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intensify landfalling ARs and heavy precipitation in western North America through increased atmospheric
moisture conterf®*2. Warm SST anomalies may also induce a dynamical response in large-scale atmospheric
circulation, also altering moisture transport and precipitation patterns along théc@stently, it remains

unclear whether persistent, basin-scale SST anomalies characteristic of MHWSs primarily in uence ARs
through thermodynamic moistening of the lower troposphere or whether dynamical circulation changes play a
comparable role.

A prominent example of a large-scale, persistent MHW occurred in the Northeast Paci c between 2013
and 2016, commonly referred to as “ e Blot#®344 is event developed under a strong and persistent high-
pressure system over the North American west coast that suppressed wind-driven mixing and wintertime
surface cooling, leading to warm SST anomalies across the Gulf of Alaska. Subsequent changes in large-sc:
atmospheric circulation, including a stronger and southeastward-displaced Aleuti&t.@hi ed the warm
SST anomalies eastward to the coast extending southward to Baja C#lifaiméae they persisted until June
20167. e resulting SST pattern resembled the warm phase of the Pacic Decadal Oscillation 4F130)
with pronounced positive SST anomalies along the west coast of North America and negative SST anomaly
conditions in the central North Paci ¢ (Fifj). e associated atmospheric blocking regime reduced AR activity
and contributed to severe drought conditions in California and Ordg@verall, the large-scale atmospheric
state during winter 2014—15 was not conducive to AR landfall along the U.S. Weét.Coast

Nevertheless, despite these unfavorable large-scale conditions, several ARs did propagate across ar
interacted with the MHW before making landfall, including a sequence of events in December 2014. During
this period, o shore moisture transport intensi ed prior to landfall (Fig, producing unusually extreme
precipitation exceeding 350mm over 48 hours in parts of northern California, resulting in widespread ooding
and wind damag@.

From an air—sea interaction perspective, the 2013-16 Northeast Paci c MHW provides a natural laboratory
for isolating the impact of persistent, basin-scale SST anomalies on synoptic atmospheric processes. e
longevity and spatial coherence of this MHW enabled repeated interactions between multiple ARs and a quasi-
stationary warm ocean boundary condition. Observational records and climate projections indicate that both
ARS*57 and MHWS852 are increasing in frequency and amplitude, raising the likelihood that such interactions
of compound high-impact event will occur more o en. Hence, the 2013-16 Northeast Paci c MHW event
enables an explicit assessment of how sustained diabatic heating and enhanced evaporation from anomalous
warm SSTs in uence AR intensity and downstream precipitation.

In this study, we investigate how persistent MHWSs in uence the intensity and hydrological impacts of
landfalling ARs through thermodynamic air—sea interactions. Using multi-ensemble, high-resolution regional
coupled ocean—atmosphere simulations, we conduct controlled experiments designed to isolate the large-scal
SST anomaly pattern associated with the Northeast Paci c MHW while constraining synoptic-scale atmospheric
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Fig. 1. Landfalling atmospheric river (AR) on 10 December 2014. Vertically integrated water vapor

transport (IVT, kg mt s%; vectors at every 4th grid point and shading, only values > 250 k§ ame shown)

and sea level pressure (SLP, hPa; contours in increments of 4 hPa) based on the ERA5S atmospheric reanalysis
Sea surface temperature anomalies (°C; background shading) relative to the 2005-2014 daily climatology base
on the GLORYS12v1 ocean reanalysis. e black outline indicates the extent of the coupled model domain

D2 (see Methods section).
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circulation (seéMethods. is framework allows us to separate thermodynamic e ects arising from enhanced
surface evaporation and moistening of the lower troposphere from a potential dynamical response of the
atmospheric circulation. Our results show that persistent warm SST anomalies promote enhanced evaporation,
thus acting as a sustained moisture source that ampli es AR intensity during oceanic transit, leading to earlier
onset and enhanced precipitation upon landfall. ese ndings suggest a thermodynamic pathway linking
MHWSs and ARs, with important implications for compound ocean—atmosphere extremes in a warming climate.
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During the period 7-13 December 2014, a sequence of ARs, de ned by IVT magnitude exceeding280 kg m
(seeMethods, interacted with warm SST anomalies associated with the 2013-16 Northeast Paci c MHW and
made landfall along the west coast of North America gaigf). ese events were associated with enhanced
integrated water vapor (IWV; Fi&49 along the coast and induced strong precipitation over inland 8fig.
temporarily alleviating exceptional drought conditions in northern California, but also causing widespread
ooding®2 e MHW simulation of coupled model, representing realistic conditions consistent with observation
including the large-scale SST anomalies, captures the atmospheric circulation during this period as well as the
structure, timing, and intensity of the ARs (F&§.

Persistent AR conditions were maintained by upstream development of mesoscale frontal waves associate
with multiple IVT “cusps?3°2, that are well captured by the model. e Hovméller diagram in Rigyshows the
IVT magnitude zonally averaged over a 100 km coastal strip as a function of latitude and time (only values >
250 kg mt st are shown). A sequence of ARs, associated with pulses of elevated IVT, made landfall along the
coast of British Columbia, Washington, and Oregon before propagating southward to California. Moderate AR
conditions, with maximum IVT > 500 kg #s?, persisted along much of the coast for approximately 99 hours.
Peak IVT exceeded 1000 kgt mt for several hours on 11 December 2014, classifying this episode as an AR
Category 3 evefit

To test the impact of the contemporary MHW on these AR events, we performed a sensitivity experiment
where large-scale temperature anomalies have been removed in the ocean model, henceforth referred to &
noMHW simulation (seélethodg. Di erences between the simulations (MHW noMHW) indicate that AR
intensity during the study period was enhanced by the presence of warm SST anomalies associated with th
MHW (Fig. 2h). Depending on time and location, statistically signi cant increases in IVT, zonally averaged
over the coastal band, reach 11-210 Kgstn corresponding to an intensi cation of landfalling ARs by 3-56 %
relative to the noMHW simulation (two-sided Studentsst;p 0.01). While the spatial extent of AR conditions
(IVT > 250 kg mt s1) remains largely unchanged, small shis in the position of the AR core lead to localized
reductions in coastal IVT in some instances.

In the noMHW simulation, the maximum IVT along the coast exceeds the extreme intensity threshold (1000
kg ntt s?) only once (not shown), e ectively downgrading the episode to an AR category $%e\eital
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Fig. 2. Landfalling atmospheric rivers (ARs) during the period 7-12 December 2014 predicted by the coupled
model. @)—(f) Daily snapshots of ensemble mean vertically integrated water vapor transport (IVT, kg m

s, vectors at every 20th model grid point and shading, only values > 25bségane shown) and sea level
pressure (SLP, hPa; contours in increments of 5 hPa) based on the MHW simulation. Green dashed lines
delineate the area + 50 km from the coast and red dots mark major g)tidev(noller diagram of ensemble
mean IVT (MHW simulation) zonally averaged over the area = 50 km from the dgdstvinoller diagram

of di erences in ensemble mean IVT (MHW noMHW) zonally averaged over the area + 50 km from the
coast. Statistically signi cant di erences (two-sided Studes#st,p 0.01) are marked by gray dots every 8
grid points in the latitudinal direction for visual clarity. Values are only shown when IVT magnitude > 250 kg
m stin either the MHW or noMHW simulation. Vertical dashed lines indicate the time at which the
snapshots in panels a—f are taken.
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Fig. 3. Precipitation along the west coast of North America during AR events during the period 7-13
December 2014 predicted by the coupled model. Ensemble mean hourly precipitation raté; (mans,h
le axis) and accumulated precipitation (mm; lines, right axis) averaged over a 100 km inland area along the
coast in ve latitude bands from the MHW (blue) and noMHW (orange) simulations. Shading around the
lines denote + 1 standard deviation of the di erences between the individual MWH and noMHW ensemble
simulations around their mean. Please note the di erent scales alopguieein each panel.
duration of AR conditions is comparable between the simulations, with 136 hours and 134 hours for the MHW
and noMHW cases, respectively. is suggests a primarily thermodynamic response to the large-scale SST
anomalies that is further explored below.

Figure3 shows ensemble-mean hourly precipitation rates spatially averaged over a 100 km inshore region
and 5° latitude bins, along with accumulated precipitation for the period 7-13 December 2014, averaged over
the same region, in both simulations. In the presence of the MHW (blue), precipitation begins several hours
earlier and exhibits higher peak rates relative to the noMHW simulation (orange). Consequently, accumulated
precipitation in the MHW simulation increases over the one-week period, although the magnitude of this
increase varies regionally. Along the northern west coast (British Columbia and Washington; 45-55° N), the
accumulated precipitation averaged over the inshore region exceeds 140 mm in both simulations. In these
regions, the MHW simulation predicts a marginal increase in total precipitation of 2 % and 4 %, respectively,
relative to the noMHW simulation. In contrast, coastal California and northern Baja California (30-44° N),
regions o en a ected by droughts, receive less precipitation during that one-week period (9-119 mm in the
MHW simulation). However, the increases of 19-55 % relative to the noMHW simulation are substantially
larger than in the northern part of the model domain.

T reco—foe— ™f7e fetefZcte toSfe.t £ f "f—<'e fof %otet"f—1% f
During winter, the surface ocean in the Northeast Pacic loses heat to the atmosphere primarily through
turbulent heat exchange, dominated by upward latent heat ux associated with evaporation. is is captured by
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the MHW simulation, showing latent heat ux is strongest northeast of Hawai'‘i, and weaker along the coast and
in the northern part of the domain (Figa). Notably, the regions of enhanced heat loss near 140° W coincides
with the weakest warm SST anomaly during the M#Wvhile this pattern broadly resembles long-term
climatological conditiorf, the relatively short analysis period is strongly dominated by repeated AR events.
is shapes the mean conditions in the model.

Evaporation from the ocean provides a primary moisture source to the atmosphere, resulting in a
corresponding spatial distribution of IWV, with a slight eastward displacement, presumably due to advection
by the mean ow (Fig4b). Over the ocean, IWV exhibits a pronounced northwest-southeast gradient, with
relatively dry air in the northwest and maximum moisture content (IWV > 30 mm) in the southern part of the
domain. North of Hawai'i, where SST anomalies are negative, a local moisture minimum is evident.

e in uence of AR activity during the simulation period is re ected in a zonal corridor of enhanced mean
IVT magnitude near 40° N (Figdc), accompanied by elevated accumulated precipitation along this corridor,
indicating moisture recycling within the ARs (Figgd). Precipitation maxima occur near the coast, where
moisture-laden air is li ed by orography, leading to condensation and enhanced precipitation. As a result, less
moisture penetrates inland, yielding lower IWV and IVT values over the continentifi).

To illustrate the in uence of large-scale SST anomalies on these mean conditiods-righow the
ensemble time mean di erence between the model simulations (MHW noMHW). Positive SST anomalies
associated with the MHW lead to enhanced latent heat uxes and increased evaporation compared to the
noMHW simulation (Fig4e). Warmer SSTs raise near-surface saturation vapor pressure, strengthening vertical
humidity gradients at the air—sea interface, and promoting evaporatiorSfFidpi erences in latent heat ux
reach up to 50 W ry corresponding to increases of up to 60 % relative to the noMHW simulation. e resulting
anomalous moisture source leads to increased precipitable water (IWV), particularly near the co#$t (Fig.
While vertical redistribution of moisture reduces the relative increase in IWV, values still rise by up to 10 %
relative to the noMHW simulation. As ARs advect this additional moisture eastward, mean IVT increases by 10—
20 kg mt st along the coast, contributing to enhanced coastal precipitation4g=ig). is increase in mean
IVT of 5-10 % with respect to the noMHW simulation illustrates clearly the role of the MHW in intensifying
individual ARs during the time period (Fig).

Since air masses within much of the ARs are nearly saturated, the maximum latent heat ux is found
upstream of the AR core, where strong winds and large humidity gradients are present behind the ©6fd front
Horizontal advection relative to cyclone propagation leads to moisture accumulation along frontal boundaries,
sustaining high water vapor content within the®ARis process is further examined in the following section.

. (._:t..<'\) . Il!(.fﬂ(z) _g”ﬂ_%oé _g:t”.‘T).f.(--- 111:“.1:..1:.
To isolate the physical mechanisms responsible for AR intensi cation, we evaluate the vertically integrated
moisture budget, relating the net surface moisture ux (precipitation minus evaporation) to moisture ux
convergence (sedethod9. Over the analysis period, mean conditions predicted by the MHW simulation
exhibit a dipole structure, with net precipitation associated with moisture ux convergence in the northern
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Fig. 4. Ensemble time mean elds of the MHW simulation (top) and di erences (MHW noMHW, bottom)
for the period 7—20 December 2014 ef Upward latent heat ux (W m), (b, f) vertically integrated water
vapor (mm), €, g) mean of IVT magnitude (kg ths?), and @, h) accumulated precipitation (mm) from
MHW simulation. e black contours mark the zero line illustrating the large-scale SST anomalies in the
MHW simulation. Stippling indicates statistically signi cant di erences (two-sided Studdets,p 0.01).
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half of the domain and net evaporation linked to moisture ux divergence over the ocean in the southern part
(Fig.5a—b). Maximum precipitation occurs along the coast, collocated with strongest moisture ux convergence
resulting from interaction of the ow with steep topography. Again, given the short analysis period and frequent
synoptic disturbances, the mean state is biased toward conditions with relatively strong winds and moisture
transport.

Moisture ux convergence is decomposed into contributions from horizontal advection by the mean ow
across moisture gradients, moisture-weighted mass convergence, and convergence of transient eddy moistur
ux 8871 e contribution by horizontal mass convergence is related to vertical motion. Over the southern part
of the domain, negative values (moisture ux divergence) re ect large-scale subsidence associated with the
Hadley circulation, suppressing precipitation and sustaining net evaporatiorb¢idt mid-latitudes, eddy-
driven ascent contributes to moisture convergence and precipitation along the storm track. Upon reaching the
mountainous coastline, interaction with topography forces further convergence and orographic li, producing
a pronounced coastal precipitation maximum. Cyclonic mean ow over the Gulf of Alaska advects drier air
southward over the ocean while transporting moisture from lower latitudes toward the codsd)(FAg. ARs
propagate across the Northeast Paci c, mean eddy moisture ux convergence further enhances precipitation
along the storm track (Fige).

Figure6 shows the di erences in the vertically integrated moisture budget between the model simulations
(MHW noMHW), illustrating both thermodynamic and dynamic changes. In the presence of MHW-related
SST anomalies, evaporation from the warmer ocean surface increases, creating an anomalous moisture sour
and enhanced divergence of the mean moisture ux over the ocear6gFiy. Concurrently, precipitation
and moisture ux convergence increase along the coast. ese di erences between the MHW and noMHW
simulations arise from changes in thermodynamics, mean circulation, and transient eddies. Analysis of a
linearized formulation of the bulk formula for latent heat ux reveals that the increased evaporation is almost
entirely driven by thermodynamic changes due to an enhanced vertical moisture gradient at the air-sea
interface (Fig. S5). is is corroborated by the more rigorous decomposition by Bartusek*eta. showed a
robust in uence of SST anomalies on latent heat ux variations under ARs on interannual timescales.

Following a widely used methodolé§ychanges in moisture ux convergence are decomposed into
contributions from thermodynamic e ects, mean circulation, and transient eddy moisture uMgsteds.

e thermodynamic contribution, driven by increased speci ¢ humidity under MHW conditions (Hb, f),

exhibits a spatial pattern closely resembling the total moisture ux convergence anomaly, with enhanced moisture
export over the MHW region and increased convergence along the coad$icfFig. contrast, circulation-

driven changes are weaker and less spatially coherenbd)rigransient eddy moisture uxes partially o set

the thermodynamic contribution over the ocean, consistent with enhanced moisture recycling, but do not fully
compensate for the anomalous evaporation @&y.

ese results demonstrate that the intensi cation of ARs during December 2014 ZFand the associated
increase in precipitation (Fig) arise primarily from thermodynamic processes associated with persistent
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Fig. 5. Ensemble mean time-average moisture budget for the period 7—20 December 2014 predicted by the
coupled MHW simulation.«) Net surface moisture ux de ned as precipitation minus evaporation and
(b) moisture ux convergence. Contribution to moisture ux convergencecpynpisture-weighted mass
convergenced]) advection by mean ow, and)(transient eddy moisture ux. All elds have been smoothed
with a 9 x 9 grid point centered rolling mean. Vectors in panels (b) and (e) show the mean IVT and mean eddy
moisture ux, respectively.
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Fig. 6. Changes in time-averaged ensemble mean moisture budget with respect to the noMHW simulation.
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Contribution to changes in mean moisture budgetd)ytiermodynamics,d) mean circulation, ancef

transient eddy moisture ux. All elds have been smoothed with a 9 x 9 grid point centered rolling mean.

Di erences in IVT are shown by vectors in panel (b) that arise through both thermodynamic and dynamic
changes.

MHW conditions, rather than substantial changes in synoptic-scale circulation. Enhanced evaporation due to
anomalously warm SSTs generates a robust moisture anomaly over the Northeast Paci c, that is subsequentl
advected by ARs toward the coast, increasing IVT and precipitation upon landfall. While dynamical adjustments
and transient eddy processes contribute to the regional moisture budget, their in uence is secondary to the
thermodynamic moistening driven by the oceanic boundary condition. However, it is important to note that
this does not render the circulation unimportant as it provides a mechanism for the additional moisture to be
transported toward the coast.

(e . —eoec'oe
In this study, we examined the multiscale air-sea interactions that occur when transient ARs propagate across
persistent warm SST anomalies associated with large-scale MHWSs in the Northeast Paci c. Our results show
that anomalously warm surface waters enhance upward latent heat ux and evaporation, increasing lower-
tropospheric moisture availability during AR transit (Fy. is additional moisture is picked up by ARs,
augmenting IVT and amplifying AR intensity prior to landfall. Our simulations indicate that the presence of the
2013-16 Northeast Paci c MHW intensi ed landfalling ARs by up to 56 % relative to the noMHW simulation,
e ectively upgrading their classi cation to an AR Category 3 event in thi$3casmon landfall, enhanced
moisture transport results in stronger precipitation, with increases of 19-55 % with respect to the noMHW
simulz;ltion over coastal California (Fig), a region that was experiencing severe drought conditions at the
time 72,

Analysis of the vertically integrated moisture budget indicates that this response is dominated by
thermodynamic processes that amplify moisture transport steered by the large-scale circulation. Enhanced
evaporation over the MHW region provides anomalous moisture that is exported downstream toward the coast,
while transient eddy moisture ux convergence partially o sets this signal over the oced). (Eiget e ect
is increased moisture ux convergence along the coast, where orographic li ing further ampli es precipitation.
ese results suggest a thermodynamic pathway through which persistent oceanic thermal anomalies intensify
ARs embedded in the atmospheric circulation and increase coastal precipitation, thereby elevating the risk of
ooding, landslides, and extreme stream ow.

Our ndings are consistent with previous observational and modeling studies linking increases in AR
frequency and intensity to enhanced atmospheric moisture content under warming conditions, as expected
from the Clausius—Clapeyron relationstip’. Positive SST anomalies have been identi ed as a key contributor
to this thermodynamic respongé While our study focused on a particular event, the projected increase in
MHW frequency, intensity, and duration under continued climate warffifgimplies a growing potential
for MHWs to precondition the atmosphere for more intense AR events, increasing the likelihood of compound
ocean—atmosphere extremes.

On longer time scales, diabatic heating associated with persistent SST anomalies may also in uence large
scale circulation patterns and further amplify hydrological imgaetsAt the same time, the atmospheric
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circulation can also act to reduce SST anonfdlis the present study, however, large-scale atmospheric
circulation is constrained by boundary conditions and the relatively short analysis period, limiting the emergence
of pronounced dynamical adjustments.

Our modeling framework e ectively enables isolation of the thermodynamic in uence of SST anomalies
on individual AR events over synoptic time scales, beyond which deterministic AR prediction skill declines
rapidly’>7". is contrasts with prior work that has emphasized dynamical processes and circulation anomalies
as primary drivers of atmospheric river variability on seasonal to longer time*$cales

e spatial structure of the atmospheric response closely re ects the underlying SST anomaly pattern. Regions
of anomalously warm SSTs exhibit enhanced latent heat uxes and increased moisture supply to the atmosphere
whereas areas with cooler SST anomalies show an opposing response. is spatial correspondence suggest
the importance of accurately characterizing the distribution, intensity, and evolution of SST anomalies for
understanding how MHWs modulate AR behavior. We note, however, that SST anomalies were de ned relative
to the 2005-2014 climatology, which may itself be biased toward warmer conditions. A longer climatological
baseline would likely increase the magnitude of the warm anomalies and reduce cold anomalies, suggesting the
the AR intensi cation diagnosed here represents a conservative estimate of the MHW impact.

Beyond the direct downstream precipitation response, enhanced air—sea uxes associated with MHWs may
also in uence the evolution of upstream cyclones and sequences of successive AR events. Strong winds ar
cold, dry air in the post-frontal sector promote large latent and sensible heat uxes due to increased vapor
pressure de cits and air—sea temperature contt®&t$’°. Enhanced evaporation in these regions can sustain
moisture convergence ahead of the cold front and contribute moisture to the warm conveyor belt of upstream
cyclones, potentially preconditioning subsequent%R&°. While this process may contribute to the enhanced
IVT observed during parts of the December 2014 AR sequence, a detailed assessment of cyclone-AR feedba
is beyond the scope of this study.

Finally, while this study focuses on the atmospheric responses to MHW-related SST anomalies, ARs also exel
substantial in uences on the ocean surface. AR-related wind forcing is known to induce rapid SS¥ aendling
drive Ekman transport toward the coast, increasing coastal sea level and alongshor&®&madtcontribute
to advective warming ahead of the AR in some coastal régibnaddition, intense precipitation associated
with ARs can modify upper ocean salinity and strati cation along the €%t ese oceanic responses
may partially o set or reinforce MHW conditions, introducing additional feedbacks within the coupled ocean—
atmosphere system that shape the overall response in ARs by in uencing air-sea uxes. While these processe
are captured in the coupled model, quantifying these two-way interactions was beyond the scope of the presen
study and remains an important open questforFuture studies combining longer simulations, expanded
ensemble strategies, and targeted ocean diagnostics will be required to fully resolve the coupled evolution o
MHWSs, ARs, and the coastal ocean.
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is study is based on ensemble simulations conducted with the Scripps Coupled Ocean—Atmosphere Regional
(SCOAR) modeling systéf®®. SCOAR couples the Weather Research and Forecasting Model (WRF, version
4.2.2§° with the Regional Ocean Modeling System (ROMS, versio®t, 28pabling interactive exchanges of
momentum, heat, and moisture across the air—sea interface. Air-sea uxes are computed using version 3.5 of the
COARE bulk ux parameterizatiof?-4 implemented within the WRF surface layer scheme.

e ensemble design was chosen to isolate the thermodynamic response to SST anomalies from intrinsic
atmospheric variability while preserving the same synoptic evolution imposed by boundary forcing. e 11
ensemble members, generated through small perturbations to atmospheric initial conditions staggered by + 1 —5
hours across 00 UTC on 1 December 2014, provide a robust estimate of the forced signal at synoptic time scale
as evidenced by the consistency and statistical signi cance of the ensemble-mean responses.

We employ a one-way nested atmospheric con guration over the Northeast Paci c and western North
America (FigSJ). e outer atmosphere-only domain (D1; 30km horizontal grid spacing) is forced by hourly
elds of the h generation ECMWF atmospheric reanalysis (ERARShat are prescribed at the lateral
boundaries of D1. Over this domain, WRF is actively integrated to provide physically consistent boundary
conditions to the inner domain (D2; 7.5km horizontal grid spacing) that is fully coupled to the ocean model.

e purpose of this approach is to avoid inconsistencies and minimize errors that could arise from directly
prescribing regridded ERAS data along the lateral boundaries of D2.

To maintain consistency with the observed large-scale circulation, spectral nudging is applied only in
D1 above the planetary boundary layer for temperature, speci ¢ humidity, wind, and geopotential height on
zonal and meridional length scales exceeding 5745 km and 3360 km, respectively (wave numbed3 in
direction)®®. No nudging is applied within the coupled domain (D2), allowing the atmosphere and mesoscale
air—sea interactions to evolve freely. Both atmospheric domains share 33 vertical levels extending to 50 hP:
and use the same parameterizations. Details about the applied WRF model physics are summarized in the
Supplementary Information (Ta&J).

Within the coupled domain D2, WRF and ROMS share the same horizontal grid and land-sea mask. e
ocean component uses 30 terrain-followsrgpordinate vertical levél§ with stretching parametets = 7,6,
= 2, andh, = 300 m. Open boundary conditions for temperature, salinity, sea surface height, and currents are
prescribed from daily GLORYS12v1 ocean reanélySidal forcing is imposed using the Oregon State University
TPXO 1/12° regional tidal solution for the Paci ¢ Ocean (PO 2808)d river discharge is prescribed from the
Global River Flow and Continental Discharge Datd%¥t. Further details about the numerical schemes and
parameterizations used are summarized in the Supplementary Informatiors(lab.
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Experiment | Forcing Period MHW | Ensemble Size
CLIM ERAS5 2005-2014 Yes 1

SPIN-UP WREF (coupled)| 1 Nov.—1 Dec. 2014 | Yes 1

MHW WRF (coupled)| 1-20 December 2014Yes 11

noMHW WRF (coupled)| 1-20 December 2014No 11

Table 1. Summary of model experiments using the SCOAR Modeling System.

‘THZ 8 17 cofo—s
e experimental design is structured to isolate the thermodynamic in uence of large-scale persistent MHW
SST anomalies while preserving realistic synoptic atmospheric forcing and local air-sea coupling.

We rst conducted a 10-year ocean-only hindcast simulation over D2 (CLIM; Taliter 2005-2014,
forced by hourly ERA5 elds of sea level pressure, air temperature and speci ¢ humidity at 2 m, 10 m wind,
precipitation, net shortwave and downward longwave radiation. ese forcing elds are converted internally
into air—-sea uxes of momentum, heat, and moisture consistent with the simulated surface ocean using COARE
implemented in ROMS.

Ocean initial and boundary conditions were constructed from the daily GLORYS12v1 redhatyside
of this ocean-only hindcast simulation is to i) evaluate and tune ocean model physics to identify the optimal
con guration for the ocean model (see Table S1 for details), ii) construct a daily ocean temperature climatology
used to de ne MHW anomalies, and iii) provide initial conditions for the coupled spin-up simulation (SPIN-
UP; Tablet).

Following CLIM, the one-month coupled spin-up simulation (SPIN-UP) is then conducted for November
2014 to allow for the ocean and atmosphere to adjust dynamically prior to the main analysis period. From the
nal state of SPIN-UP, two ensembles of coupled simulations are launched for December 2014, one retaining
the realistic marine heatwave SST anomaly (MHW, Thbleonsistent with observations, and one with the
anomaly removed from the initial conditions as described below (noMHW; Tablle both simulations, the
ocean—including the SST—evolves freely and interacts with the atmospheric component of SCOAR, thereby
fully capturing air—sea coupling processes and potential feedback mechanisms.

e large-scale SST anomaly associated with the marine heatwave is isolated by rst subtracting the daily
climatological mean based on CLIM from the SPIN-UP ocean state at 00 UTC on 1 December Z¥A41glig.

Next, the full anomaly eld is low-pass Itered using a locally estimated scatterplot smoothing (LOESS)
smoothet®?1%4 with half-width (e ective cuto ) length scale of 5° (210-320 Kf¥) applied to anomalies

on each model level. e basin-scale SST anomaly closely resembles the warm phase of the Paci c Decada
Oscillation (PDO¥820, with warm anomalies along the west coast of North America and cooler anomalies

in the central North Paci c (Figl, Fig.SZ). is ltered basin-scale SST anomaly (Fi§2) constitutes the

marine heatwave that is removed from the initial conditions in the noMHW simulation &Y. e same

anomaly removal is also applied to the ocean boundary conditions. Subtracting only the large-scale SST patter
associated with the 2013-16 MHW preserves mesoscale ocean variability in the noMHW simulation that would
otherwise spin up due to the interactive coupling with the atmosphere. is approach is comparable to the
atmosphere-only experiments by Bischof éP&l.

—e'e’SEr . TR «tte—cm f—c'e
Atmospheric river (AR) intensity is quanti ed using integrated vapor transport (IVT), de ned as the mass-
weighted vertical integral of the horizontal moisture 5a1x

300 hPa
IVT = —= / qu dp, Q)
9 J1000 hPa

where "z is the horizontal wind vectay,is speci ¢ humidity, ang is acceleration due to gravity.

Equation () is used to calculate IVT from hourly WRF output on eight pressure levels at 1000, 925, 850, 700,
600; 500, 400, and 300 hPa. Levels below the surface (e.g., in mountainous regions) are masked following Sea
and Hendersoff. AR conditions are de ned when IVT magnitude exceeds 250kg%ma commonly used
threshold in mid-latitudes AR studies. We do not impose additional geometric or duration constfaiigh
are di cult to apply consistently within a limited-area regional domain.

fcoe——"F [ —T%ot— T<fUoote—c...0
To diagnose the mechanisms linking SST anomalies to precipitation changes, we evaluate the vertically integrate
atmospheric moisture budget. For time-averaged conditions, the steady-state atmospheric water vapor budge
can be written &87°,
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1 DPs
P—E= f—v./ qudp
9pw 0
1 e . ) @
=-—— u-Vg+g(V-u)+V-(¢w) | dp———qus - Vps,
9pw Jo e —— Ne—— g9pPpw
(A) (B) (©)

(D)

whereP is precipitationE is evaporatiorp,, is the density of water, and the overline denotes the time average.

e term on the right-hand side of Eq.2) is the mean moisture ux convergence, that can be decomposed
into contributions from mean horizontal advection (A), moisture-weighted mass convergence (B), and transient
eddy moisture ux convergence (C). As part of this decomposition, a correction term (D) involving surface
values (indicated by a subscript ‘s’) arises from moving the divergence operator under the integral. Since this
term is only signi cant in regions with strong changes in topography and o en igffbred do not discuss it
in our moisture budget analysis.

To attribute di erences inP — E' between the MHW and noMHW simulations to changes in moisture
content versus circulation, we decompose the MHW noMHW di erence in moisture ux convergence into
contributions from thermodynamic changes (A), mean circulation changes (B), and transient eddy moisture

uxes (C§%
A(P_E L ["v. (a9m - ["v. ) dp——— [T v A@w)d
F=B) = [TV (] dp = [T S dp - [ Ay
A B C
where
A(-) = ()maW — (-)noMHEW ()

denotes the di erence between the MHW and noMHW simulations. Note that the di erences in the surface
correction term in Eq.Q) are omitted.

We evaluate Eq2)(and @) using hourly WRF output on 10 pressure levels at 1000, 925, 850, 700, 600, 500,
400, 300, 200, and 100 hPa. Following Seager and Herlfevates of: andq from the rst pressure level
abovep_ are used to represent the layer below and the surface. Time-mean quantities are computed over the
period 7—20 December 2014, and transient eddy uxes are calculated from hourly anomalies relative to this
mean, thereby capturing moisture transport by transient mid-latitude disturb®nces

f=f [ f<Zf,<Zc=>
All data required to con gure and run the SCOAR modeling system are publicly available: ERA5 data are made
available by Copernicus Climate Change Sertitps(//cds.climate.copernicus)eGLORYS12v1 bgopem
icus Marine Environment Monitoring Servicht{ps://doi.org/1048670/moi-00021 TPXO regional tidasolu
tion for the Paci c Ocean by Oregon State Univerdityp6://www.tpxonet/regiona), and Global River Flow
and Continental Discharge Dataset by the NSF National Center for Atmospheric Résepscfdoi.org/D.
5065/D6G9HLT).

‘Tt f7f<Zf, <Zc—>
All source code of the SCOAR modeling system is accessible on GitHub: ROMS soyltépsaidgthub. @
m/myromstoms), WRF source codétfps://github.com/wrf-model/WRF, WRF preprocessing system (WPS,
https://github.com/wrf-model/WP} and SCOAR source code, including tutor{aldps://gthub.can/S A
R-modd).

Received: 2 March 2026; Accepted: 13 July 2026
Published online: 23 July 2026

R R
1. Zhu, Y. & Newell, R. E. A proposed algorithm for moisture uxes from atmospheric @rsWeather. Rev. 126(3), 725-735
(1998).

2. Ralph, F. M., Neiman, P. J. & Wick, G. A. Satellite and CALJET aircra observations of atmospheric rivers over the eastern North
Paci c ocean during the Winter of 1997/98on. Weather. Rev. 132(7), 1721-1745 (2004).

3. Ralph, F. M., Dettinger, M. D., Cairns, M. M., Galarneau, T. J. & Eylander, J. De ning “atmospheric river”: How the glossary of
meteorology helped resolve a debBidl. Am. Meteor. Soc. 99(4), 837-83%ttps://doiorg/10.1175/BAMS-D-2-0157.1(2018).

4. Dettinger, M. D., Ralph, F. M., Das, T., Neiman, P. J. & Cayan, D. R. Atmospheric rivers, oods and the water resources of
California. Water 3(2), 445-47&ttps//doi.org/10.3390/w3020442011).

5. Dettinger, M. D. Atmospheric Rivers @8ought Busters on the U.S. West Coast. Journal of Hydrometeorology 14(6), 1721-1732.
https://doi.org/10.1175/JHM-D-13-02(2013).

6. Lavers, D. A. & Villarini, G. e contribution of atmospheric rivers to precipitation in Europe and the United StatBalrol.
522, 382—-390https://doi.oy/10.1016/j.jhydro2014.12.01(2015).

7. Rutz, J. J., Steenburgh, W. J. & Ralph, F. M. Climatological characteristics of atmospheric rivers and their inland penetration over
the western United Statedon. Weather Rev. 142(2), 905-921https://doi.org/10.1175/MWRD-13-00168.12014).

8. Ralph, F. M. et al. Flooding on California’s Russian River: role of atmospheriaGéughgs. Res. Lett https://daorg/10.1022
006GL026682006).

.<fe—<o.. | $’12026) 16:23097 S——'ed T'<¢A""% wvawvy~ ezw{s~avVx]|a|x{xxaatureportfolio


https://www.nature.com/scientificreports
https://cds.climate.copernicus.eu
https://doi.org/10.48670/moi-00021
https://www.tpxo.net/regional
https://doi.org/10.5065/D6V69H1T
https://doi.org/10.5065/D6V69H1T
https://github.com/myroms/roms
https://github.com/myroms/roms
https://github.com/wrf-model/WRF
https://github.com/wrf-model/WPS
https://github.com/SCOAR-model
https://github.com/SCOAR-model
https://doi.org/10.1175/BAMS-D-17-0157.1
https://doi.org/10.3390/w3020445
https://doi.org/10.1175/JHM-D-13-02.1
https://doi.org/10.1016/j.jhydrol.2014.12.010
https://doi.org/10.1175/MWR-D-13-00168.1
https://doi.org/10.1029/2006GL026689
https://doi.org/10.1029/2006GL026689

www.nature.com/scientificreports

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

. Ralph, F. M. & Dettinger, M. D. Storms, oods, and the science of atmospheric EQ&(Eans. Am. Geophys. Union 92(32),

265-266https://doi.org/101029/2011EO03200@2011).

Neiman, P. J., Schick, L. J., Ralph, F. M., Abel, M. R. & Wick, G. A. Flooding in western Washington: e connection to atmospheric
rivers.J. Hydrometeorol. 12(6), 1337-1358ttps://doiorg/10.1175/2011JHM13582011).

Corringham, T. W,, Ralph, F. M., Gershunov, A., Cayan, D. R. & Talbot, C. A. Atmospheric rivers drive ood damages in the
western United StateSci. Adv. 5(12), 4631https//doi.org/10.1126/sciadv.aax46@019).

Prince, H. D. et al. Genesis locations of the costliest atmospheric rivers impacting the western Unit@dopkateRes. Lett.

48(20), 2021-09394fittps://doi.org/10.1029/2021GL0939%4021).

Cordeira, J. M. et al. A 142-year climatology of Northern California landslides and atmospheriuitetg:. Meteor. Soc.

100(8), 1499-150%ttps://doi.org/10.1175/BAMS-D-18158.1(2019).

Payne, A. E. & Magnusdottir, G. Dynamics of landfalling atmospheric rivers over the North Pacic in 30 years of MERRA
reanalysisl. Clim. 27(18), 7133-715@itps://doi.org/10.1175/JCLD-14-00034.12014).

Guan, B. & Waliser, D. E. Detection of atmospheric rivers: Evaluation and application of an algorithm for globaJ. studies.
Geophys. Res.: Atmos. 120(24), 12514-1253Bttps://doi.org/10.1002/2015JD02422D15).

Brands, S., Gutiérrez, J. M. & San-Martin, D. Twentieth-century atmospheric river activity along the west coasts of Europe and
North America: Algorithm formulation, reanalysis uncertainty and links to atmospheric circulation pattérmsDyn. 48(9),
2771-2795ttps://doi.org/L0.1007/s00382-01®35-6(2017).

Guirguis, K. et al. Circulation drivers of atmospheric rivers at the North American wesiGophys. Res. Lett. 45(22), 12576—

12584 https://dd.org/10.1029/2018GL079242018).

Guirguis, K. et al. Four atmospheric circulation regimes over the North Paci ¢ and their relationship to California precipitation
on daily to seasonal timescal@eophys. Res. Lett. 47(16), 2020—-08760Bttps://doi.org/10.1029/2020GL0876(D20).

Fish, M. A. et al. Large-scale environments of successive atmospheric river events leading to compound precipitation extremes in
Callifornia.J. Clim. 35(5), 1515-153#6https://doi.org/101175/JCLI-D-21-0168 (2022).

Kim, H.-M. & Alexander, M. A. ENSO’s modulation of water vapor transport over the Paci c-North American feglan.

28(9), 3846-3856ttps://doiorg/10.1175/JCLI-D-4-00725.42015).

Mundhenk, B. D., Barnes, E. A., Maloney, E. D. & Nardi, K. M. Modulation of atmospheric rivers near Alaska and the U.S. West
Coast by northeast Paci ¢ height anomallgSeophys. Res.: Atmos. 121(21), 12751-12768itps//doi.org/10.1002/2016JD025350

(2016).

Neiman, P. J. et al. e landfall and inland penetration of a ood-producing atmospheric river in Arizona part |: Observed
synoptic-scale, orographic, and hydrometeorological characterjstifigirometeorol. 14(2), 460-484ttps://doarg/10.175/J
HM-D-12-0101(2013).

Michaelis, A. C., Martin, A. C., Fish, M. A., Hecht, C. W. & Ralph, F. M. Modulation of atmospheric rivers by mesoscale frontal
waves and latent heating: Comparison of two U.S. west coast 8lentBleather Rev. 149(8), 2755-2776ttps:/doi.org/10.11
75/MWRD-20-0364 (2021).

Bartusek, S. T., Seo, H., Ummenhofer, C. C. & Ste en, J. e role of nearshore air-sea interactions for landfalling atmospheric
rivers on the US. West Coast. Geophys. Res. Lett. 48(6), 2020—-091388ttps://doi.org/10.1029/2020GL0913E821).

Liu, X. et al. Ocean fronts and eddies force atmospheric rivers and heavy precipitation in western North XManeticamun.

12(1), 1268https://doi.org/10.108/s41467-021-215042021).

Sun, R. et al. e role of air-sea interactions in atmospheric rivers: case studies using the SKRIPS regional coupled model.
Geophys. Res.: Atmos. 126(6), 2020—-032885ttps://doi.org/10.1029/2020JD03288%021).

Seo, H. et al. Ocean mesoscale and frontal-scale ocean-atmosphere interactions and in uence on large-scale climgte: A review.
Clim. 36(7), 1981-2013ttps://da.org/10.1175/JCLI-E21-0982.12023).

Schmeisser, L., Bond, N. A., Siedlecki, S. A. & Ackerman, T. P. e role of clouds and surface heat uxes in the maintenance of the
2013-2016 Northeast Paci c marine heatwaw@eophys. Res.: Atmos. 124(20), 10772—-10788ttps://daorg/10.1(22019JD03
078(0(2019).

Chen, X. & Leung, L. R. Response of landfalling atmospheric rivers on the U.S. west coast to local sea surface temperatur
perturbations Geophys. Res. Lett. 47(18), 2020—-08925Mttps://doi.org/101029/2020GL089252020).

Persson, P. O. G., Neiman, P. J., Walter, B., Bao, J.-W. & Ralph, F. M. Contributions from California coastal-zone surface uxes
to heavy coastal precipitation: A CALJET case study during the strong El Nifio at/2898/ather Rev. 133(5), 1175-1198.
https://doiorg/10.1175/MWR2910.005).

Hobday, A. J. et al. A hierarchical approach to de ning marine heatwavgsOceanogr. 141, 227-238https://daag/10.1016
/j.pocean2015.12.012016).

Bond, N. A,, Cronin, M. F,, Freeland, H. & Mantua, N. Causes and impacts of the 2014 warm anomaly in the Meopli c.

Res. Lett. 42(9), 3414—342Mttps://doi.org/10.1002/2015G L0633 15).

Di Lorenzo, E. & Mantua, N. Multi-year persistence of the 2014/15 North Paci c marine heatwav@im. Chang. 6(11),
1042-104"https://doi.og/10.1038/nclimate3082016).

Scannell, H. A., Pershing, A. J., Alexander, M. A., omas, A. C. & Mills, K. E. Frequency of marine heatwaves in the North
Atlantic and North Paci ¢ since 195Qeophys. Res. Lett. 43(5), 2069—-207ttps://doi.org/10.1002/2015GLO673(16).

Amaya, D. J., Miller, A. J., Xie, S.-P. & Kosaka, Y. Physical drivers of the summer 2019 North Paci c marine Me&atwave.
Commun. 11(1), 1903https://doi.org/10.108/s41467-020-15820-2020).

Cavole, L. M. et al. Biological Impacts of the 2013—2015 warm-water anomaly in the Northeast Paci c: Winners losers and the
future. Oceanography 29(2), 273-285 (2016).

McCabe, R. M. et al. An unprecedented coastwide toxic algal bloom linked to anomalous ocean caizdjtignsRes. Lett.

43(19), 10366—-1037https://doi.org/10.1002/2016GLO70023016).

Brodeur, R. D., Auth, T. D. & Phillips, A. J. Major shi s in Pelagic Micronekton and Macrozooplankton community structure in

an upwelling ecosystem related to an unprecedented marine hediwaweVlar. Sci. https://doi.org/10.3389/fma.2019.00212

(2019).

Gruber, N., Boyd, P. W, Frolicher, T. L. & Vogt, M. Biogeochemical extremes and compound events in thé&meean.
600(7889), 395—-40https://doi.org/10.108/s41586-021-03981¢2021).

Michaud, K. M., Reed, D. C. & Miller, R. J. e Blob marine heatwave transforms California kelp forest ecosystems:.

Biol. 5(1), 1143https://doi.org/L0.1038/s42003-0224007-2(2022).

Waliser, D. & Guan, B. Extreme winds and precipitation during landfall of atmospheric Nuer§eosci. 10(3), 179-183.
https://da.org/10.1038/nge02892017).

Ma, X. et al. Distant in uence of Kuroshio eddies on North Paci ¢ weather patt€ensRep. 5(1), 17785https://daorg/10.10
38/sepl778015).

Beaudin, E., Di Lorenzo, E., Miller, A. J., Seo, H. & Joh, Y. Impact of extratropical Northeast Pacic SST on US west coast
precipitation.Geophys. Res. Lett. 50(3), 2022—-102354ttps://doi.org/101029/2022GL10235%2023).

Hartmann, D. L. Paci ¢ sea surface temperature and the winter of @&dphys. Res. Lett. 42(6), 1894-190ttpst/doi.arg/10.
1002/205GL0630§2015).

Peng, P., Kumar, A. & Hu, Z.-Z. What drove the Paci c and North America climate anomalies in winter 2@U4#1%H:n.

51(7), 2667—-267Nttps7/doi.org/10.1007/50882-017-4035-@R018).

.<fe—<o.. | $’12026) 16:23097 S——'ed T'<¢A""% wvawvy~ ezw{s~avVx]|a|x{xxaatureportfolio


https://www.nature.com/scientificreports
https://doi.org/10.1029/2011EO320001
https://doi.org/10.1175/2011JHM1358.1
https://doi.org/10.1126/sciadv.aax4631
https://doi.org/10.1029/2021GL093947
https://doi.org/10.1175/BAMS-D-18-0158.1
https://doi.org/10.1175/JCLI-D-14-00034.1
https://doi.org/10.1002/2015JD024257
https://doi.org/10.1007/s00382-016-3095-6
https://doi.org/10.1029/2018GL079249
https://doi.org/10.1029/2020GL087609
https://doi.org/10.1175/JCLI-D-21-0168.1
https://doi.org/10.1175/JCLI-D-14-00725.1
https://doi.org/10.1002/2016JD025350
https://doi.org/10.1175/JHM-D-12-0101.1
https://doi.org/10.1175/JHM-D-12-0101.1
https://doi.org/10.1175/MWR-D-20-0364.1
https://doi.org/10.1175/MWR-D-20-0364.1
https://doi.org/10.1029/2020GL091388
https://doi.org/10.1038/s41467-021-21504-w
https://doi.org/10.1029/2020JD032885
https://doi.org/10.1175/JCLI-D-21-0982.1
https://doi.org/10.1029/2019JD030780
https://doi.org/10.1029/2019JD030780
https://doi.org/10.1029/2020GL089254
https://doi.org/10.1175/MWR2910.1
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1002/2015GL067308
https://doi.org/10.1038/s41467-020-15820-w
https://doi.org/10.1002/2016GL070023
https://doi.org/10.3389/fmars.2019.00212
https://doi.org/10.1038/s41586-021-03981-7
https://doi.org/10.1038/s42003-022-04107-z
https://doi.org/10.1038/ngeo2894
https://doi.org/10.1038/srep17785
https://doi.org/10.1038/srep17785
https://doi.org/10.1029/2022GL102354
https://doi.org/10.1002/2015GL063083
https://doi.org/10.1002/2015GL063083
https://doi.org/10.1007/s00382-017-4035-9

www.nature.com/scientificreports

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Capotondi, A., Sardeshmukh, P. D., Di Lorenzo, E., Subramanian, A. C. & Miller, A. J. Predictability of US west coast ocean
temperatures is not solely due to ENS@.Rep. 9(1), 10993https://doi.org/10.038/s41598-019-47400¢2019).

Gentemann, C. L., Fewings, M. R. & Garcia-Reyes, M. Satellite sea surface temperatures along the West Coast of the United Sta
during the 2014-2016 northeast Paci c marine heat Waa@hys. Res. Lett. 44(1), 312-31%ttps:/doi.arg/10.1002/26GL0O7
10392017).

Mantua, N. J., Hare, S. R., Zhang, Y., Wallace, J. M. & Francis, R. C. A paci c interdecadal climate oscillation with impacts on
salmon productionBull. Am. Meteorol. Soc. 78(6), 1069-1080 (1997).

Mantua, N. J. & Hare, S. R. e paci ¢ decadal oscillatiprOceanogr. 58(1), 35—44https://doi.org/10.1023:1015820616384

(2002).

Newman, M. etal. e paci c decadal oscillatioRevisited. . Clim. 29(12), 4399—-442Tttps://doi.org/101175/JCLI-D-15-0508

(2016).

Gershunov, A., Shulgina, T., Ralph, F. M., Lavers, D. A. & Rutz, J. J. Assessing the climate-scale variability of atmospheric river
a ecting western North AmericaGeophys. Res. Lett. 44(15), 7900—7908ittps://doiorg/10.1002/2017GLO741{B017).

Martin, A. C., Ralph, F. M., Wilson, A., DeHaan, L. & Kawzenuk, B. Rapid cyclogenesis from a mesoscale frontal wave on an
atmospheric river: Impacts on forecast skill and predictability during atmospheric river lahdfgdlzometeorol. 20(9), 1779—

1794 https//doi.org/10.1175/JM1-D-18-0239.1(2019).

Lavers, D. A. et al. Future changes in atmospheric rivers and their implications for winter ooding in Britaim. Res. Lett.

8(3), 03401 0https://doi.org/10.088/1748-9326/8/3/03401R013).

Gao, Y. et al. Dynamical and thermodynamical modulations on future changes of landfalling atmospheric rivers over western
North America.Geophys. Res. Lett. 42(17), 7179-718@ittps://doi.org/10.1002/2015GL06548%015).

Warner, M. D., Mass, C. F. & Salathé, E. P. Changes in winter atmospheric rivers along the North American west coast in CMIP5
climate modelsl. Hydrometeorol. 16(1), 118—12&ttps://doi.org/10.1175/JHM>-14-0080.1(2015).

Espinoza, V., Waliser, D. E., Guan, B., Lavers, D. A. & Ralph, F. M. Global analysis of climate change projection e ects on
atmospheric riversGeophys. Res. Lett. 45(9), 4299-430&ttps://doi.org/10.1029/2017GL0769¢®18).

Payne, A. E. et al. Responses and impacts of atmospheric rivers to climate\einaRgeEarth Environ. 1(3), 143-157https:/
/doi.org/101038/s433-020-0035(2020).

Oliver, E. C. J. et al. Longer and more frequent marine heatwaves over the pastNegn€unymun. 9(1), 1324https//dd.arg
/10.103844467-0183732-92018).

Frolicher, T. L., Fischer, E. M. & Gruber, N. Marine heatwaves under global waxating.560(7718), 360—-364tps://door
g/10.108s4158618-0383-@018).

Oliver, E. C. J. et al. Projected marine heatwaves in the 21st century and the potential for ecologidabimpdat. Sci. https
://dd.arg/10.389/Mars2019.00732019).

Oliver, E. C. J. Mean warming not variability drives marine heatwave t@hdsDyn. 53(3), 1653-165%ttps:/doi.arg/1.10
07/s0882-019-097-22019).

Athanase, M., Sdnchez-Benitez, A., Goessling, H. F., Pithan, F. & Jung, T. Projected ampli cation of summer marine heatwaves ir
a warming Northeast Paci ¢ Oceabommun. Earth Environ. 5(1), 53 https://doi.org/10.1038/s437-024-01212-(2024).

Ralph, F. M. et al. A scale to characterize the strength and impacts of atmospherButivars. Meteor. Soc. 100(2), 269-289.
https://doi.org/10.113/BAMS-D-18-0023.12019).

Newman, M., Kiladis, G. N., Weickmann, K. M., Ralph, F. M. & Sardeshmukh, P. D. Relative contributions of synoptic and
low-frequency eddies to time-mean atmospheric moisture transport, including the role of atmospheri¢ (Vers25(21),
7341-7361https://doi.orgl0.1175/JCLI-D-11-0@55.1(2012).

Shinoda, T., Zamudio, L., Guo, Y., Metzger, E. J. & Fairall, C. W. Ocean variability and air-sea uxes produced by atmospheric
rivers.Sci. Rep. 9(1), 2152https://da.org/10.1038/s4159819-38562-22019).

Shields, C. A. et al. Response of the upper ocean to northeast Paci ¢ atmospheric rivers under climatemhang&arth

Environ. 5(1), 1-12https://doi.org/10.103843247-024-01774¢Q024).

Dacre, H. F., Clark, P. A., Martinez-Alvarado, O., Stringer, M. A. & Lavers, D. A. How do atmospheric riveBufbran?.

Meteor. Soc. 96(8), 1243—125%ttps://doi.org/101175/BAMS-D-14-00031 (2015).

Trenberth, K. E. & Guillemot, C. J. Evaluation of the global atmospheric moisture budget as seen fromJa@kilyseg),
2255-2272 (1995).

Seager, R., Naik, N. & Vecchi, G. A. ermodynamic and dynamic mechanisms for large-scale changes in the hydrological cycle
in response to global warmingClim. 23(17), 4651-4668ttps://doi.org/10.1175/2010JCLI365%2D10).

Seager, R. & Henderson, N. Diagnostic computation of moisture budgets in the ERA-interim reanalysis with reference to analysis
of CMIP-archived atmospheric model dataClim. 26(20), 7876—790https://doi.org/10.115/JCLI-D-13-00018.{2013).

Seager, R. et al. Dynamical and ermodynamical Causes of Large-Scale Changes in the Hydrological Cycle over North America
in Response to Global WarmingClim. 27(20), 7921-7948ttps://doi.org/10.1175/JCLI-D-14-053.1(2014).

Seager, R. et al. Causes of the 2011-14 California djoGght. 28(18), 6997—7024ttps://da.org/10.1175/JCLI-EL14-00860.1

(2015).

Zavado, B. L. & Kirtman, B. P. Dynamic and thermodynamic modulators of European atmospheric/rigéss. 33(10),
4167-418%https://doi.org/10.1178(CLI-D-19-0601.12020).

Tao, L. et al. Meridional path of ENSO impact on following early-summer North Paci ¢ cliGwjéiys. Res. Lett. 51(18),
2024-11107%ttps://doi.org/101029/2024GL111072024).

Wick, G. A., Neiman, P. J., Ralph, F. M. & Hamill, T. M. Evaluation of forecasts of the water vapor signature of atmospheric rivers
in operational numerical weather prediction mod&gather Forecast. 28(6), 1337—135ttpst/doi.arg/10.1175/AF-D-13-00
025.1(2013).

DeFlorio, M. J. et al. Global assessment of atmospheric river predictioh Hkiltometeorol. 19(2), 409-426https://daag/10
.1176JHM-D-17-0135(2018).

DeFlorio, M. J., Waliser, D. E., Guan, B., Ralph, F. M. & Vitart, F. Global evaluation of atmospheric river subseasonal prediction
skill. Clim. Dyn. 52(5), 3039—-306Mttps://doi.org/10.007/s00382-018-4309¢019).

Partt, R. & Seo, H. A new framework for near-surface wind convergence over the Kuroshio extension and gulf stream in
wintertime: e role of atmospheric frontsGeophys. Res. Lett. 45(18), 9909—-9918ttps://doi.org/10.1029/2018GL08018E018).
Demirdjian, R., Doyle, J. D., Finocchio, P. M. & Reynolds, C. A. Preconditioning and intensi cation of upstream extratropical
cyclones through surface uxgsAtmos. Sci. 80(6), 1499-151'https://doi.org/10.1175/JAS-22-0251.12023).

Vivant, F. et al. Ocean submesoscale fronts induce diabatic heating and convective precipitation withi@ogtatms.Earth

Environ. 6(1), 69 https://doi.org/10.108/s43247-025-02002¢2025).

Phillips, B. & O'Neill, L. Observational analysis of extratropical cyclone interactions with Northeast Paci ¢ sea surface temperature
anomalies]. Clim. 33(15), 6745-6763ttps://doi.org/L0.1175/JCLI-D-19-@3.1(2020).

Hsu, T.-Y. et al. Response of sea surface temperature to atmospheridaiv€ksnmun. 15(1), 5018https//dd.arg/10.1038/s
41467-0248486-92024).

Ho man, L., Mazlo, M. R., Gille, S. T.,, Giglio, D. & Varadarajan, A. Ocean surface salinity response to atmospheric river
precipitation in the California current systerh Phys. Oceanogr. 52(8), 1867—1885https://doi.org/10.1179P0O-D-21-0272.1

(2022).

.<fe—<o.. | $’12026) 16:23097 S——'ed T'<¢A""% wvawvy~ ezw{s~avVx]|a|x{xxaatureportfolio


https://www.nature.com/scientificreports
https://doi.org/10.1038/s41598-019-47400-4
https://doi.org/10.1002/2016GL071039
https://doi.org/10.1002/2016GL071039
https://doi.org/10.1023/A:1015820616384
https://doi.org/10.1175/JCLI-D-15-0508.1
https://doi.org/10.1002/2017GL074175
https://doi.org/10.1175/JHM-D-18-0239.1
https://doi.org/10.1088/1748-9326/8/3/034010
https://doi.org/10.1002/2015GL065435
https://doi.org/10.1175/JHM-D-14-0080.1
https://doi.org/10.1029/2017GL076968
https://doi.org/10.1038/s43017-020-0030-5
https://doi.org/10.1038/s43017-020-0030-5
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.3389/fmars.2019.00734
https://doi.org/10.3389/fmars.2019.00734
https://doi.org/10.1007/s00382-019-04707-2
https://doi.org/10.1007/s00382-019-04707-2
https://doi.org/10.1038/s43247-024-01212-1
https://doi.org/10.1175/BAMS-D-18-0023.1
https://doi.org/10.1175/JCLI-D-11-00665.1
https://doi.org/10.1038/s41598-019-38562-2
https://doi.org/10.1038/s43247-024-01774-0
https://doi.org/10.1175/BAMS-D-14-00031.1
https://doi.org/10.1175/2010JCLI3655.1
https://doi.org/10.1175/JCLI-D-13-00018.1
https://doi.org/10.1175/JCLI-D-14-00153.1
https://doi.org/10.1175/JCLI-D-14-00860.1
https://doi.org/10.1175/JCLI-D-19-0601.1
https://doi.org/10.1029/2024GL111079
https://doi.org/10.1175/WAF-D-13-00025.1
https://doi.org/10.1175/WAF-D-13-00025.1
https://doi.org/10.1175/JHM-D-17-0135.1
https://doi.org/10.1175/JHM-D-17-0135.1
https://doi.org/10.1007/s00382-018-4309-x
https://doi.org/10.1029/2018GL080135
https://doi.org/10.1175/JAS-D-22-0251.1
https://doi.org/10.1038/s43247-025-02002-z
https://doi.org/10.1175/JCLI-D-19-0853.1
https://doi.org/10.1038/s41467-024-48486-9
https://doi.org/10.1038/s41467-024-48486-9
https://doi.org/10.1175/JPO-D-21-0272.1

www.nature.com/scientificreports

84. Giglio, D. et al. Adaptive sampling of the upper ocean by autonomous oats during atmospheric river precipietion. Res.
Lett. 52(23), 2025-11706Bttps://doi.org/101029/2025GL11706§2025).

85. Seo, H., Miller, A. J. & Roads, J. O. e scripps coupled ocean-atmosphere regional (SCOAR) model, with applications in the
Eastern Paci ¢ sectof. Clim. 20(3), 381-402https://doiorg/10.1175/JCLI4016(2007).

86. Seo, H., Miller, A. J. & Norris, J. R. Eddy-wind interaction in the California current system: Dynamics and jniigsts.

Oceanogr. 46(2), 439-45%ttps//doi.org/10.1175/J@-D-15-0086.12016).

87. Seo, H., Song, H., O'Neill, L. W,, Mazlo, M. R. & Cornuelle, B. D. Impacts of ocean currents on the south Indian ocean
extratropical storm track through the relative wind e gcClim. 34(22), 9093-9113ittps://doi.org/10.175/JCLI-D-21-0142.1
(2021).

88. Sauvage, C., Seo, H., Clayson, C. A. & Edson, J. B. Improving wave-based air-sea momentum ux parameterization in mixed sea:
J. Geophys. Res.: Ocean. 128(3), 2022—-01927#ttps://doi.og/10.1029/20221C0192(Z023).

89. Ste en, J., Seo, H., Clayson, C. A., Pei, S. & Shinoda, T. Impacts of tidal mixing on diurnal and intraseasonal air-sea interactions in
the Maritime ContinentDeep. Sea Res. Part II: Top. Stud. Ocean. 212, 105343https://doi.org/10.1016/j.d2.2023.10534@023).

90. Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Liu, Z., Berner, J., Wang, W., Powers, J.G., Duda, M.G., Barker, D.M., &
Huang, X.-Y. A Description of the Advanced Research WRF Model Version 4. Technical report, UCAR/NCARt(261/9).
0i.0rg/10.5065DFH-6P97

91. Shchepetkin, A. F. & McWilliams, J. C. e regional oceanic modeling system (ROMS): A split-explicit, free-surface, topography-
following-coordinate oceanic mod€cean Model. 9(4), 347-404https://doi.org/10.016/j.ocemod.2004.08.0(2005).

92. Fairall, C. W,, Bradley, E. F,, Rogers, D. P.,, Edson, J. B. & Young, G. S. Bulk parameterization of air-sea uxes for tropical ocean
global atmosphere coupled-ocean atmosphere response expefit@esyhys. Res.: Ocean. 101(C2), 3747-3764ttps:/doi.arg
/10.1029/960320%1996).

93. Fairall, C. W, Bradley, E. F., Hare, J. E., Grachev, A. A. & Edson, J. B. Bulk parameterization of air-sea uxes: Updates anc
veri cation for the COARE algorithny. Clim. 16(4), 571-591 (2003).

94. Edson, J. B. et al. On the exchange of momentum over the open/a@ieanOceanogr. 43(8), 1589-161Mttps://daorg/10.11
75/JP0O-D-12-01782013).

95. ...Hersbach, H. et al. e ERA5 global reanalysjs,. R. Meteorol. Soc. 146(730), 1999-204%itps://doi.org/101002/j.3803
(2020).

96. Gémez, B. & Miguez-Macho, G. e impact of wave number selection and spin-up time in spectral nu@ging. Meteorol.

Soc. 143(705), 1772-1786ittps://doiorg/10.1002/qj.303R2017).

97. Shchepetkin, A.F., & McWilliams, J.C. Correction and commentary for “Ocean forecasting in terrain-following coordinates:
Formulation and skill assessment of the regional ocean modeling system” by Haidvogel et al., J. Comp. Phys. 227, pp. 3595-362.
Journal of Computational Physics 228(24), 8985-9000 (28p9)/da.org/10.1016/j.jcf2009.09.002

98. Lellouche, J.-M. et al. e Copernicus Global 1ADceanic and Sea Ice GLORYS12 Reanallysis. Earth Sci. 9, 698876
(2021).

99. Egbert, G. D. & Erofeeva, S. Y. E cient inverse modeling of barotropic ocean/.tidesos. Ocean. Technol. 19(2), 183-204
(2002).

100. Dai, A. & Trenberth, K. E. Estimates of freshwater discharge from continents: Latitudinal and seasonal yaHgfiens:teorol.
3(6), 660-687 (2002).

101. Dai, A. Hydroclimatic trends during 1950-2018 over global |&tigh. Dyn. 56(11), 4027—-404%ttpst/doi.org/10.1007/668
2-021-5684-12021).

102. Cleveland, W. S. Robust locally weighted regression and smoothing scatferplatStar. Assoc. 74(368), 829-836ittps://do
.0rg/10.10801621459979.104810@879).

103. Schlax, M. G. & Chelton, D. B. Frequency domain diagnostics for linear smopthens Stat. Assoc. 87(420), 1070-1081.
https://doi.org/10.080/01621459.1992.1047626292).

104. Schlax, M. G., Chelton, D. B. & Freilich, M. H. Sampling errors in wind elds constructed from single and tandem scatterometer
datasets|. Atmos. Ocean. Technol. 18(6), 1014-1036 (2001).

105. Greenslade, D. J. M., Chelton, D. B. & Schlax, M. G. e midlatitude resolution capability of sea level elds constructed from
single and multiple satellite altimeter datasettmos. Ocean. Technol. 14(4), 849-870 (1997).

106. Bischof, S., Pilch Kedzierski, R., Hansch, M., Wahl, S. & Matthes, K. e role of the north atlantic for heat wave characteristics in
Europe, an ECHAMG studgeophys. Res. Lett. 50(23), 2023-105280ttps7/doi.org/10.1029/2023GL105282023).

107. Rutz, J.J., Shields, C.A,, Lora, J.M., Payne, A.E., Guan, B., Ullrich, P., O'Brien, T., Leung, L.R., Ralph, F.M., Wehner, M., Brand
S., Collow, A., Goldenson, N., Gorodetskaya, I., Grith, H., Kashinath, K., Kawzenuk, B., Krishnan, H., Kurlin, V., Lavers,
D., Magnusdottir, G., Mahoney, K., McClenny, E., Muszynski, G., Nguyen, P.D., Prabhat, Mr., Qian, Y., Ramos, A.M., Sarangi,
C., Sellars, S., Shulgina, T., Tome, R., Waliser, D., Walton, D., Wick, G., Wilson, A.M., & Viale, M. e Atmospheric River
Tracking Method Intercomparison Project (ARTMIP): Quantifying Uncertainties in Atmospheric River Climatology. Journal of
Geophysical Research: Atmosphareg24), 13777-13802 (2018)ps://doi.org/10.1029/2019JD030936

e ™MZ Tt %o tete—o
C.R. and H.S. acknowledge support from the National Science Foundation (NSF) under OCE-2022846. H.S.
also acknowledges support through the O ce of Naval Research (ONR) under NO00142612046. H.S. thanks
the support from the Uehiro Center for the Advancement of OceanographyA@)Git the University of Ha
wai‘i, M noa. A.J.M. was partly supported by NSF grants OCE-2022868 and OCE-2224726. We acknowledge
high-performance computing support from the Derecho systettpg://doi.org/10.5065/gx9a-pgprovided
by the NSF National Center for Atmospheric Research (NCAR), sponsored by the National Science Foundation
under UWHOO0023. e authors also thank the two anonymous reviewers for their valuable comments and
suggestions that helped improve the manuscript.

——é‘” ...I._H(”__<‘..
Conceptualization: C.R., H.S., A.J.M.; Data curation: C.R.; Formal analysis: C.R.; Investigation: C.R.; Method
ology: C.R., H.S., A.J.M.; Project administration: C.R., H.S., A.J.M.; Resources: C.R., H.S.; Soware: C.R., H.¢
Supervision: H.S., A.J.M.; Validation: C.R., H.S., A.J.M.; Visualization: C.R.; Writing - original dra : C:R.; Writ

ing - review & editing: C.R., H.S., AJ.M.

—_ T e %O
Open Access funding enabled and organized by Projekt DEAL. C.R. and H.S. received funding from the National
Science Foundation (NSF) under OCE-2022846. H.S. was also supported by the O ce of Naval Research (ONR
under NO00142612046 and the Uehiro Center for the Advancement of Oceanography (UC$$\cdot$$A0) at the

.<fe—<o.. | $’12026) 16:23097 S——'ed T'<¢A""% wvawvy~ ezw{s~avVx]|a|x{xxaatureportfolio


https://www.nature.com/scientificreports
https://doi.org/10.1029/2025GL117069
https://doi.org/10.1175/JCLI4016.1
https://doi.org/10.1175/JPO-D-15-0086.1
https://doi.org/10.1175/JCLI-D-21-0142.1
https://doi.org/10.1029/2022JC019277
https://doi.org/10.1016/j.dsr2.2023.105343
https://doi.org/10.5065/1DFH-6P97
https://doi.org/10.5065/1DFH-6P97
https://doi.org/10.1016/j.ocemod.2004.08.002
https://doi.org/10.1029/95JC03205
https://doi.org/10.1029/95JC03205
https://doi.org/10.1175/JPO-D-12-0173.1
https://doi.org/10.1175/JPO-D-12-0173.1
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3032
https://doi.org/10.1016/j.jcp.2009.09.002
https://doi.org/10.1007/s00382-021-05684-1
https://doi.org/10.1007/s00382-021-05684-1
https://doi.org/10.1080/01621459.1979.10481038
https://doi.org/10.1080/01621459.1979.10481038
https://doi.org/10.1080/01621459.1992.10476262
https://doi.org/10.1029/2023GL105280
https://doi.org/10.1029/2019JD030936
https://doi.org/10.5065/qx9a-pg09

www.nature.com/scientificreports

University of Hawai‘i, M noa. A.J.M. was partly supported by NSF grants OCE-2022868 and OCE-2224726.
T Z2f"f—c‘es

‘o’i_(o%o (u_:t”:tu_.
e authors declare no competing interests.

TT(_(x.fz (.A;n.f_(:.
Supplementary Information e online version contains supplementary material availablétyps:/doi.arg/1
0.1038/s498-026-622-2

Correspondence and requests for materials should be addressed to C.R.
Reprints and permissions information is available avww.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional a liations.

Open Access s article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. e images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visltttp://creativecommons.org/licenses/by/4.0/

© e Author(s) 2026

.<fe—<o.. | $’12026) 16:23097 S——'ed T'<¢A""% wvawvy~ ezw{s~avVx]|a|x{xxaatureportfolio


https://www.nature.com/scientificreports
https://doi.org/10.1038/s41598-026-62522-2
https://doi.org/10.1038/s41598-026-62522-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

