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The Shifting Scales of Western U.S. Landfalling
Atmospheric Rivers Under Climate Change

Alan M. Rhoades1 , Andrew D. Jones1 , Abhishekh Srivastava2 , Huanping Huang1 ,
Travis A. O'Brien1,3 , Christina M. Patricola1,4 , Paul A. Ullrich1,2 , Michael Wehner5 ,
and Yang Zhou1

1Climate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA,
2Department of Land, Air, and Water Resources, University of California, Davis, CA, USA, 3Earth and Atmospheric
Sciences Department, Indiana University, Bloomington, Bloomington, IN, USA, 4Department of Geological and
Atmospheric Sciences, Iowa State University of Science and Technology, Ames, IA, USA, 5Computational Research
Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract Atmospheric rivers (ARs) can be a boon and bane to water resource managers as they have
the ability to replenish water reserves, but they can also generate million-to-billion-dollar flood damages.
To investigate how anthropogenic climate change may influence AR characteristics in the coastal western
United States by end century, we employ a suite of novel tools such as variable resolution in the
Community Earth System Model (VR-CESM), the TempestExtremes AR detection algorithm, and the
Ralph, Rutz, et al. (2019, https://doi.org/10.1175/BAMS-D-18-0023.1) AR category scale. We show that
end-century ARs primarily shift from being “mostly or primarily beneficial” to “mostly or primarily
hazardous” with a concomitant sharpening and intensification of winter season precipitation totals.
Changes in precipitation totals are due to a significant increase in AR (+260%) rather than non-AR (+7%)
precipitation, largely through increases in the most intense category of AR events and a decrease in the
interval between landfalling ARs.

Plain Language Summary Atmospheric rivers are central to water resource management
in the western United States. Anthropogenic climate change has and continues to alter these storms, which
has a cascade of societally relevant impacts. We evaluate how end-century atmospheric river behavior is
altered, assuming little-to-no carbon mitigation occurs. To do this, we use a state-of-the-art global climate
simulation that allows us to connect global-to-regional scales and, compared with conventional global
climate models, better represent the interactions between atmospheric rivers and mountains when they
make landfall. To isolate changes in atmospheric river behavior in our simulations, we use a newly
developed atmospheric river detection algorithm and category scale devised to communicate risk more
clearly. Using these tools, we find that by end-century atmospheric river character shifts from being
“mostly or primarily beneficial” to “mostly or primarily hazardous.” This results in increased precipitation
totals, primarily from the most hazardous atmospheric rivers, resulting in a sharpening and intensification
of the water year. Some end-century atmospheric rivers exceed the highest levels of the category scale;
however, we do not find that any single storm produces significantly more precipitation. Therefore,
the increased precipitation is due to an increase in the number of hazardous atmospheric rivers that more
regularly occur back-to-back.

1. Introduction
The transport of water vapor, or integrated vapor transport (IVT), from the equator to high latitudes is largely
driven by filamentary structures known as atmospheric rivers (ARs) (Gimeno et al., 2014; Newell et al., 1992;
Payne et al., 2020). These mechanisms of poleward vapor transport are characterized by coherent structures
of IVT, on average 3 km deep, 850 km wide, and thousands of kilometers long (Ralph et al., 2018). Mecha-
nistically, ARs can be thought of as the footprints of extratropical cyclone paths where the strength of the
entrainment of warmer, moister air near their cold fronts dictate AR intensity (Dacre et al., 2019). Impor-
tantly, as ARs are transported across oceanic basins and make landfall, their water vapor potential is realized
through cooling mechanisms that result in precipitation (e.g., orographic uplift).
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For coastal regions of the western United States, ARs provide a clear water resource boon and are often her-
alded for their drought busting capabilities (Dettinger, 2013; Wang et al., 2017). For example, in California,
AR-induced precipitation accounts for 25–50% of accumulated precipitation totals (Dettinger et al., 2011;
Lamjiri et al., 2018) and 22–73% of winter season snowpack (Guan et al., 2010, 2013). This precipitation
often occurs in under 120 hr each year (Lamjiri et al., 2018) through a limited number of events (Neiman
et al., 2008; Payne & Magnusdottir, 2014; Waliser et al., 2012). However, the strongest ARs, or even a tightly
coupled series of ARs, can also be a bane to resource managers through extreme precipitation, high winds,
abrupt runoff, avalanches, and destabilization of hillslopes and built infrastructure (Cordeira et al., 2019;
Fish et al., 2019; Hatchett et al., 2017; Oakley et al., 2018; Vano et al., 2019; Waliser & Guan, 2017). This
was starkly evident during the 2017 water year in California, the most active AR season since, at least, the
midtwentieth century (Gershunov et al., 2017), when the state's second-largest manmade reservoir, Lake
Oroville, was nearly destabilized by the extreme precipitation from back-to-back ARs that, in combination
with a large antecedent snowpack, resulted in abrupt snowmelt (White et al., 2019).

To better quantify the boon or bane aspects of AR events, Ralph, Rutz, et al. (2019) developed an AR cat-
egory scale akin to those used for other hydrometeorological extremes (e.g., hurricanes). Practically, this
scale describes the spectrum of ARs as “primarily beneficial” (Cat 1) to “primarily hazardous” (Cat 5) to
water resource management. Cat 1 through 3 AR events were shown to produce comparable 3-day storm
total precipitation amounts, whereas Cats 4 and 5 AR events were much warmer, rain inducing (even at
higher elevations), and associated with extreme runoff. Fiscally, AR Cats 1 and 2 events often produce flood
damages <$1 million, whereas AR Cat 4 to 5 events, in some instances, can inflict damages >$1 billion (Cor-
ringham et al., 2019). For example, Ralph, Rutz, et al. (2019) showed that all 11 major floods that occurred
in a Northern California watershed (Russian River) were associated with Cat 5 AR events, with some storm
totals reaching beyond 500 mm (Ralph & Dettinger, 2012), and Florsheim and Dettinger (2015) indicated
that 81% of California Central Valley levee breaks coincided with AR landfalls.

Given the important water resource management and socioeconomic impacts associated with differences
in AR categories, a critical question is how landfalling ARs may change in the future under anthropogenic
climate change. Global climate models have been useful tools to study how anthropogenic climate change
induced dynamical and thermodynamical changes may influence future North Pacific AR characteristics
and western U.S. precipitation response (Benedict et al., 2019; Dettinger, 2011; Gershunov et al., 2019; Gao
et al., 2015; Hagos et al., 2016; Payne & Magnusdottir, 2015; Payne et al., 2020; Shields & Kiehl, 2016a, 2016b;
Swain et al., 2016a; Warner et al., 2015). However, many of these studies have conventionally used 1.00–2.50◦

grid spacing to evaluate these effects which, as noted by Payne et al. (2020), may underestimate important
processes that shape the precipitation efficiency of landfalling ARs due to orographic uplift and microphys-
ical processes. To try and circumvent model resolution constraints, studies like Gershunov et al. (2019)
utilize statistical downscaling techniques. These statistical downscaling techniques enhance the spatial het-
erogeneity of the original climate model outputs and, in some cases, bias correct the historical simulations
toward observations (Pierce et al., 2014). However, with a particular focus on extreme precipitation and
future AR events, these techniques can also incorporate stationarity by training the statistical relation-
ships over a fixed historical period with the assumption that the spatial relationship between the local and
large-scale fields will not change in the future, which may not be the case if changes to landfalling AR
character occurs.

Uniform high-resolution (0.25◦) global climate model simulations have been conducted, or will be con-
ducted in the High Resolution Model Intercomparison Project (HighResMIP Haarsma et al., 2016), and
may help reduce some of the known topographic related biases that influence simulated landfalling ARs.
However, due to their large computational, storage, and data transfer demands few simulations have been
completed and/or become widely accessible (Bacmeister et al., 2014; Gutjahr et al., 2019; Hagos et al., 2015;
Roberts et al., 2019, 2020; Wehner et al., 2014) and most have a select number of simulated years and/or
sub-daily output variables. Furthermore, global climate models, even at the resolutions run for HighResMIP,
may still under represent coastal topography (e.g., Cascades) and may not ameliorate long-standing biases
in precipitation due to drizzle events, fixed resolution assumptions in sub-grid-scale physics schemes,
and nonconvergence of extreme precipitation through horizontal resolution refinement alone (Chen &
Dai, 2018, 2019; Herrington & Reed, 2020, 2017; Rhoades, Ullrich, et al., 2018; Wehner et al., 2014). Yet,
global climate models are one of the only ways in which to assess the nonlinear effects of climate change
on AR behavior, particularly the interplay between dynamical and thermodynamical responses to climate
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change and their influences on IVT (Payne et al., 2020). Variable-resolution global climate modeling tech-
niques are a means to bridge this global-to-regional scale mismatch and have been used extensively to
investigate various aspects of western U.S. hydroclimate (Gettelman et al., 2018; Goldenson et al., 2018;
Huang et al., 2016; Rhoades et al., 2016; Rhoades, Ullrich, & Zarzycki, 2018; Rhoades, Ullrich, et al., 2018;
Rhoades et al., 2020; Wu et al., 2017; Wang & Ullrich, 2018; Xu et al., 2018).

Therefore, the aim of this study is to leverage the variable-resolution capabilities in the Community Earth
System Model (VR-CESM) to assess three main questions regarding historical versus end-century AR related
impacts in coastal states of the western United States, including the following:

(1) Is VR-CESM a viable modeling option to explore landfalling AR characteristics over a near-term historical
period (1985–2015)?

(2) How much do landfalling AR characteristics (e.g., Ralph, Rutz, et al., 2019, AR categories) change
between the historical period and end-century period (2070–2100)?

(3) How do changes in landfalling AR characteristics between these two periods influence the nature of
precipitation (e.g., seasonality, intensity, storm totals, and return periods)?

2. Methods
2.1. Simulation of ARs

The 30-year historical (1985–2015) and end-century (2070–2100) simulations of western U.S. landfalling
ARs are performed using the CESM Version 2.0 with Atmospheric Model Intercomparison Project (AMIP)
protocols (Collins et al., 2006; Danabasoglu et al., 2020; Gent et al., 2011; Hurrell et al., 2013). AMIP simu-
lations dynamically couple the atmospheric model (Community Atmosphere Model Version 5.4, CAM5.4)
with the land surface model (Community Land Model Version 5.0, CLM5.0) and constrain the simulation
with monthly prescribed ocean conditions (Gates et al., 1999). CAM5.4 with the spectral element dynami-
cal core is employed to enable the utilization of unstructured grids (Guba et al., 2014; Lauritzen et al., 2018;
Ullrich, 2014; Zarzycki et al., 2014). Figure S1 in the supporting information shows the variable-resolution
28-km refinement domain and western U.S. topographic representation. Although 28-km refinement is cut-
ting edge from a global climate modeling perspective, we do note that certain features of coastal western
U.S. topography are still under resolved (e.g., Cascades). In the end-century simulation, Representative Con-
centration Pathway (RCP) 8.5, or the high-emissions scenario, is employed and run analogous to Rhoades,
Ullrich, and Zarzycki (2018). Details of the model setup and historical validation of the western U.S. hydro-
climatology of these simulations is described by Rhoades et al. (2020). We briefly note that daily climate
average VR-CESM water year precipitation totals in the mountainous western United States were compara-
ble to two widely used, station-based reanalyses (5% difference). However, snow water equivalent and 2-m
surface temperature were significantly low and high biased, respectively, which is why we do not assess AR
versus non-AR precipitation phase changes in this study.

2.2. Landfalling AR Detection and Categorization

TempestExtremes (TE) (i.e., the SpineARs and StitchBlobs algorithms) is employed to detect AR events
(Ullrich & Zarzycki, 2017; Zarzycki & Ullrich, 2017). When used out-of-the-box TE is close to the median of
all 20 Atmospheric River Tracking Method Intercomparison Project (ARTMIP) algorithms in terms of global
AR area and poleward moisture flux and storm duration along the western United States (Rutz et al., 2019).
TE is considered more of a “relative threshold” based AR detector, meaning that it is minimally sensitive to
changes in background IVT, which may have important implications for assessing future ARs. These two
points are important as AR count and characteristics at landfall, such as in Bodega Bay of California (Ralph,
Wilson, et al., 2019), and AR-associated precipitation, particularly in the California Sierra Nevada (Huning
et al., 2017, 2019), has been shown to be influenced by the choice of AR detection algorithm. The landfalling
AR characteristics are summarized using a novel extension to TE with more explicitly defined AR detection
parameter choices discussed in Rhoades et al. (2020).

The Ralph, Rutz, et al. (2019) AR category scale is informed by years of globally coordinated AR algorithm
development, ARTMIP (Rutz et al., 2019; Shields et al., 2018), and a recent assessment of western U.S. his-
torical return periods for different IVT thresholds (Dettinger et al., 2018). Formally, this AR scale relates
the maximum IVT reached by a given AR event (i.e., correlates with maximum precipitation rates) with
the duration of its landfall (i.e., correlates with storm total precipitation). Importantly, in this study, if ARs
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exceed categories in the top row of the Ralph, Rutz, et al. (2019) AR chart (i.e., >1,500 kg/m/s), they are,
depending on their AR duration, included in either Category 4 or 5; this occurs particularly frequently at
end century and is consistent with findings in Gershunov et al. (2019). Also, if an AR duration or maximum
IVT falls on a split between two Ralph, Rutz, et al. (2019) AR categories the AR event is included in the
lower of the two AR categories. Henceforth, Ralph, Rutz, et al. (2019) AR categories will simply be called
AR categories (or Cat).

Unique to this study, further extensions were made to leverage TE outputs to produce an AR Cat unique for
each landfalling AR event at all grid cells over which the AR occurred with maximum IVT and AR duration
determined independently at each grid cell. More specifically, TE provides both binary AR masks (i.e., 0 or 1)
and spatiotemporally stitched AR masks with unique AR identifiers (i.e., 1, 2, 3, 4, 5, … , 4,000). To calculate
AR landfall duration, we first identify the time at which the unique AR identifier is present in the region of
interest (e.g., coastal states of the western United States) and then accumulate all binary AR masks at each
grid cell (i.e., number of time slices, in this case 6-hourly) until the time at which the unique AR identifier
does not exist over the region of interest. Similarly, using the duration of the unique AR landfall identifiers
over a given region, we identify the maximum IVT reached at each grid cell. Independent estimates of both
AR landfall duration and maximum IVT reached are then used to compute the AR Cat reached at each
grid cell.

AR-associated precipitation is computed by first calculating each individual landfalling AR's average pre-
cipitation rate over its total landfall duration. All precipitation that occurs over the three coastal states is
associated with a given AR from the start of landfall through termination and computed as a precipitation
total. We then bin the individual AR precipitation totals into the maximum AR category reached at any
one grid cell over the lifetime of the AR. Last, we sum the total amount of precipitation across both 30-year
historical and end-century periods and distinguish those totals from non-AR-induced precipitation.

Figure S2 shows the AR Cats, the components used to compute each AR Cat (i.e., maximum IVT and landfall
duration), and storm total precipitation for three of the most impactful ARs simulated by VR-CESM. One key
assumption made in this manuscript is that although we independently assess maximum IVT and landfall
duration for each AR over all coastal western U.S. state grid cells, we sometimes distill each AR down to
the grid cell of maximum IVT and/or AR Cat reached. Similarly, AR precipitation totals are assigned to the
maximum AR Cat reached by the AR over its landfall lifetime, even though a spectrum of AR Cats can be
reached in a single AR. We assume this to be a good approximation given that each AR spans a large area,
the location of maximum storm total precipitation and AR Cat reached do not always colocate, and, from
an impacts perspective, an AR would likely be associated with its maximum AR Cat reached over its entire
area that it made landfall. However, this assumption may influence the overall counts of lower category ARs
between the historical and end-century periods.

2.3. Extreme Value Analysis of AR and Non-AR Precipitation

Since AR and non-AR precipitation may respond to climate change in different ways (e.g., Gershunov
et al., 2019), it is instructive to estimate projected changes in extreme precipitation intensities due to AR
and non-AR events. To do this, we perform univariate extreme value analysis (EVA) to estimate changes in
return values of AR and non-AR related extreme precipitation for 2-, 5-, 10-, and 25-year return periods. The
EVA employs fitting the generalized extreme value (GEV) distribution to data in the form of block maxima
(here, 6-hourly annual maximum precipitation (AMP)). We compute AMP from each water year (1 October
to 30 September) over the 30-year historical and end-century periods, respectively. We also perform non-
parametric Mann-Kendall trend test (Mann, 1945) to detect locations with significant trend in AMP data.
Since we found significant trends (p = 0.05) in less than 5% of locations, we used the stationary model of the
GEV distribution. Further details of the GEV analysis are given in Coles et al. (2001).

3. Results
3.1. Historical Validation of VR-CESM

To evaluate if VR-CESM is a viable modeling option to study western U.S. landfalling ARs, we first evalu-
ate it against a state-of-the-art reanalysis data set over a similar 30-year historical period (1985–2015). The
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reanalysis data set used is the fifth generation of the European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis (ERA5; Copernicus Climate Change Service Climate Data Store (CDS),
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2017), which has a comparable spatial resolution to VR-CESM (∼30 km). To generate ERA5, a suite of obser-
vations (e.g., aircraft, in situ, and satellite) are assimilated into the Integrated Forecasting System (IFS) to
generate spatiotemporally complete estimates of meteorological variables across 137 vertical levels at hourly
temporal resolution. Details on postprocessing of the ERA5 data set to evaluate AR characteristics are out-
lined in more detail in Rhoades et al. (2020). We briefly note that hourly ERA5 data was averaged to 6-hourly
and surface pressure, zonal and meridional winds, and specific humidity across 17 vertical levels were used
to compute IVT.

Due to ERA5 being relatively new, few western U.S. AR studies have utilized it to date. Several of the more
prominent AR studies have used NASA's Modern-Era Retrospective Analysis for Research and Applications
Version 1 or 2 (MERRA or MERRA-2) and/or the National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) reanalyses (Dettinger et al., 2018; Gelaro et al., 2017;
Gershunov et al., 2019; Kalnay et al., 1996; Payne & Magnusdottir, 2014; Ralph, Rutz, et al. 2019; Shields
et al., 2018). With that said, studies using the ERA5 predecessor, ERA-Interim, have shown that the reanal-
ysis data set underestimates other extreme meteorological phenomena such as tropical cyclones (Hodges
et al., 2017; Murakami, 2014) and, more broadly, daily 90th percentile precipitation (Sun et al., 2018). From
an AR perspective, precipitation differences across reanalyses are particularly evident over the North Pacific
AR track (e.g., Figure 13 in Sun et al., 2018) and have been shown for coastal western U.S. IVT too (e.g.,
Figure 3 in Dettinger et al., 2018). Notably, Ralph, Wilson, et al. (2019) has also shown that the AR detection
method used, rather than reanalysis data set, has a larger influence on AR counts when evaluated at Bodega
Bay in California.

Annual AR summary statistics are shown in Table 1 for both ERA5 and VR-CESM. Similar to Rhoades
et al. (2020), we find that VR-CESM produces a comparable number of ARs, longitude of origin, and AR
lifetime over the Northeast Pacific with ERA5. However, the number of ARs that make landfall over the
coastal western United States is larger by 11 per year. This is further impacted by the fact that the maximum
IVT reached and duration for landfalling ARs are also larger. After converting to the AR category scale, an
average AR category of 2.45 is found for VR-CESM compared with 2.04 in ERA5 (Figure S3). Temporally,
an increased number of AR events are seen across most winter months in VR-CESM; however, a much
larger number of AR events occur in late winter to early spring compared with ERA5 (Figure S4) and is
consistent across subregions (Figure S5). Spatially, ERA5 and VR-CESM are largely in agreement on the
number of grid cells over which Cats 2 and 3 AR events occur (Figure S8). However, ERA5 shows a much
more constrained estimate of the highest AR category occurrences across the coastal western U.S. states
compared with VR-CESM, particularly Cat 5 events. More specifically, ERA5 suggests that AR Cat 5 events
predominantly occur in the Oregon and Washington coasts. While the spatial extents of Cat 5 AR events are
similar in VR-CESM in Oregon and Washington, more events occurred further south in coastal California
too (e.g., San Francisco Bay Area).

The increased number of ARs, particularly Cats 4–5, largely drive the mismatch in AR versus non-AR precip-
itation during winter between ERA5 and VR-CESM (Figure S6). Mismatch in total precipitation is highest
during midwinter and fairly consistent across subregions, although with the largest difference shown in Jan-
uary in Northern California (Figure S7). ERA5 suggests that ARs account for 17% of the 30-year precipitation
totals, whereas VR-CESM suggests 28%. Differences are smallest for non-AR precipitation totals (17% dif-
ference, ∼3,200 mm) and highest for AR precipitation totals (57% difference, ∼2,300 mm). More specifically,
VR-CESM differences with ERA5 in total precipitation contributed by Cats 1–2 ARs are in most agreement
(−2%, ∼40 mm) while Cats 3 (+73%, ∼670 mm) and 4–5 ARs (+260%, ∼1,700 mm) differ considerably. Fur-
ther, although the 75th percentile AR events produce comparable average storm total precipitation in ERA5
and VR-CESM (∼10 mm), the largest AR in ERA5 (∼60 mm) produces less than half the average storm total
precipitation simulated in VR-CESM (∼140 mm).

In summary, VR-CESM simulates nearly five-times the number of ARs that meet the AR Cat 5 criteria than
ERA5 and nearly 2 times the number of AR Cat 4 (Table S1). This leads to a mismatch in AR-contributed
total precipitation (∼57%), particularly from Cats 4–5 ARs. However, we caveat these findings by compar-
ing with the MERRA-2-based results in Ralph, Rutz, et al. (2019). Although not directly comparable to this
study, due to evaluation at a single-point location in Northern California (Bodega Bay) and slightly different
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Figure 1. Historical (left) and end-century (right) simulated AR events (black dots) that made landfall in the coastal
states of the western United States (gray mask region) overlain on the Ralph, Rutz, et al. (2019) AR category scale. Each
point is representative of the AR duration at the geographic location where the maximum IVT occurs for each
landfalling AR. A linear equation (bottom left), regression fit (black line), and AR count totals within each AR
subcategory (upper left corner of each box) are shown.

AR metrics, ERA5 has a larger number of Cat 4 ARs compared to MERRA-2 (22 events in MERRA-2, or 2.4%
of events) and less Cat 5 ARs (10 events in MERRA-2, or 1.1% of events) potentially indicating an under rep-
resentation of Cat 5 ARs in ERA5. We also note that in Rhoades et al. (2020) the same historical VR-CESM
simulation used in this study was within 5% of the daily climate average accumulated precipitation esti-
mated by two widely used, station-based reanalyses (although evaluated within the mountainous western
United States).

3.2. Shifts in End-Century AR Characteristics

At end century the total number of ARs over the North Pacific per year decreases by 23; however, the num-
ber of western U.S. landfalling ARs increases by 11 (Table 1). Using the Kolmogorov-Smirnov two-sample
statistical significance test, we find that the increase in landfalling ARs at end century is statistically signif-
icant (p = 0.047), assuming a significance level of p = 0.05. This is irregardless of the westward longitudinal
shift (∼1.7◦) in average AR origin by end century over the North Pacific (Table 1). A southward shift in
landfall location of ARs along the west coast (∼0.85◦) is also found, although notably the 95% confidence
intervals overlap for historical and end-century simulations and this result could be model dependent.
Further, end-century ARs that travel through the North Pacific and eventually make landfall are larger,
occupying more than double the number of grid cells over their entire lifetime, having more than a half-day
longer duration after landfall, and with landfall maximum IVT values that regularly exceed 1,000 kg/m/s,
or ∼190 kg/m/s higher average than historical. These findings, particularly a decrease in the number of ARs
but increase in AR width and length, are consistent with a global assessment of changes in AR character
under a high-emissions scenario across 21 global climate models (Espinoza et al., 2018).

As shown in Figure 1, the combination of the aforementioned factors leads to both an increase in the num-
ber of AR events that make landfall in the coastal western U.S. states by end century, as well as a large
relative shift in the number of AR events that are “mostly or primarily beneficial” to “mostly or primarily
hazardous” to water resources. More specifically, the total number of AR Cats 1 and 2 events historically
(550 AR events) occupy the majority of all AR events that make landfall (73%). However, by end century
there are relatively fewer Cats 1 and 2 ARs (506 AR events, or 53% of the total), and the distribution of AR
events is shifted toward Cat 3 (196 AR events, or 20%) and, importantly, Cat 4 or 5 ARs that are “mostly or
primarily hazardous” to water management (260 AR events, or 27%). In particular, the number of Cats 4
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Figure 2. Historical (left), end century (center), and difference in (right) AR- versus non-AR-induced monthly precipitation totals, across the respective 30-year
periods, for the coastal states of the western United States (gray mask region) binned by the maximum Ralph, Rutz, et al. (2019) AR category reached over the
AR landfall lifetime. The percentage of total 30-year precipitation contributed by ARs are shown above each bar.

and 5 ARs increase by more than 2 times and 3.5 times, respectively, compared with the historical simula-
tions (Table S1). The increases in the number of Cats 4 and 5 ARs is consistent with the multimodel results
of Gershunov et al. (2019) who also indicate stronger and more longer-lasting ARs with warming. Also, a
significant number of AR events exceeded the AR category scale: 73 events had a max IVT >1,500 kg/m/s
and duration >6 hr, with 2 AR events exceeding 2,000 kg/m/s and 11 AR events exceeding 72 hr in dura-
tion. Recall that in Corringham et al. (2019), Cats 4 and 5 ARs that make landfall in the western United
States were associated with median flood damages that were $20 and $260 million, respectively, and in some
instances exceeded $1 billion, implying that end-century ARs could become routinely destructive.

The total number of AR landfalls between the 30-year periods increases across all months in the coastal
states of the western United States (Figure S9). In winter months (December through March), a consistent
increase in the total number of AR events occurred (26–29 AR events, or 25–36%). An asymmetric response
is seen in the shoulder months of the water year with April (+29 events) showing the largest increase in AR
landfall events (+94%) and November showing one of the smallest increases (15 events, or a 12% increase).
Similarly, a greater increase in AR counts is shown in the southernmost portions of the western United
States, Northern [NorCal] and Southern [SoCal] California, than the northernmost regions, Oregon and
Washington (Figure S10). For example, a marked percent increase of 110% and 66% (+163 and +257 AR
events) is projected for SoCal and NorCal over the future 30-year period, although AR activity was histor-
ically less active, whereas a more modest percent increase of 35% and 29% (+201 and +167 AR events) is
projected for Oregon and Washington, although AR activity was historically more active.

In addition to the increased number of AR events that occupy higher AR categories by end century, ARs
make landfall every 13 days on average rather than every 18 days historically, and a larger number of ARs
make landfall within a week of one another with 14 of these back-to-back occurrences versus 9 historically
(Table 1). This is notable as the frequency and interval between landfalling ARs is particularly impactful
to water resource management, especially if a large antecedent snowpack and/or saturated soil moisture
conditions exist (e.g., February 2017 California Oroville Dam event discussed in White et al., 2019).

3.3. End-Century Changes in the Nature of Non-AR and AR Precipitation

Thus far, we have primarily discussed the intensity, location, and timing of landfalling ARs; here we focus
on their precipitation characteristic. Figure 2 shows the contribution of AR and non-AR precipitation to
the monthly 30-year totals for all coastal states of the western United States. Historically, ARs contribute
28–46% of the precipitation totals in winter months (December–February), have a maximum in January,
and account for 28% of the annual precipitation totals; this is comparable to Dettinger et al. (2011) and
Lamjiri et al. (2018). By end century, AR contributions to total precipitation are more uniform across
winter months (41–49%) and make up a much larger portion of the entire precipitation total (41%). Impor-
tantly, end-century AR 30-year precipitation totals increase (+5,320 mm, +260%) significantly more than
non-AR (+1,120 mm, +7%). As shown in Figure S11, this finding is consistent even if assessed by individual
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Figure 3. Historical estimates and their projected changes (end century minus historical) in 6-hr precipitation for 10-
and 25-year return periods. Historical estimates (top row) use the color scale along the right edge of the figure, and
projected changes use the color scale along the bottom edge. Stippling shows locations where changes are not
significant at the 90% significance level computed from a z statistic as defined in Srivastava et al. (2019). Left panels:
Non-AR precipitation. Right panels: AR precipitation. Units are in millimeters per 6-hr.

subregions that emphasize distinct latitude bands. SoCal shows the largest percent increase in AR pre-
cipitation totals (+1,543 mm, +270%) and Washington shows the largest absolute increase in precipitation
totals (+4,949 mm, +160%). NorCal and SoCal also indicate more of a sharpening in seasonality of 30-year
precipitation totals than is found in Oregon and Washington, largely due to increases in AR-contributed
precipitation in November–March.

Although AR contributions to the 30-year precipitation totals increase from 28% to 41% by end century across
the coastal western U.S. states, the increases are not evenly distributed across AR categories. Historical AR
category contributions to AR precipitation totals are somewhat evenly distributed across Cats 1–2 (32%), 3
(25%), and 4–5 (43%). In contrast, end-century contributions across AR category shift toward more Cats 4–5
(67%) than Cats 1–3 (33%), which results in more of the coastal states of the western United States being
exposed to “mostly or primarily hazardous” AR events (Figure S8).

Interestingly, even though there are several unprecedented AR events (i.e., exceeding the AR category scale)
by end century the nature of precipitation produced by these events does not change substantially. Specif-
ically, historical Cat 5 events produce an average precipitation total of 43 mm, which is comparable to
end-century events (40 mm). Even the most extreme of the AR Cat 5 (or unprecedented) events in the 30-year
historical and end-century period are comparable. For example, maximum average precipitation intensity
and largest total precipitation for any historical AR Cat 5 event (32 AR events) is 25 mm/day and 140 mm,
respectively, whereas at end-century AR Cat 5 events (137 AR events) are 27 mm/day and 140 mm. This was
noted by Dettinger (2011) and may be related to a weakening of the global north-south temperature gradient
by end century, which in turn weakens surface winds and reduces the precipitation efficiency of landfalling
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ARs as they interact with coastal mountains. Alternatively, this result could be model dependent, with ear-
lier comparisons with ERA5 showing that VR-CESM historical simulations overproduce the number of and
total precipitation contributed by Cat 5 AR events.

With that said, the number of AR Cat 5 events in close temporal proximity to one another increases by end
century (successive ARs are sometimes referred to as “AR families”; Fish et al., 2019). This is more readily
apparent when assessing the largest 1 month, rather than single event, precipitation total across AR Cat 5
events. Historically, the largest 1-month precipitation total (140 mm) coincides with the largest AR Cat 5
event (January 2000), yet at end century the largest 1-month precipitation total does not coincide with the
largest AR event (140 mm), but rather with the number of closely coupled AR Cat 5 events. For example,
in January 2078 four AR Cat 5 events produce a precipitation total of 270 mm, nearly double the maximum
historical monthly precipitation total derived from Cat 5 AR events. Therefore, although no single AR Cat
5 event at end century generates historically unprecedented precipitation totals, the monthly precipitation
total from back-to-back events is unprecedented.

Finally, analyses of projected changes in the mean annual maximum (MAM) precipitation (Figure S12)
suggest that both AR and non-AR related MAM precipitation significantly increases over most parts of
Washington, Oregon, and California. The largest increases are seen in AR precipitation (10–20 mm), partic-
ularly over NorCal. Although we did not perform a targeted analysis of seasonal maximum precipitation,
our findings may be model dependent and differ from Pierce et al. (2013) who show a general drying of mid-
century spring and autumn precipitation in California across an ensemble of dynamically and statistically
downscaled global climate model simulations, particularly in NorCal. Figures 3 and S13 show projected
changes in 6-hr, 2- to 25-year precipitation due to AR and non-AR events. The figures show that non-AR
precipitation for 2- to 10-year return periods is expected to significantly increase (at least 20%) over most of
California, except Los Angeles and San Diego regions, and Washington and Oregon for 2- to 5-year return
periods. Interestingly, projected changes in non-AR precipitation are smaller (and even negative) for higher
return periods (≥10 year) over most parts of Washington, Oregon, and SoCal. In contrast, particularly over
NorCal, increases in non-AR precipitation occur with increasing return periods. AR precipitation for all
return periods examined is expected to significantly increase (20–300%) over most of Washington, Oregon
and California, save for northern Oregon and SoCal.

The increase in AR precipitation estimates is greater than non-AR precipitation estimates for all return
periods, consistent with the multimodel analysis of Gershunov et al. (2019). However, we find that non-AR
precipitation estimates also increase in the future, which is inconsistent with Gershunov et al. (2019) who
found a decline in non-AR precipitation and thus may be model dependent. We note that AR and non-AR 2-
to 25-year precipitation estimates in VR-CESM were compared with ERA5 and, in general, AR precipitation
is overestimated (Figure S14). This overestimation is clearly seen when comparing the MAM from VR-CESM
with ERA5 (Figure S15) but is consistent with earlier findings (e.g., Cats 4–5 AR-contributed precipitation
is much higher in VR-CESM; Figure S6).

4. Discussion and Conclusions
ARs are both a boon and bane to water resource managers through their roles as both drought busters and
extreme runoff generators. Over the coming century, climate change is expected to augment the role ARs
play in the water year, particularly in the coastal states of the western United States. To better character-
ize and quantify how the nature and character of ARs may change in this region, we ran the VR-CESM
focused over the North Pacific through the western United States at 0.25◦ resolution for a 30-year historical
(1985–2015) and end-century (2070–2100) period. The following conclusions were found:

(1) We show that our 30-year historical VR-CESM simulation agrees with the ERA5 reanalysis on the total
number of ARs, longitude of origin, and lifetime over the northeast Pacific yet differ across several land-
falling AR characteristics (e.g., +11 landfalling ARs per year and +0.5 average Ralph, Rutz, et al., 2019,
AR category). Further, extreme precipitation is higher in VR-CESM than ERA5, specifically Cats 4–5 AR
average storm total precipitation and AR-contributed precipitation across the water year.

(2) By end century, under a high-emissions scenario (RCP8.5), the coastal states of the western United States
experience an increased number of landfalling ARs across all months, although with notable asymmetric
shifts in shoulder months (i.e., larger increases in April than October), which may be model specific
(Pierce et al., 2013). In addition, a significant shift in AR categories from “mostly or primarily beneficial”
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to “mostly or primarily hazardous” occurs with a number of unprecedented ARs. Notably, unlike the
historical period, every month of the water year experiences a Cat 5 AR event.

(3) A net increase of +22% (+6,440 mm) in the 30-year precipitation totals across the coastal western U.S.
states is projected by end century. Non-AR precipitation totals are slightly, yet significantly, increased
(+7%, +1,120 mm, or +37 mm/year) and AR precipitation totals are markedly and significantly increased
(+260%, +5320 mm, or +180 mm/year). This is corroborated through a return period analysis of annual
maximum precipitation whereby AR precipitation estimates for 2 to 25 years and non-AR precipitation
estimates for ≤10 years are expected to significantly increase over most coastal states of the western
United States. Although we did not find any single end-century Cat 5 AR event precipitation total to
be historically unprecedented, the increased number of Cats 4 and 5 landfalling ARs and, in particular,
back-to-back Cat 5 AR events is and results in a maximum monthly precipitation total nearly double that
found in the historical period.

If we normalize the changes in precipitation totals by the coastal western U.S. mean surface temperature
change in the simulations, our VR-CESM simulations project a precipitation total increase of 4.6%/K. This
is physically consistent with the Clausius-Clapeyron (CC) relationship, which relates the saturation vapor
pressure of the atmosphere with temperature (Trenberth et al., 2003) and sets a physical limit of ∼7.5%/K
on precipitation changes, unless updrafts strengthen (O'Gorman & Schneider, 2009; Pendergrass & Gerber,
2016). We also show that AR precipitation totals increase at a much larger rate (+53%/K) than non-AR pre-
cipitation totals (+1.4%/K), which agrees with findings made in Gershunov et al. (2019). A notable caveat
is that ERA5 indicated much lower storm total precipitation in Cats 4 and 5 AR events and, more generally,
less AR-contributed precipitation across the water year than VR-CESM. The relatively constrained non-AR
precipitation changes with warming is a more conservative estimate than has been shown in studies like
Allen and Ingram (2002) and Allan et al. (2020) (i.e., ∼2–3%/K) but is consistent with energy-budget-related
constraints on the hydrological cycle and differences could simply be due to regionality (i.e., western United
States vs. global response) and/or specific CESM related sensitivities (e.g., cloud feedbacks). The larger
degree of AR precipitation change occurs despite decreases in the total number of ARs and in their precipi-
tation efficiency. Rather, the shift toward more Cat 3+ storms overwhelms these decreases; a higher number
of strong ARs results in more AR precipitation. This increase in strong ARs could be a result of tropical
widening (Staten et al., 2018), making it easier for midlatitude cyclones to entrain tropical moisture.

The uneven increases in mean versus extreme precipitation found in this study, particularly due to dif-
ferences in how AR and non-AR events change under climate change, agree with the broader literature
(Gershunov et al., 2019; Payne & Magnusdottir, 2015; Pendergrass et al., 2017, 2019; Shields & Kiehl, 2016b,
2016a; Swain et al., 2016a). Comparable to Swain et al. (2018), we find a sharpening in end-century precipi-
tation totals, particularly in Northern California, which has been shown to be related to a more accentuated
shift in the North American dipole (Wang et al., 2015, 2017). We show, with more granularity, that this
increase is largely due to an increase in the number of Ralph, Rutz, et al. (2019) AR Cat 5 events combined
with a decrease in the interval between landfalling AR events. The end-century sharpening and intensifica-
tion of precipitation totals, combined with substantial reductions in mountain snowpack and more depleted
groundwater reserves, will place added pressure on water managers to augment assumptions of stationarity
(Allan et al., 2020; Milly et al., 2008; Rhoades, Jones, & Ullrich, 2018; Rhoades, Ullrich, & Zarzycki, 2018).

The ramifications of our findings should come with the caveat that we use a single global climate model run
for a 30-year period under a single emissions scenario. Further, there is a notable difference in IVT compared
with ERA5, which, in turn, influenced landfalling AR counts, characteristics, and associated precipitation
(although we note ERA5 may under represent extremes compared with other reanalysis data sets). Addi-
tionally, although the resolution of our VR-CESM simulations is representative of the forefront of global
climate model simulations (Haarsma et al., 2016), the topographic resolution still may not be sufficient to
completely resolve orographic forcing on and/or precipitation phase partitioning of ARs for certain moun-
tains of the coastal western United States (e.g., Cascades). Further, as mentioned in the introduction, global
climate models have had long-standing precipitation biases, particularly nonconvergence of extreme precip-
itation at more refined horizontal resolutions, which may account for some of the precipitation mismatch
between VR-CESM and ERA5. Last, as shown by recent studies by Rutz et al. (2019) and O'Brien et al.
(2020), AR algorithm parametric and structural uncertainty is important, particularly in the context of cli-
mate change. Future work will aim to address some of these limitations and isolate other impacts associated
with changes in landfalling ARs.
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Data Availability Statement

ERA5 is publicly available at the Copernicus Climate Change Service (C3S) Climate Data Store (CDS;
https://cds.climate.copernicus.eu/#!/search?text=ERA5). The VR-CESM simulations generated for this
study are accessible via a NERSC Science Gateway (https://portal.nersc.gov/archive/home/a/arhoades/
Shared/www/Hyperion/).
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