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Atmospheric rivers are important transport vehicles for Earth’s water cycle. Using a high-resolution,
eddy-resolving Earth System Model, atmospheric river impacts on the upper ocean are investigated
by analyzing historical and climate change simulations. For atmospheric rivers along the North
American coastline, strong winds cause significant dynamic and thermodynamic upper ocean
responses. They push ocean water towards the coast, measured by sea surface height, a process that
is amplified under climate change. Mixed layers are deeper upstream of atmospheric rivers, and
shallower downstream, however for climate change, shoaling downstream is subdued. Air-sea heat
fluxes tend to promote ocean cooling upstream and warming downstream, although different regions
have different climate change heat flux signals. Southern California heat flux changes due to warming
are driven by evaporative processes and strengthen the ocean responses seen in historical
simulations. The regions north are primarily dominated by sensible heat flux changes and counter the

historical patterns.

Atmospheric rivers (ARs) are essential components of Earth’s hydrological
cycle, over both ocean basins and land masses. The oft-cited Zhu and
Newell' publication tells us that ARs account for approximately 90% of the
water vapor transport in their long, narrow, and meandering footprints, by
moving water from lower to higher latitudes, primarily from the mid-
latitudes to the poles. Much of the attention thus far has been rooted in the
atmosphere and land surfaces, and spanning AR physical properties and
characteristics””, their impacts®’, uncertainties' ™", and the rich body of
literature surrounding climate change'*"’. Their ability to act alternatingly
as beneficial “drought-busters™, to massively destructive flood
producers™*, captures the interests of scientists and stakeholders alike. AR
research began primarily with studies focused on landfalling events over the
North American West, to Western Europe and the Iberian Peninsula, but
has exploded in recent years to ARs worldwide in regions such as South
Africa®, Chile*, Australia and New Zealand”*°, Middle East”’, and East
Pacific®®. The emerging field of AR impacts on the cryosphere provides
insights into high latitude AR interactions with sea ice”" and ice sheets™ .

Less studied are feedbacks between ARs and the ocean. ARs are
characterized by powerful winds and strong moisture transport, which can
cause substantial momentum and heat flux variations at the ocean surface.
To date, research has primarily been focused on the interactions between sea

surface temperatures (SSTs) and ARs in models” ™, observations*, and

hindcasts”. The buoy-based observational study”, centered around the
Northeast Pacific ARs, found that SSTs and upper ocean latent heat fluxes
are closely linked and suggests that ocean impacts may play an important
role in AR intensity. The hindcast study"’ applied the SKRIPS regional
modeling system and showed that the coupled simulations have better skill
representing boundary layer AR water vapor and transport compared to
uncoupled simulations. The paucity of AR ocean feedback studies can be
largely explained by the lack of high-resolution ocean data required to
understand interactions on these weather scales, a point made by Shinoda et
al.*, one of the few studies (to date) evaluating ocean variability and air-sea
fluxes beyond SSTs. Using a high resolution (1/12°) ocean reanalysis pro-
duct and AR data collected during the CalWater field campaign, Shinoda
et al.* illustrate the forcing ARs impose on upper ocean processes such as
momentum and heat fluxes, mixed layer depth (MLD), and sea surface
height (SSH), but for a relatively short sample period (2011-2015). While
not explicitly focused on ARs, observations taken during DYNAMO**** and
SPURS-2"*, show that convective storm activity in the atmosphere can
drive SST and sea surface salinity (SSS) anomalies in the ocean. Storms
possessing strong surface winds, such as tropical®* and extratropical**
cyclones, have been shown to impact the upper ocean state through
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processes such as flux extraction, turbulent mixing, and Ekman
pumping™*’. More recently, remote sensing products have been used to
capture the response of the upper ocean to extreme atmospheric
phenomena® (and references therein). Given this expansive literature, it is
expected that—even in the relative absence of AR-specific work—that such
storms interact with the ocean through similar processes. Building upon our
current understanding on the exchanges of wind, water, and heat between
the atmosphere and ocean from studies such as these, we begin to assess AR-
ocean feedbacks. Here, we further explore these themes by applying a high-
resolution Earth System Model with ~1/10° ocean-mesoscale-eddy-
resolving and ~1/4° atmosphere-land resolution capabilities to simulate
both historical and future climate scenarios to assess not only AR impacts at
present, but also under climate change. Utilizing high-resolution modeling
is the cornerstone of this work and follows the current understanding that
increased horizontal resolution improves the characterization, climatology,
and variability of ARs**”, the underlying dynamics of North Pacific storm
tracks®, and impacts such precipitation extremes'®*",

Results

Eddy-resolving ocean influences atmospheric moisture
High-resolution ocean simulations allow for features such as mesoscale
ocean eddies and fronts to be resolved. Because the modeling system is fully
coupled, the ocean eddies can then exert influence back to the atmosphere,
as illustrated in the AR snapshot in Fig. 1a. In this case, water vapor acts as a
de facto tracer of ocean eddies and is demonstrated clearly in the column
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Fig. 1 | Comparing high versus standard resolution CESM. a Snapshot of Inte-
grated Water Vapor (IWV) during an AR, simulated using the fully-coupled
CESM1.3 model with 0.25° atmosphere and 0.1° ocean resolution (representative of
ARs in this simulation). Regional areas described in this study are defined by the
coastal locations where landfalling ARs occur, including Southern California (red

integrated water vapor (IWV) atmospheric field in a sample timeslice. The
fine features in Fig. 1a are not present in the lower, ~1° horizontal resolution
(Fig. 1b) which applies the same version of the coupled model. Sample
snapshots in Fig. 1 are representative of the experiments regarding AR visual
features. While high horizontal resolution in the atmosphere improves
aspects of the atmospheric solution®*", increasing ocean resolution, evident
in the corresponding SSTs in Fig. 1c, d, provides much improved oceanic
processes and air-sea interactions, thereby improving the coupled
solution”®, including ARs and their impacts™.

Ocean responses to ARs

The high-resolution coupled model is able to simulate realistic AR foot-
prints over the Pacific Ocean, allowing the assessment of their impact over
the upper ocean. In observations, Shinoda et al.”’ performed such an eva-
luation using high-resolution ocean reanalysis demonstrating the impact
ARs on the upper ocean from the period of 2011-2015. Here, we leverage
this study by performing compositing across CESM-HR simulations and
find the model performs realistically, matching the AR response in spatial
character and approximating similar magnitudes. Figure 2a, f, k illustrates
the synoptic composites of the AR footprints (6-hourly snapshots), repre-
sented by total integrated column water, in the historical (1966-2005)
simulation for each AR landfall region—Southern California (SOCAL),
California (CAL), and Pacific Northwest (PNW), respectively. Subsequent
panels in Fig. 2 show composite changes in SST, SSS, ocean MLD, and SSH
before and after the AR passage, relative to the long-term climatology. AR
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circles), California (green circles, and Pacific Northwest (blue circles). b Snapshot of
IWV during an AR simulated in CESM1.3 with 0.25° atmosphere and ~1° ocean
resolution (representative of ARs in this simulation)***. ¢ Daily mean sea surface
temperature corresponding to (a). d Daily mean sea surface temperature corre-
sponding to (b).
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Fig. 2 | Sea surface temperature, salinity, mixed layer depth, and sea surface
height responses to ARs for the historical period. Historical (1966-2005) anomaly
composites for SOCAL (a-d), CAL (e-h) and PNW (i-1). IWV (a, f, k, kgm '), SST
(b, g,1,°C), SSS (¢, h, m), MLD (d, I, n, cm), and SSH (e, j, 0, cm). 850 hPa wind
vectors (ms~ ') are overlaid on IWV in (a, e, f), and surface wind stress vectors
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(Nm ?) are overlaid on SST, SSS, and MLD. The panels (e, j, 0) show the SSH and
ocean surface current vectors (ms ') on the 0.1° model grid to show more details near
the coastal region. Composites show ARDT consensus tracks. Anomalies are
computed using 35-year long-term climatology using monthly means. IWV com-
posite anomalies are shown as gray contours in each panel for location reference.

passage is defined as 3 days before onset and 3 days after, except for SSH
which is computed with 1 day after passage. By removing the long-term
climatology, the ocean base state is essentially removed thus leaving only the
AR response itself and comparable to the ocean reanalysis reported in
Shinoda et al.”’. The MLD is expressed in terms of buoyancy, specifically the
shallowest depth where the maximum gradient matches the local gradient*.
Consensus ARs, i.e., only ARs where all atmospheric river detection tools
(ARDTs) agree, are used. We apply three distinct ARDTSs with different
designs and levels of restrictiveness to encompass a wide range of AR
definitions. (See methods for more details on ARDT, and our analysis
technique, as well as the supplemental material for individual ARDT
responses and context, Supplemental Table 1, Supplemental Figs. 1-4).

In all three AR regions, strong westerly low-level winds are present on
the northwest side of AR upstreams, and tend toward southwesterly for the
PNW. This is because ARs are often associated with an atmospheric frontal
system that acts as a convergence zone along which the moisture is trans-
ported. The same region is characterized by substantial SST cooling (Fig. 2b,
¢, 1) and mixed layer deepening (Fig. 2d, i, n). This indicates that strong wind
forcing may directly contribute to both cooling and deepening by inducing
enhanced turbulent heat flux exchange at the sea surface and shear-induced
ocean vertical mixing (discussed in the next section). For SOCAL and CAL
ARs, slight SST warming and MLD shoaling occur over the AR “center”
(defined as the narrow band of maximum IWV) and downstream (south-
east side). These regions correspond to weaker surface winds but higher
humidity. For PNW ARs, the response is more diffuse and less pronounced,
with no MLD shoaling and SST warming downstream (southeast quadrant

of the plots). The effect of rainfall and SSS responses are shown in Figs. 2¢, h,
mand 3d, h, L. SSS is generally higher upstream of the AR passage, but lower
along coastal regions which is mostly consistent with the maximum pre-
cipitation flux (Fig. 3). For SOCAL and CAL especially, there is also a clear
signature of freshening along the AR northern boundary, which may
increase upper ocean stratification and contribute to a reduction of the MLD
(Fig. 2d, i, n). There may be competing effects between AR high wind and
heavy rainfall on the upper ocean SST and MLD responses, which requires a
comprehensive analysis of the ocean subsurface processes in future studies.
The sea level increases as wind stress pushes water towards the coastal
regions, thereby producing higher values along the coast as water piles up at
the land barrier. This is notable and important for coastal flooding and local
communities. Model responses shown here are robustly consistent with
observational analysis in Shinoda et al.* from both a case study and com-
posite viewpoints (Shinoda Figs. 3-7) (See supplemental material for the
model base states for ocean and ARs, Supplementary Figs. 5 and 6).
Figure 3 shows the composite anomalies of total surface heat flux
(SHE), sensible heat flux (SENH), evaporative heat flux (EVAP), and pre-
cipitation flux into the ocean (PREC) corresponding to Fig. 2 (the con-
vention is positive down). We find that SST anomalies (Fig. 2b, g, 1) are
largely correlated with the strong winds and the associated heat fluxes in and
out of the upper ocean. On the northwest side of AR upstreams, stronger
atmospheric winds induce increased surface wind stress, leading to SST
cooling through enhancements of air-sea turbulent heat fluxes. The total
surface heat loss is dominated by evaporative cooling (Fig. 3¢, g, k) con-
tributing up to 75% of heat loss for the CAL domains, though sensible
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Fig. 3 | Ocean heat and precipitation flux responses to ARs for the historical
period. Historical (1966-2005) heat flux and precipitation anomaly composites, for
SOCAL (a-d), CAL (e-h), and PNW (i-1), with Fig. 2 methods. Total surface heat
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flux (SHF, a, d, g), sensible heat flux (SENH, b, e, h), evaporative heat flux (EVAP,
¢ f,j) (Wm™?, respectively), and precipitation flux (mmh ") are plotted with wind
stress vectors (Nm™?). Positive values mean heat fluxes go downward into the ocean.

processes also contribute to the total changes. Downstream of ARs, SST
warming and MLD shoaling occur under weaker winds and positive latent
and SENHs into the ocean, consistent with the saturated boundary layer that
is characteristic of ARs. Contribution from radiative fluxes is relatively small
(not shown). The same basic mechanism is in play across all three regional
locations, although in the PNW region, warming downstream of the ARs
has a more robust response than the cooling upstream. The upper ocean
responses and the associated turbulent flux changes are consistent with the
observational analyses of AR upper ocean responses in ref. 43.

Climate change responses

Now that the fundamental ocean response to an AR passage has been
established, we next examine potential signals under projected future
warming. The Representative Concentration Pathway 8.5 (RCP8.5) repre-
sents the worst-case future RCP emission scenarios, and is used here to
assess climate change impacts on AR-ocean feedbacks. The same analysis
technique applied to the historical simulations is also repeated here, again
noting the base state has been removed and only the AR response to climate
change is shown. (See Supplementary Fig. 5 for the ocean base state and
Supplementary Fig. 6 for the AR base state). Figure 4 shows the differences of
AR composite responses between the future projections (2066-2100) and
historical mean solutions. AR IWV significantly increases in all three

regions. The most substantial changes are found in SOCAL, likely in part
due to the predominance of “Pineapple Express” varieties that are only
sometimes associated with extratropical systems®. This region is projected
to experience a richer and narrower band of increased moisture (Fig. 4a, e, i).
CAL and PNW ARs will more routinely co-occur with extratropical, cold
core synoptic systems simply because they lie firmly in the storm track and
mid-latitude westerlies®”’. IWV projections in these regions show a wider
and less intense increase compared to SOCAL.

The upper ocean SST responses to projected warming vary across
different regions. For SOCAL ARs, the upstream SST cooling increases
under climate change. For CAL and PNW ARs, however, the upstream
temperature change (particularly north of 40°N) is less pronounced. The
differences in surface temperature responses can be largely explained by
SHFs. Again, heat fluxes (Fig. 5) have a different climate change response
in SOCAL compared to ARs impacting more northern latitudes. The
evaporative component is far more dominant in SOCAL and accounts
for almost all of the SHF signature reinforcing the dipole-like pattern of
strong cooling upstream and warming downstream of the ARs. For
example, averaging only the locales with significant changes, cooling
upstream of SOCAL ARs is projected to be ~20 W/m” countered with
warming downstream of ~17 W/m’. However, changes to the CAL AR
heat flux anomalies have almost the opposite signal compared to SOCAL
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Fig. 4 | Climate change impact on sea surface temperature, mixed layer depth,
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the SSH and ocean surface current vectors (ms ') on the 0.1 degree model grid to
show more details near the coastal region. Composites show ARDT consensus
tracks. Anomalies are computed using 35-year long-term climatology using monthly
means. IWV composite anomalies are shown as gray contours in each panel for
location reference. Significance is shaded using t-test at 95%.

with ~14 W/m” heat entering the upper ocean well upstream of the AR
landfalling impact sites (Table 1). Sensible heat is the dominant factor
upstream for CAL ARs with stronger and more significant heating
northwest of the ARs under climate change, although pockets of sig-
nificance in latent heat are also important for parts of the domain.
Increases in wind stress occur mostly for locations entering the con-
vergence zone of the composite landfalling AR core which is suggestive of
a shift equatorward of dominant winds (Figs. 2f and 4e). An enhanced
heat flux entering the ocean is also found over the subtropical regions
closer to the coast downstream of CAL landfalling ARs, which is likely
attributable to reduced evaporation resulting from higher near-surface
humidity (Supplemental Fig. 7). PNW ARs heat flux signals are generally
weaker but consistent with CAL ARs with the overall effect of damping
the fundamental AR passage signal seen in the historical simulations
(Figs. 3 and 5), i.e., there is less cooling upstream the AR passage, again
consistent with an overall warmer world. (For RCP8.5 responses, see
Supplementary Figs. 8 and 9).

Heat and precipitation fluxes, in addition to wind stresses, shape the
mixed layer climate change signal. From the historical simulation (Fig. 2),

the mixed layer deepens to the northwest quadrant of the AR passage and
shoals under the AR center. Under climate change, however, (Fig. 4c, g, k,
and Supplementary Fig. 8) this “dipole-like” response persists, but the
contrast is lessened, that is, a smaller reduction in MLD under the AR center,
and a reduced deepening in mixed layer upstream the AR, but mostly for
CAL (~1.23 m) and the PNW (~0.67 m). The weaker shoaling at the AR
center may be attributed to changes in the ocean base state under global
warming, with a warmer and shallower mixed layer in the AR region
(Supplemental Fig. 5). This suggests that the heating under ARs may be less
effective in modulating the MLD. Although results imply that the mixed
layer gradient across the AR potentially becomes much weaker, consistent
with overall warming, statistical significance (stippling) is not consistent
across the entire domain but is generally limited to the strongest region of
decreased shoaling (SOCAL and CAL). Under climate change, precipitation
increases at the center of AR (Fig. 5d, h, 1), which may moderate the
influence from the heat fluxes on the mixed layer. The placement of the
precipitation change is consistent with the notion that as the climate warms,
AR landfall locations will also shift with the movement of the jets and storm
tracks”".
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for SOCAL (a-d), CAL (e-h) and PNW (i-1), specifically, SHF (a, e, i), SENF (b, f, j), EVAP (c, g, k), and PREC (d, h, 1). Significance is shaded using ¢-test at 95%.

Table 1| Area average of SST, MLD, SHF, and SSH at the AR upstream and downstream in the historical and RCP8.5 simulations

SOCAL CAL PNW

HIST RCP85 Diff HIST RCP85 Diff HIST RCP85 Diff
Upstream 35-50N, 130-155W 35-50N, 130-155W 40-55N, 135-160W
Upstream SST —0.22 -0.28 —0.08* -0.29 -0.3 —0.04* -0.27 -0.27 —0.03*
Upstream MLD 3.24 3.25 —1.08* 3.84 3.03 —1.23* 2.9 2.2 —0.67*
Upstream SHF —41.26 —52.84 —20.36* —43.41 —32.37 13.98* —12.95 -3.75 10.65*
Downstream 20-30N, 120-130W 28-35N, 120-130W 30-40N, 125-135W
Downstream SST —0.03 —0.04 —0.04* —0.04 —0.06 —0.04* —0.08 —0.13 —0.04*
Downstream MLD -1.0 0.42 2.74% —0.09 0.61 1.3% 0.97 1.09 0.40*
Downstream SHF 25.6 41.67 17.24* 30.59 33.47 6.92* 13.38 12.67 —3.57*
Coastal SSH 0.14 0.48 0.63* 0.24 0.40 1.32% 0.13 0.20 0.26*

The upstream and downstream area for each region are defined based on the average AR location. The “Diff” column (numbers marked with *) shows the difference between the RCP8.5 and the historical
simulation, in which case the area average is taken over the areas with 95% significance level, shown as the hatched area in Figs. 4 and 5. Units are m (MLD), °C (SST), Wm™2 (SHF), and cm (SSH).
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While the wind stress responses vary across the different regions, the
changes are generally small. However, the overall strong and prevailing
westerly AR winds push the warmer water towards the coast, resulting in a
significant and robust increase in SSH along the North American west
coastline. In fact, under the projected warming, the coastal sea level rise
caused by SOCAL and PNW ARs can exceed 200% (Supplemental Fig. 10).

Discussion and summary

ARs exert both dynamical and thermodynamic forcing onto the upper
ocean. Using an eddy-resolving high horizontal resolution Earth System
Model, we demonstrate the interaction between the North Pacific upper
ocean and ARs impacting western North America, including their climate
change signals. Applying eddy-resolving resolution to the ocean component
of the coupled systems allows for more realistic structural characterization
of ARs, and importantly, captures the ocean response with the enough
fidelity to resolve the meso-synoptic scales. ARs act to push ocean water
towards coastlines as measured by SSH, a forcing that will be exacerbated by
climate change. Although consensus on AR climate change signals for
metrics such as frequency, duration, and location of landfall along North
American coastlines is still uncertain'®*", stakeholders in coastal com-
munities still need to plan for all possible scenarios. Questions of when,
where, and how often will ARs reach their shores need to be answered. In
addition to the typical impacts such as precipitation extremes, coastal ero-
sion, and flooding must be considered, especially with a potential for higher
sea levels during storms.

Mixed layers are generally deeper (shallower) upstream (downstream)
of AR passages, although under climate change, this fundamental response
potentially changes with less shoaling downstream of the AR. Wind forcing
and the associated heat fluxes promote cooling (warming) upstream
(downstream) the AR passage. The impact of climate change on the sign and
character of the heat flux response is largely region dependent. Evaporative
cooling dominates the heat flux climate change signal upstream of SOCAL
ARs, while their more northern counterparts are composed of both latent
and sensible heat warming contributions. Our study finds that AR forcing
on upper ocean heat fluxes is strengthened under climate change for SOCAL
because the total SHF response is driven by the evaporative processes that
account for the increase in wind stress and moisture. For CAL and PNW
ARs, the heat flux response is subdued, and sensible heat plays a larger role in
the total change. Table 1 summarizes all these results quantitatively, both
upstream and downstream of the AR.

The analysis presented here is a first-order exploration of the different
dynamical and thermodynamic mechanisms for basic upper ocean pro-
cesses in response to ARs, i.e., SSH for horizontal displacement, MLD for
turbulent mixing, sensible and evaporative heating for energy in and out of
the upper ocean. However, this is not an exhaustive list, and further analysis
is needed to better understand the interactions between AR wind, pre-
cipitation, ocean turbulent mixing, and MLD. For example, analyzing
subsurface ocean stratification and ocean heat budget is necessary to further
validate the mechanisms driving ocean temperature and mixed layer
changes and attribute the effect of AR winds versus precipitation. However,
saving the full-depth eddy-resolving ocean output at daily frequency poses a
computational challenge and is not available for the current study. Addi-
tionally, although the heat fluxes responses can be broadly explained by
sensible versus latent heat components, other factors may also be at work,
such as the different types or “flavors” of storms that are part of the larger AR
synoptic system. ARs are almost always associated with an extratropical
cyclone for PNW storms and are often included in CAL storms. Less so for
SOCAL which is dominated by the “Pineapple Express” variety of moisture
transport which runs along stationary fronts or simple surface temperature
gradients. The differences in surface wind stresses under climate change
across these regions hint that different types of synoptic storms are
important for different regions. This follows for other regions of the world,
for example, North Atlantic ARs may have very different heat flux responses
compared to the North Pacific because North Atlantic ARs that impact
European coastlines almost always lie within the storm track and include

Table 2 | Available simulations from the high resolutions
CESM1.3 project™*'

Ensemble members
002, 003
002, 003

Simulation
Historical “BHIST”
RCP8.5 “BRCP85”

Years for AR analysis
1960-2005
2060-2100

001 was not used because it did not have the necessary output data for AR tracking.

strong extratropical cyclones that incorporate both moisture transport (AR)
and warm conveyor belt dynamics’. Other processes such as cloud and
aerosol forcing are wide and varied for different AR-occurring regions
around the world and would likely impact local thermodynamic responses
as well. Finally, as with any climate change study, projections should be
tempered in the context of model uncertainty. In the climate model com-
munity, when allocating project resources, a tension exists between the need
for applying cutting-edge, high-fidelity simulations, and the use of multiple
model frameworks (i.e., lower resolution Coupled Model Intercomparison
Project (CMIP)), or additional ensemble members within the same model
framework. For this study, the need for an eddy-resolving ocean, and a high-
resolution atmosphere, both capable of more accurately characterizing AR
impacts, directed this choice. We address uncertainty in projections by
applying a small ensemble of simulations with three unique ways of defining
ARs, which is arguably the greater source of AR uncertainty than using
multiple models, or larger ensembles'®. This study clearly demonstrates that
high-resolution Earth System Models can accurately simulate the AR-ocean
relationship first explored with observations by Shinoda et al.”’. Further,
under climate change, two key points can be made: (1) dynamical changes
are consistent across North American regions, i.e., coastal communities can
largely expect increased impacts due to displaced seas pushed towards their
shores, and (2) thermodynamic changes are regionally dependent and
require further study.

Methods

High-resolution Community Earth System Model (CESM)
Description of model. A detailed description of the high-resolution
version of CESM (CESM-HR) can be found in ref. 59 Here we only give a
brief overview of the model. CESM-HR is based on an earlier version of
CESM1.3 described by Meehl et al.”” with many additional modifications
and improvements. The CESM-HR component models are the Com-
munity Atmosphere Model version 57 with the Spectral Element dyna-
mical core, the Parallel Ocean Program version 2’7, the Community Ice
Code version 4”°, and the Community Land Model version 4”7. CESM-
HR uses a horizontal resolution of 0.25° (~25 km) for the atmosphere and
land models, and nominal 0.1° (~10 km at the Equator down to ~4 km at
high latitudes) for the ocean and sea-ice models.

Description of simulations. The first step toward building the
3-member ensemble of CESM-HR transient climate simulations
(Table 2) used in this study is a multi-century 500-year preindustrial
control (PI-CTRL) simulation (Supplementary Fig. 11). The PI-CTRL is
forced by a perpetual climate forcing that corresponds to the year 1850
conditions. The first member is then branched from PI-CTRL at year 250
and it is integrated forward from year 1850 to 2100 (Supplementary
Fig. 11). Ensembles 002 and 003 are subsequently started from the year
1920 of ensemble 001 and integrated forward to 2100 (Supplementary
Fig. 11). Spread in the ensemble is generated by applying round-off level
perturbations in the January Ist of 1920 air temperature fields used to
initialize member 2 and 3. All 3 members use the same specified external
forcing. Following the protocol for the Coupled Model Intercomparison
Project phase 5 (CMIP5) experiments, historical forcing is used from
1920 to 2005” followed by the RCP8.5 forcing” from 2006 to 2100.

All 3 members produce a warming of ~4.5 °C in response to the applied
historical and RCP8.5 external forcing from 1920 to 2100 (Supplementary
Fig. 11). The warming produced by CESM-HR is consistent with the
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Table 3 | ARDT Overview includes developer, ARDT characterization, a brief descriptive overview, and the DOI citation(s) that

provide full and complete algorithmic details

Developer ARDT characterization Description overview Citation DOI
Shields/Kiehl Threshold based, very Time varying and spatially relative; anomalies are computed for moisture https://doi.org/10.1002/
restrictive threshold using IWV; Wind threshold defined by regional 85th percentile 2016GL069476
850 mb wind magnitudes; geometric requirements https://doi.org/10.1002/
2016GL070470
Mundhenk/Nardi  Threshold based, less Fixed relative based on reference climatology from historical period; IVT https://doi.org/10.1175/JCLI-D-
restrictive percentiles and/or anomalies both temporal and spatial; geometric 15-0655.1
requirements https://doi.org/10.1175/MWR-
D-18-0060.1
https://doi.org/10.1029/
2021JD036013
IPART Threshold-free, moderately Image recognition, select transient IVT plumes standing out from a temporal https://doi.org/10.5194/gmd-13-
restrictive scale of 8 days; Spatial scale of ~1000 km 4639-2020
https://doi.org/10.1029/
2022MS003081

To provide context, Supplementary Fig. 2 plots the three ARDTs applied to this work along with all ARTMIP ARDTSs.

warming from the standard resolution version of the model™. The rate of
warming simulated by CESM-HR over the observational period agrees very
well with the observed rate of warming derived from the Goddard Institute
for Space Studies Surface Temperature Analysis* (Supplementary Fig. 11).
Further validation of the CESM-HR 3-member ensemble is provided in
Chang et al.*' and Supplementary Fig. 12. Chang et al.*' focuses on the
Eastern Boundary Upwelling System (EBUS). EBUS are poorly represented
in the current generation of climate models with systematic warm biases of
up to 4°C in simulated sea-surface temperature®. Evident improvements
are found in CESM-HR®. The improvements are associated with more
realistic low-level coastal wind jets, as well as the ability to explicitly resolve
ocean mesoscale eddies and fronts. As a result, the CESM-HR simulated
SSTs in EBUS show remarkable agreement with the observations, and a
much reduced bias, including in the CAL Current System along the US West
Coast, the region of interest for the present study. Unfortunately, the high-
frequency outputs needed for the AR tracking are not available from
ensemble member 1. As a result, the analysis presented in this manuscript
will focus solely on members 2 and 3. However, between the two ensemble
members used for AR tracks, in combination with three distinct ARDTs
(Atmospheric River Detection Tools, (next section), ample AR statistics are
produced to provide a robust characterization of AR impacts onto the
upper ocean.

AR detection tools

The definition of an AR has been a source of debate in the AR community
since the term was first coined a quarter century ago"*’. The Atmospheric
River Tracking Method Intercomparison Project (ARTMIP)'""* was born
out of the need to not only quantify uncertainties in AR metrics across
different methodologies, but to understand the purpose of each unique tool.
Each ARDT is designed to address specific science questions that range from
the physics to the impacts of ARs. For example, impact-driven AR research
tends to favor less restrictive algorithms because ultimately the stakeholder
cares more about how much flooding will occur, for example, rather than
the physical structure of the weather phenomena itself. However, given the
research community uses the same metrics to characterize ARs across dif-
ferent studies, (frequency, duration, and intensity), despite fundamental
differences in what is being detected, it has become necessary to provide
context for individual ARDTs compared to each other, and to quantify the
spread of possibilities for metrics tied to AR definition, such as frequency.
The below section and Table 3 summarize three separate ARDTs, all
developed for similar purposes, but each applying very different meth-
odologies and developed independently. The ARDTSs were chosen to
represent different levels of restrictiveness and thresholding philosophies to
realistically represent spread and uncertainty in AR characterization. Only
landfalling ARs are considered, but full synoptics for each individual AR are
used in composites. The mean latitude of landfall is used for each AR which

adopts the Shields and Kiehl ARDT convention for consistency. For
example, the AR in Fig. 1a would be included in the PNW region.

Shields/Kiehl. The Shields/Kiehl (SK)°"”' is designed to identify the
strongest ARs making landfall over Western North America with high-
resolution gridded data. It is one of the most restrictive ARTMIP ARDTSs
and uses time-varying relative methodology and computes thresholds
based on spatial anomalies of IWV and 850 hPa wind. ARs must make
landfall with a southwestern origin and minimum wind values of the 85th
percentile and require a length:width ratio of 2:1. The SK ARDT detects
landfall latitudes and does not provide a spatial footprint which is a
limitation when directly compared to other methods, however, the phi-
losophy behind this method is to identify latitude of landfall for each time
step, then return to the source data for the full synoptic signature for each
respective analysis. Other ARDTs were conformed to the SK latitude of
landfall per time step metric for comparison.

Mundhenk/Nardi. The global Mundhenk/Nardi algorithm is an updated
version of the regional algorithm first described in ref. 83. Originally
designed to analyze the climatology and variability of ARs over the North
Pacific Ocean, the algorithm was later updated to be applied globally
using a fixed IVT anomaly threshold based on a given dataset’s IVT
climatology'’. The Mundhenk/Nardi algorithm has been applied for
various applications, including historical AR variability”’, operational
predictability of ARs***, and the depiction of ARs in climate models'*. At
each grid cell in the input dataset, the time series of IVT is calculated, and
a smoothed seasonal cycle is removed to produce a time series of IVT
anomalies at each grid cell. To detect candidate AR objects at a given time
and location, the algorithm looks for grid cells that exceed a static IVT
anomaly threshold, which is equal to the 94th percentile of all IVT
anomalies over the entirety of the temporal and spatial domain, within
each dataset. To remain consistent with prior applications of the
Mundhenk/Nardi algorithm'®, the anomaly threshold is calculated over
the North Pacific only. Clusters of connected grid cells where the IVT
anomaly exceeds the threshold are labeled as unique AR candidate
objects. Each candidate object is subsequently put through various geo-
metrics tests, including for length (>1400 km), area (>300,000 km?), and
aspect ratio (>1.4), to isolate long, narrow plumes of enhanced water
vapor transport. While it includes tests to remove rotating low-latitude
features, the algorithm occasionally detects tropical cyclones as ARs,
although these features rarely manifest in the midlatitudes.

IPART. Unlike methods that heavily rely on magnitude thresholds,
IPART stands out as an image-processing-based tracking method that
operates independently of magnitudes®. In this study, we applied IPART
on the IVT field by initially filtering the spatiotemporal spikiness of the
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image to determine the AR candidates. Then, geometrical filtering,
incorporating criteria such as minimum/maximum length and area,
length/width ratio, and latitude range, was applied to eliminate non-AR
systems such as tropical cycles*. Conventional AR tracking methods are
sensitive to the intensity of AR-related vapor fluxes. They require dif-
ferent threshold values for different regions such as midlatitude and polar
systems. IPART avoids this issue by applying the filtering process to
obtain the filamentary fields. It demonstrates reduced sensitivity to
parameters and enhanced reliability in detecting ARs globally within a
warm climate or across various models with inherent biases. Never-
theless, IPART still exhibits sensitivities in other aspects, particularly in
the interaction between candidate AR region detection and subsequent
geometrical filtering. The ambiguity in AR shape remains a significant
source of uncertainty in this AR tracking method.

AR analysis procedures

Analysis locations can be subdivided into regions based on AR character-
istics with unique climatologies”"””. Here we define regional areas as
SOCAL (32°-35°N), CAL (35°-41°N), and PNW (41°-52°N), (Fig. 1a).
Detection is completed using 6-hourly instantaneous model output for each
respective ARDT. Variable composites are computed using all landfalling
instances. Composite anomalies are computed by subtracting the long-term
20 year monthly mean climatology from the variable. Monthly mean is
applied to avoid seasonal cycle signatures. SST and MLD AR fingerprint is
determined by using composite anomalies 3 days after AR onset minus
3 days before AR passage, however SSH uses the convention of 1 after onset
day minus 3 days before passage to maximize the SSH fingerprint. Heat flux
anomaly composites incorporate the 3-day average (one day before and
after AR passage). Only consensus AR landfalls are used in composites.
Consensus is defined as all three ARDTs in agreement for each landfall
occurrence. Ocean flux conventions are positive down into the ocean (i.e., a
positive heat flux warms the ocean).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data associated with this work is published at NSF NCAR’s Research
Data Archival facility https://doi.org/10.5065/RFWZ-VM18. This includes
ARDT catalogs, source tracking data, and model output data used for
analysis and plots.

Code availability
High-resolution CESM1.3 code is found on github: https://github.com/
ihesp/cesm/tree/cesm-ihesp-hires1.0.46.
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