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Abstract Despite advances in our understanding of changes to severe weather events due to climate change,
uncertainty regarding rare extreme events persists. Atmospheric rivers (ARs), which are directly responsible for
the majority of precipitation extremes on the US West Coast, are projected to intensify in a warming world. In
this study, we utilize two unique large-ensemble climate models to examine rare extreme AR events under
various warming scenarios. By quantifying changes to rare extremes, we can gain some insight into the potential
for these destructive unprecedented events to occur in the future. Additionally, the abundance of data used in this
study enables changes to both seasonal extreme AR occurrences and changes to extremes during various
synoptic-scale flow patterns to be explored. From this analysis, we find substantial changes to AR extremes
under even mild warming scenarios with disproportionately large changes during weather regimes that are
conducive to AR activity.

Plain Language Summary Atmospheric rivers (ARs) are sources of moisture that can cause
destructive flooding events on the US West Coast. Constraints on computational resources is partially
responsible for our limited understanding of how extreme AR events will be impacted by future climate
warming. This study uses large model simulations that were created from a unique approach to gain insight into
possible changes to such events under various warming scenarios. It also examines changes to seasonal
characteristics of extreme AR events and changes during various atmospheric flow patterns.

1. Introduction

Atmospheric Rivers (ARs) are elongated corridors of water vapor that are closely associated with extreme
precipitation events on the US west coast (Neiman et al., 2008). While weak ARs can be beneficial by functioning
as a water source in a region that is prone to drought, extreme ARs can be dangerous and damaging (Corringham
et al., 2022; Ralph et al., 2019; Rhoades et al., 2021). The annual cost of damage from ARs is on the order of
billions of dollars (Corringham et al., 2019). In 2017, a single crisis worsened by AR activity at the Oroville dam
cost roughly 1 billion dollars in infrastructure repairs (Henn et al., 2020). Future climate projections show in-
creases in AR precipitation and decreases in non-AR precipitation (Gershunov et al., 2019).

The number of AR days in CMIP5 projections under the RCP 8.5 scenario is expected to roughly double in the
midlatitudes over the North Pacific during winter months, with thermodynamic changes dominating and dynamic
changes having no significant effect (Gao et al., 2015). Michaelis et al. (2022) simulated an extreme AR event that
occurred in 2017 with perturbations to reflect four different climate change scenarios and found that the ther-
modynamic component enhanced AR moisture by a 10% integrated vapor transport (IVT) increase per °C and
changes to AR wind speed accounted for a 4% IVT increase per °C. ARs are projected to increase in length and
width while occurring more frequently in the midlatitudes (Espinoza et al., 2018; O’Brien et al., 2022) and the
peak season of AR flooding hazards is projected to increase in length (Dettinger, 2011). Understanding the degree
to which extreme AR events and seasonal AR extremes change in the future is critical for the long-term planning
of adaptation strategies to climate change. By quantifying these changes with high-resolution large ensemble
simulations, this study will provide a unique new insight into the future of extreme AR events, which was not
possible previously due to the lack of available high-resolution large ensemble climate model runs.

The uncertainty of AR frequency trends across AR detection methods far exceeds the uncertainty across climate
models (Shields et al., 2023). However, ARs with high intensities have lower detection uncertainty (Rutz
et al., 2019). In this study, we quantify the impacts of anthropogenic forcing on extreme ARs in large ensemble
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simulations of both the Hadley Centre Atmospheric Model version 4 (HadAM4) (Bevacqua et al., 2021; Leach
et al., 2022) and the Community Earth System Model version 2 (CESM2) large ensemble (Rodgers et al., 2021).
The abundance of data enables robust calculations of changes to AR extremes in these models, which are defined
by absolute thresholds of maximum AR IWV occurring at a frequency of less than once per year on average
derived from the early 21st century climate in this study. After quantifying changes to future individual events
overall, we further examine the changes under varying weather regimes.

Weather regimes are described as a limited number of recurrent and quasi-stationary intraseasonal large-scale
patterns in the atmosphere that are interrupted by transition periods (Kimoto & Ghil, 1993; Vautard, 1990).
Regimes over the North Pacific can be predicted in the subseasonal to seasonal (S2S) range, which is considered
to be 2 weeks to several months into the future (Vitart et al., 2017). They can be indicators of regional vulner-
ability to future flooding events caused by ARs (DeFlorio et al., 2019; Higgins et al., 2024). Varying weather
regimes can have different levels of predictability, which can influence the amount of damage that extreme events
cause. Changes to rare extreme AR events are assessed during each weather regime to better understand possible
synoptic-scale dynamical shifts of extreme activity. Changes to extreme AR activity under varying weather re-
gimes were only assessed in HadAM4 data to ensure an adequate sample size in every regime.

2. Data and Methods
2.1. Model Simulations

The citizen-science project, climateprediction.net (CPDN), was used to generate a large ensemble data set by
running the HadAM4 global atmosphere and land surface model (Williams et al., 2003). With the assistance of
computing power from volunteers' computers, three warming scenarios with at least 1,800 winter (December—
February) simulations were generated (Bevacqua et al., 2021). The horizontal grid resolution is 0.83° X 0.56°,
which is finer than that of most model outputs from CMIP5 and CMIP6, and the temporal resolution output is 6 hr.
This model simulates western North American atmospheric dynamics and precipitation with comparable quality
to other state-of-the-art CMIP models but is more computationally efficient and can be run on personal com-
puters, allowing very large ensembles to be produced.

The simulations were produced following the Half a degree Additional warming, Prognosis, and Projected Im-
pacts (HAPPI) framework, which employs prescribed fields of sea surface temperature, sea ice concentration,
greenhouse gases, and aerosols (Mitchell et al., 2017). The historical scenario (2,889 members) uses forcing from
2006 to 2015 (close to 1°C warmer than preindustrial levels) and the warming scenarios impose SST perturbations
corresponding to global warming stabilization scenarios at 1.5°C (2,006 members) and 2°C (1,882 members)
warmer than preindustrial levels. Clausius-Clapeyron scaling was estimated from regional SST changes. Every
year that was used for forcing accounted for 9%—11% of ensemble members from each scenario. The HAPPI
framework uses weighted RCP scenarios in CMIP5 model runs to provide boundary conditions for the given
global warming levels. The simulations were initialized on 1 November of each winter, with initial condition
perturbations applied to generate an ensemble in each year of each scenario, with the entire month of November
discarded as spinup.

The CESM2 Large Ensemble is an open-source global coupled climate model comprising ocean, atmosphere,
land surface, sea ice, land ice, and wave models (Danabasoglu et al., 2020). It has various changes from its
previous version (CESM1), including a unified turbulence scheme and an updated cloud physics scheme. This
study considers a historical scenario with forcing from 2007 to 2014 and the SSP 3-7.0 forcing scenario (4°C
increase relative to preindustrial levels at the end of the century) with smoothed biomass burning during the years
2092-2099 are considered. This warming scenario is far more severe than the previously mentioned HAPPI
scenarios. The historical scenario and the SSP 3-7.0 scenario output 40 and 50 ensemble members, respectively
that include the variables used to track ARs. Therefore, this study analyzes 320 winter seasons in the historical
scenario and 400 winter seasons from the SSP 3-7.0 scenario in CESM2. The considerably lower sample size of
CESM2 relative to the HadAM4 simulations only enabled an analysis of overall occurrences and was not suf-
ficient for understanding changes to events under varying weather regimes. The horizontal grid resolution is
1.25° x 0.94°, and the temporal output is 6 hr. IWV, mean sea level pressure (MSLP), zonal wind velocity at
850 mb, and meridional wind velocity output were used from the output of both CESM2 and HadAM4.
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2.2. AR Detection

The computational restrictions on model output and data storage of HadAM4 simulations created several ob-
stacles for AR detection. Data from the batches that were used were only stored in the northern hemisphere, which
only allowed a regional spatial domain to be used. IVT, which is often a required input field for AR detection
methods, was not available in the data output. Processing the amount of data used in the study is also a highly
computationally expensive task that requires the use of an efficient AR detection method. To address all of these
challenges, CG-Climate (Higgins et al., 2023) was used to track ARs to address all of these challenges.

CG-Climate uses a lightweight convolutional neural network, CGNet (Wu et al., 2019) to track ARs. It can run at
a high speed with high computational efficiency and is flexible with varying spatial domains. It also requires IWV
as an input field instead of IVT, making it compatible with HadAM4 output. In addition to IWV, MSLP and
850 mb wind velocity were used for detection. CG-Climate uses the human expert hand-labeled data set, Cli-
mateNet (Kashinath et al., 2021), for training. AR detection methods often exhibit high variability amongst
themselves (Inda-Diaz et al., 2021), with some being more permissive than others. When CG-Climate was
compared to methods from the AR Tracking Methods Intercomparison Project (ARTMIP) (Shields et al., 2018),
there was little bias in the frequency of events and strong consistency in detecting the same events as other
methods, but the horizontal extent of the ARs was typically larger (Higgins et al., 2023).

2.3. AR Extremes

Uncertainties that result from AR detection can have a significant impact on the shape and size, which can lead to
inconsistencies between studies that use different detection methods. Only AR extremes are analyzed (Rutz
et al., 2019) to avoid this issue. The intensity of ARs is calculated by taking the maximum IWV magnitude
intersecting with the coastline and existing within an AR event. AR masks are connected temporally to avoid
single AR events disproportionately contributing to frequency statistics. Extreme AR events are defined as AR
events with intensities that meet a threshold of IWV and precipitation that occurs less than once per year on
average in the historical scenarios (i.e., 32.98 mm of IWV in HadAM4 and 32.34 mm of IWV in CESM2 over the
entire coast). This relative threshold is used to help account for model differences when comparing extreme
events.

2.4. Circulation Regimes

To calculate weather regimes, we employ MiniSom (https://github.com/JustGlowing/minisom), a version of self-
organizing maps (SOMs). SOMs are unsupervised neural networks that map high-dimensional data onto a lower-
dimensional grid while preserving topological relationships. Here, the SOM is trained on normalized MSLP fields
from HadAM4. The SOM iteratively adjusts its neurons, aligning them with input MSLP fields so that similar
patterns cluster together, forming distinct weather regimes. Climatology from the HadAM4 historical scenario is
used for normalization, and a 5-day running mean filter removes high-frequency variability before training. The
trained SOM then classifies each time step into one of the learned regimes.

3. Results
3.1. AR IWYV Event Extremes

The magnitude of extreme AR events increased in both models under all warming scenarios on the coast of both
California and the Pacific. Differences between magnitudes of extreme events in the historical and warming
scenarios from HadAM4 remained relatively consistent at all frequencies. Changes to extremes from the his-
torical to the 2°C increase scenario were significant at the 95% level when bootstrapping was used to calculate
confidence intervals for return periods of 1, 10, and 100 years (Table 1). In California, the maximum AR IWV
percentage increase from the historical scenario to the 2°C increase scenario (1°C SST difference) was 13% for 1-
year events, 10% for 10-year events, and 9% for 100-year events. The result was not consistent with the Clausius
Clapeyron relation because the difference was larger than 7% per °C of warming. For some of the most extreme
events, there was almost an order of magnitude increase in frequency when events from the historical scenario
were compared to events in the 2°C warming scenario (e.g., a 100-year event in the historical scenario occurred
almost once every 10 years in the 2°C increase scenario in California) (Table 1).
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Table 1

Under the SSP 3-7.0 warming scenario in CESM2, IWV events that occur

Ninety-Five Percent Confidence Intervals of Extreme Atmospheric Rivers at once every 100 years in the historical scenario happen roughly once every 2—

Return Periods of 1, 10, and 100 years

3 years when threshold-free machine learning detection was applied. The gap

10 years 100 years between IWV extremes in the historical scenario and the SSP 3-7.0 scenario

California 1 year

HadAM4 HIST 31.49-32.08 40.70-41.36 45.80-47.41
HadAM4 1.5°C 34.37-34.96 43.53-44.46 48.03-49.39
HadAM4 2°C 35.59-36.27

CESM2 HIST 31.56-32.86

CESM2 SSP 3-7.0 39.33-40.75

(2.5°C SST difference) was greater than a 7% per degree increase at all fre-
quencies, suggesting that changes to AR extremes in CESM2 are also greater
than Clausius-Clapeyron scaling. In California, the maximum AR IWV
44.55-45.67 49.35-52.19  percentage increase from the historical scenario to the SSP 3-7.0 scenario was
39.90-41.53 44.74-4936  24% for 1-year events, 29% for 10-year events, and 26% for 100-year events.
51.21-53.64 57.16-61.63  This scaling equates to 9%—11% per °C increase, which is similar to the

scaling of extremes from HadAM4 simulations.

34.68-35.28 39.804091 32, AR IWYV Seasonal Extremes

Multiple extreme AR events occurring in the same season can cause large
amounts of destruction within short periods (DeFlorio et al., 2024). Anthro-

Pacific Northwest 1 year 10 years 100 years
HadAM4 HIST 24.76-25.52

HadAM4 1.5°C 27.10-27.91 36.42-37.15 40.76-42.50
HadAM4 2°C 28.44-29.21 38.11-38.95 42.95-44.55
CESM2 HIST 26.55-27.38 32.81-33.81 35.04-39.14

CESM2 SSP 3-7.0 32.03-32.93

pogenic forcing has an impact on the number of extreme AR events occurring
41.43-43.08 46.18-48.33  in each season (Figure 1). In all warming scenarios in both CESM2 and

Note. Bootstrapping was used to calculate 95% confidence intervals. HadAM4, there is a decrease in the percentage of winters in which no extreme
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ARs occur and a notable rise in the proportion of winters experiencing at least
two extreme AR events impacting both California and the Pacific Northwest. The most significant annual var-
iations in AR extremes are observed in the CESM2 SSP 3-7.0 warming scenario. Overall, the results indicate that
anthropogenic warming increases the chance of an unprecedented season of a high number of AR extremes on the
US west coast.

3.3. AR Extremes During Weather Regimes

The large ensemble size of HadAM4 enabled an analysis of changes to extreme AR activity under five different
weather regimes of MSLP anomalies over the North Pacific (Figure 2). Under both the 1.5°C and 2°C warming
scenarios, there was minimal change from the historical scenario in the frequency of any regime. The regime with
the largest change in frequency was regime 3, which increased from 17.9% to 19.54% of the data. There were also
little to no changes in MSLP in either of the warming scenarios (less than 2 millibars in all locations within all
regimes). The frequencies of extreme AR events increased when the 2°C increase scenario was compared to the
historical scenario in the HadAM4 data set (Figure 3). For reference, the climatology of AR extremes is shown in
Figure S1 in Supporting Information S1. Regimes 2, 3, and 5 had the largest overall increases in extreme event
frequencies, while Regimes 1 and 4 experienced minimal increases overall to extreme events. Much of the raw
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Figure 1. Change in percentage of winter seasons with particular numbers of extreme Atmospheric river (AR) events between the historical scenarios in each model and
warming scenarios for extreme AR events defined by (a) California IWV and (b) Pacific Northwest IWV.
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Figure 2. Winter weather regimes (a—e) from HadAM4 mean sea level pressure (MSLP) anomalies identified using the MiniSOM algorithm. MSLP anomalies across all
scenarios during each regime are shown in shaded contours with increments of 4 mb. The change in MSLP anomaly from the historical scenario to the 2°C increase

scenario is shown in unshaded contours with increments of 1 mb. The percentages in each panel represent the percentage of the data in each scenario that each regime
falls into.
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Figure 3. Changes in frequencies of extreme Atmospheric river (AR) events under each winter weather regime (a—e, filled contours, with increments of 0.25 events per
year) and mean for all regimes (f). Mean sea level pressure anomalies during each weather regime are shown in line contours with increments of 6 mb. The number of
detected events in each scenario and the percentage change in the number of events per season is shown in the corner of each panel. Dotted areas represent locations in
which the difference between the number of extreme AR events is statistically significant at the 95% level using bootstrapping.
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represent simulations from HadAM4, and the dashed lines represent simulations from Community Earth System Model version 2 (CESM2). The HIST scenario in
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on the Half a degree Additional warming, Prognosis, and Projected Impacts framework. The HIST scenario in CESM2 represents historical forcing from 2007 to 2014
and the SSP 3-7.0 scenario represents possible future forcing from 2092 to 2099.

changes in frequency can be accounted for by differences in extreme AR climatology across all regimes.
However, percentage changes to extreme AR frequencies also varied under different regimes. Regimes 2, 3, and 5
also had the largest percentage changes to extreme AR frequencies (96%, 127%, and 104%, respectively) while
Regimes 1 and 4 had the smallest percentage changes (79% and 77%, respectively).

The regimes with the largest increases in both raw extreme AR frequency and percentage change in extreme AR
frequency (Regimes 2, 3, and 5) all have anomalously low MSLP on and near the west coast. Low pressure near the
coast is often associated with moisture in southern latitudes to be transported toward the north. Figure 2 demon-
strated that the magnitude of mean pressure anomalies in each regime barely changed under the global warming
scenario, indicating that strengthening low pressure systems was likely not the cause of increased extreme AR
frequency during these three regimes. Changes to 850 mb wind speed are also minimal (Figure S2 in Supporting
Information S1). The differences are therefore unlikely to be driven by changes to synoptic-scale pressure regimes.
Anincrease in the raw amount of moisture in southern latitudes relative to northern latitudes can impact the number
of landfalling extreme ARs more during regimes that are associated with circulation patterns that facilitate pole-
ward transport of moisture from areas near and within the tropics. This effect could drive disproportionate increases
in extreme AR activity during regimes that facilitate poleward vapor transport as shown in Figure 3.

4. Discussion and Concluding Remarks

This study quantified and evaluated changes to rare AR IWV extremes in various warming scenarios. Increases in
the frequency of extreme ARs along the US west coast were consistent in all warming scenarios, sometimes
reaching close to an order of magnitude in the most conservative scenarios. The scaling of changes to extremes with
temperature was similar in both models and greater than Clausius-Clapeyron scaling. Deviations of extreme
precipitation and moisture scaling from Clausius-Clapeyron are commonly found in previous studies (Haerter &
Berg, 2009; Lau & Wu, 2011; Moseley et al., 2016) and can often be related to convective feedback, including the
self-organization of convective events into larger clusters. Such processes occur at the sub-grid scale and could not
be analyzed with the data sets used in this study. Another possible factor in the deviation from the Clausius-
Clapeyron relation is the relatively larger scaling factor that often occurs at higher altitudes, which is noted by
Payne et al. (2020). The intense moisture that extreme ARs can bring at high elevations can therefore influence
overall scaling. Gao et al. (2015) hypothesizes that discrepancies could also be attributed to ARs drawing from
multiple pathways, with relatively more warming in the western Pacific resulting in higher overall scaling. There
were also decreases in the percentage of winters with zero extreme ARs and increases in the percentage of winters
with two or more extreme ARs. Differences to both individual AR extremes (Figure 4) and the number of AR
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extremes in a winter (Figure 1) from the early 21st century simulations increased when the severity of the warming
scenarios was increased.

Changes to weather regimes and associated AR extremes were also examined under several warming scenarios in
the large ensembles from the HadAM4 model. Regime frequencies remained roughly the same across warming
scenarios. The largest change in regime frequency (1.5% difference) was an increase in a regime characterized by
anomalously low sea level pressure over the northeastern Pacific (Regime 3). This was the most active regime for
extreme ARs to occur, potentially resulting from an extension of the North Pacific jet stream aiding the transport
of water vapor toward the west coast (Neelin et al., 2013). Regimes with the most frequent AR extremes in the
historical simulations also experienced the largest percentage increases in extreme AR frequency during the 2°C
warming scenario. The projected changes to AR extremes resulting from rising global temperatures redefine the
potential of destructive events that will realistically occur on the US west coast in the future.

Data Availability Statement

Data that can be used to re-create the figures can be accessed from Higgins (2024a). Code to create the figures can
be found at Higgins (2024b).
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