables™ from 1980 to 2014 including
zonal wind (u), meridional wind (v), atmospheric temperature (T, surface
temperature (T2m), precipitation (pr), sea surface temperature (SST),
integrated water vapor (IWV), integrated water vapor transport (IVT)
specific humidity (g), surface sensible heat flux (sshf), surface latent heat flux
(slhf), surface net solar radiation (ssr) and surface net thermal radiation (str).
All of these variables have been aggregated into daily values for analysis. The
monthly variations of river discharge of the Sacramento River at Freeport
station, the Yangtze River at Datong station and basin average data in Loire
are used. We selected 23 CMIP6 models” to investigate the projected
changes under the Shared Socioeconomic Pathway 2-4.5 (SSP245) and
5-8.5 (SSP585) (see Supplementary Table S1). The CMIP6 model datasets
span from 1980 to 2099, with 2014 serving as the transition point between
historical simulations and future projections. To enable comparisons, we
focus on three 30-year periods: the historical period (1980-2009), the near-
future period (2025-2054), and the far-future period (2070-2099). Our
analysis emphasizes ARs during December-January-February (DJF) and
June-July-August (JJA), which are the peak seasons for AR frequency. The
historical and future daily atmospheric river database™ applying PanLu 2.0
algorithm™ is used.

Calculation of AR equivalent flow and AR moisture budget
Calculate the poleward equivalent flow of each AR at different latitudes each
day in Fig. 1a, b, and Fig. SI:

)
Qlur = Z Qv(x7 (P) xa (1)
T

In the above equation, a represents the distance of one degree of
longitude at different latitudes, a = 111 * 10’ * cos (pi * latitude / 180), the
unit is meters. Consider poleward transport as positive. ¢ represents latitude
ranging from 70S to 70N.

The yellow rectangular box in Fig. 1b represents the spatial range for
calculating the AR moisture budget for each basin. The AR moisture net
budget of the basin is defined as the sum of IVT at the southern, northern,
western, and eastern boundaries.

A, A, (23
QT = Z QV(.X, Hl) Xa+ Z Qv(x7 HZ) Xa+ Z Qu(y7 Vl)
M M [
N )
xb+ Y Qy,Vy)xb

1

Qr is net AR moisture flux for each basin, b represents the distance of one
degree of latitude at different longitude, which equals to 111 * 10’ meters; Q,,
& Q, are zonal and meridional IVT, respectively (kgm "-s); x and y is the
longitude and latitude of the AR grid point. H;H, V, V, are the latitude and
longitude corresponding to four boundaries, respectively; A,,1,(¢,9,)
represent the longitudes (latitudes) of the west and east (north and south)
boundaries grid point of the AR.

Communications Earth & Environment| (2025)6:825

10


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02780-6

Article

Attribution analysis

The proportion of ARs exceeding the Amazon River scale that is attributable
to future warming is assessed using the Fraction of Attributable Risk
(FAR)”. The equation is given by:

P,.
FAR =1 — —1hit. (3)

future

where Py, is the exceedance probability in the historical period, and Py, is
the exceedance probability under SSP585 far-future scenario.

AR-related rain patch

The AR-related rain patch is defined as the precipitation that coincides with
the AR pathway™. However, a significant portion of AR-related precipita-
tion occurs outside the AR pathway. To address this, we also consider
precipitation near the boundaries of the AR in this study. First, the daily rain
patches are identified by connecting the 1° x 1° grids where the daily total
precipitation exceeds 6 mm. A rain patch must include at least two grids to
qualify. Then, rain patches are classified as AR-related if they overlap with
the daily AR pathway. We then labeled the grids of AR-related rain patches,
along with their corresponding precipitation values. The intensity of daily
AR-related rain patch is used in Fig. 6, while the labeled grids are utilized to
compute the precipitation efficiency of AR-related rain patches (Supple-
mentary Fig. S12). For Fig. 5, the 6-h precipitation intensity associated with
hourly cross-Pacific AR events is calculated as follows: 6-h rain patches are
first identified by connecting adjacent 1°x 1° grids where the total 6-h
precipitation exceeds 6 mm; one rain patch should include at least 2 grids. A
rain patch is then classified as AR-related if it overlaps with the AR pathway
for at least 2 h.

Calculation of heat flux and energy meridional transport

2

QS = gle, , (u, v)Tdp (4)
. L

Q=g L[ (uv)qdp 5)
P

where Q° is total sensible heat flux (unit: Jm's '), and Q" is total latent heat
flux (unit: Jm™'s™"). The vertical integration is from the top (p, = 10 hPa) to
the bottom (p, = 1000 hPa) of the atmosphere, ¢, = 1004/K kg™ is the
specific heat of dry air at constant pressure, T is temperature (K), L. =
2.5x10%Jkg™" is the latent heat of condensation, u and v are horizontal
wind velocity (m s™'), q is specific humidity'’. Column-integrated moist

static energy is calculated as:
h=C,T+Lg+gZ (6)

where Z is geopotential height, () were vertically integrated from the top and
to the bottom of the atmosphere.

s “ o
merdional MSE flux = g71/ (CPT +L,g -I-gZ) - vdp (7)
p[

For the components of MSE budget: Local variation of MSE is %, lateral

advection of sensible heat: — Ve »Tii, lateral advection of latent heat:
— VL, qi, lateral advection of latent heat: — VL, qii, lateral advection of MSE:
—Vhii, V is the partial derivative operator at the pressure coordinate, i is the
horizontal wind velocity (unit: m s™").

The meridional heat energy transport (unit: PW) is calculated by
discretely integrating the meridional heat flux components (F,), including
meridional sensible heat flux, meridional latent heat flux and meridional
MSE flux along the longitudinal direction of each AR basin. To account for
Earth’s spherical geometry, the longitudinal distances are normalized using

great circle distances. The formula is:

1
Erranspaﬂ ((P) = W Z [Fv(i7 (P) X acosg x AA} (8)

where a is Earth radius, ¢ is latitude, F, (i, ¢) is the meridional flux at the
i-th longitude grid point at latitude ¢ in each basin, AA is the 1° longitude
interval in radians (equal to 155).

Calculation of meridional temperature and moisture gradient

dtam —  t2mllat =1 - tAzm llat = i — Al ©
qllat = i] — q[lat = i — A]
ddyo00npa = — A (10)

where dt2m is meridional temperature gradient, d1_1000hpa is meridional
moisture gradient. A represents temperature/moisture gradient with respect
to a latitude decrement of delta A degree, t2m represents air surface tem-
perature, and q represents specific humidity at 1000 hpa, lat is latitude.

Data availability

We thank ECMWEF for providing access to ERA5 data at https://doi.org/10.
24381/cds.bd0915¢6. CMIP6 model outputs are obtained from https:/
aims2.llnl.gov/search/cmip6/. The global AR data detected with the PanLu
algorithm are available on Zenodo https://zenodo.org/records/8365114".
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