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Atmospheric rivers impacting western North America in a
world with climate intervention
Christine A. Shields 1✉, Jadwiga H. Richter1, Angeline Pendergrass1,2 and Simone Tilmes1

Atmospheric rivers (ARs) impacting western North America are analyzed under climate intervention applying stratospheric aerosol
injections (SAI) using simulations produced by the Whole Atmosphere Community Climate Model. Sulfur dioxide injections are
strategically placed to maintain present-day global, interhemispheric, and equator-to-pole surface temperatures between 2020 and
2100 using a high forcing climate scenario. Three science questions are addressed: (1) How will western North American ARs
change by the end of the century with SAI applied, (2) How is this different from 2020 conditions, and (3) How will the results differ
with no future climate intervention. Under SAI, ARs are projected to increase by the end of the 21st century for southern California
and decrease in the Pacific Northwest and coastal British Columbia, following changes to the low-level wind. Compared to 2020
conditions, the increase in ARs is not significant. The character of AR precipitation changes under geoengineering results in fewer
extreme rainfall events and more moderate ones.
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INTRODUCTION
Atmospheric rivers (ARs) play a crucial role in Earth’s hydrological
cycle by transporting moisture via long, narrow, synoptic-scale
weather features often associated with extratropical cyclones1.
Coastlines along the westernmost portions continents, and in
particular, western North America, are disproportionately
impacted by ARs compared to interior continental areas because
much of the moisture, either remotely or locally sourced, begins
to dry as the storm system moves inland2–4. For western North
America, AR moisture is primarily forced upward through
orographic lift as the AR collides with the mountain ranges, such
Sierra Nevada and Cascades, thus providing the physical
mechanism to produce significant precipitation5–7. Regions such
as California receive over half of their annual precipitation
through ARs8,9, with precipitation ranging from beneficial,
drought-relieving rain to destructive events that initiate extreme
flooding10–13. As the climate continues to warm, ARs are expected
to grow in size and contain a higher moisture content, potentially
worsening floods and increasing extreme events2,14–17. Under-
standing how ARs change in the future is critical for managing
water resources in local communities.
Solar geoengineering, in particular stratospheric aerosol injection

(SAI), has been debated as a possible intervention method to
reduce some of the worst effects of global warming. In recent years,
it has become clear that reaching important climate targets will be
increasingly difficult due to the continued use of fossil fuels and
subsequent increase in greenhouse gas emissions. Scientific debate
on the wisdom of climate intervention strategies has populated the
scientific literature for over a decade18–21. SAI has been proposed to
have the potential to mitigate the effects of climate change until
greenhouse gas concentrations can be sufficiently reduced.
However, large uncertainties still exist in our understanding of the
impacts of these methods. Do the risks and dangers of engineering
a solution to combat serious climate change impacts outweigh the
benefits of such an exercise? To answer this question, first, we must
fully understand the consequences of different climate intervention
strategies. The recent National Academies of Sciences, Engineering

and Medicine (NASEM) report on solar geoengineering research
and governance22 concluded that studies done to date do not
provide a sufficient basis for supporting informed decisions and
recommends research to better characterize and reduce uncertain-
ties concerning benefits and risk of solar geoengineering deploy-
ment. One set of tools at our disposal are Earth System Models
(ESMs) as evidenced by the GeoMIP (Geoengineering Model
Intercomparison Project) effort, where different modeling centers
around the world applied the same climate engineering scenarios
to their ESMs in order to assess climate projections23. Due to the
participation of varying ESM-complexity, some GeoMIP experiments
have been simplified and utilized solar constant reduction or a
prescribed aerosol distribution24,25. In addition, even the more
complex experiments performed stratospheric injections at the
equator which have led to overcooling of the tropics and
undercooling of the poles26. Kravitz et al.27 presented the first
simulation of solar geoengineering using multiple locations of
sulfur dioxide (SO2) injections (15°S, 15°N, 30°S, 30°N), with the
amount of SO2 varying from year to year to meet three
simultaneous temperature objectives. This approach significantly
reduced the overcooling/undercooling patterns noted in previous
studies as global mean temperature, the pole-to-pole temperature
gradient, and the interhemispheric temperature gradients
were kept near 2020 levels. Here we utilize simulations from the
Geoengineering Large Ensemble (GLENS)28, which used the
approach by Kravitz et al.27 of time-varying SO2 point injections
at the four different latitudes, 5 km above the tropopause in the
stratosphere in a 20-member ensemble of century long simulations.
By utilizing large ensembles, we can robustly simulate the climate
and better represent internal variability29,30 (Deser et al., 2014, Kay
et al., 2105). The global mean temperature, inter-hemispheric
temperature gradient, and the equator-to-pole temperature gra-
dient in GLENS simulations with SO2 injections remain very close to
2020 levels (Supplementary Fig. S1).
The GLENS project28 has produced many studies highlighting

both the benefits and unintended consequences of injecting
sulfate aerosol as a means to mitigate climate change28,31–38.
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Jiang et al.34 explained how SAI could potentially impact the high
latitude seasonal cycle, and Fasullo et al.33 warned of a warmer
polar ocean forced by an accelerated Atlantic Meridional Over-
turning Circulation (AMOC). Here, we apply GLENS to investigate
SAI impacts on the Pineapple Express variety of ARs important for
western North American hydroclimate. Simpson et al.36 discussed
the hydroclimate response to geoengineering in GLENS for
specific regions worldwide and showed that wintertime westerlies
in the Pacific shift equatorward with wetting in the southwest U.S.
Although some of these broad aspects of the hydrological cycle
have been studied under geoengineered conditions with both
GeoMIP and GLENS efforts, to our knowledge, very little has been
focused on western North America and atmospheric rivers, which
could potentially explain the hydroclimate response in Simpson
et al.36. For western North America, ARs often combine
extratropical cyclone dynamics with long and narrow plumes of
moisture transported along the cold frontal boundary to produce
precipitation primarily during the cool and wet season along the
coast5–7,39. Given that U.S. West Coast communities, such as
California, depend on the water resources delivered by ARs,
examining how geoengineering could impact these water
resources is critical for planning and future adaptation18.
Here, we diagnose how stratospheric sulfate injection impacts

the dynamics forcing atmospheric rivers and their associated
precipitation, specifically for western North America. We present
analysis of simulations with and without SAI analysis averaged
over a 20-year period at the end of the century, after steadily
increasing SO2 injections from 2020 through 2100, and compare
to the RCP8.5 scenario, both at the end of the century, to highlight
the impact of SAI, and near-term, to highlight how different the
climate will be compared to today. Comparing both of these
perspectives to the RCP8.5 scenario will also illustrate how
geoengineering utilizing SO2 injection compares to no climate
mitigation whatsoever. Table 1 names each analysis period and
provides the reference dates, i.e., geoengineering versus RCP8.5 at
the end of the century GLENS (EC) vs RCP85 (EC), geoengineering
versus RCP8.5 in the near term, i.e., the “control”, GLENS (EC) vs
BASE, and RCP8.5 scenario versus the near-term control, RCP8.5
(EC) vs BASE.

RESULTS AND DISCUSSION
Background climate
Surface annual temperature and precipitation are shown in
Fig. 1 to illustrate the background climate state differences
between each analysis period. Simulations with SAI successfully
reduce the global annual surface temperature compared to
RCP8.5 (Fig. 1a, c), with little difference compared to the near
term (Fig. 1c), in particular, over continental locations. Precipita-
tion is more complicated. In general, annually averaged values
tend to be wetter in RCP8.5 world compared to a geoengineered
world (Fig. 1d–f) which is consistent with the basic constant RH
warming response, in which moisture availability in the atmo-
sphere increases by about 6–7% per degree of warming. By
combining atmospheric moisture with wind patterns, we also
show integrated water vapor (IVT) pathways typical for atmo-
spheric rivers (Fig. 1g–i). IVT is calculated by vertically

integrating specific humidity and zonal and meridional winds
throughout the atmosphere40. These annual mean IVT pathways
are quite different across the analysis scenarios and provide
context for a more detailed AR analysis that follows. In the next
sections, we will show the complex nature of the precipitation
response (and change for ARs) and the importance of consider-
ing season, location, and the underlying mechanism delivering
that precipitation.

Dynamical forcing. Atmospheric rivers are often considered a
subset of the extratropical cyclone whose motions are determined
by the steering flow and subsequent jetstreams, both eddy-driven
and subtropical. Consistent across generations of climate models,
it is well understood that the storm track is generally projected to
move poleward as the climate warms41–43, although regional
variability exists44,45. Changes in atmospheric river tracks, and
therefore the location of landfall, will follow suit, and simply follow
the dynamical forcing which has been shown for both future and
paleoclimates46–48. For a geoengineered world, where SAI lowers
the surface temperatures, the expectation would be that AR
landfalls, and therefore modifications to winter precipitation
patterns, will again respond to the dynamics, which it does. The
jetstream is a vector quantity, with both meridional and zonal
components. In the mid-latitudes, the main location for AR
activity40, the zonal wind component is dominant and can be used
as a proxy for the steering flow. Comparing the end of the century
SAI response to the RCP8.5 scenario (Fig. 2a, b) the cool-season
zonal wind (U) decreases in strength for most of the troposphere
in the 40°–60°N and increases in strength for latitudes < ~40°N,
with statistical significance computed at the 95th percentile. This
is consistent with Simpson et al.36 (Fig. 5b) that showed an
equatorward shift in the 850 hPa zonal winds when geoengineer-
ing was applied. Focusing on the lower atmospheric levels, where
the vast majority of the moisture is transported, and decomposing
changes in strength by month (Fig. 3d, e), a more nuanced pattern
emerges by season, typical of the seasonality of winds driven by
the solar heating and thermal wind49. Taking the same diagnostic
approach to illustrate AR frequency changes by season and
latitude (Fig. 3a, b), the rate of AR change patterns (scaled to
percent change relative to the reference period) reflect the 700
hPa level zonal wind changes for the respective analysis periods.
Significance in AR frequency, denoted by black stars, is defined as
no overlap between ensemble members between the comparison
periods, i.e., for Fig. 3a, where all SAI, GLENS ensembles at the end
of the century are either greater (or fewer) than all RCP8.5
ensembles members at the end of the century. For reference to a
world with no geoengineering and RCP8.5 emissions, (Figs. 2c and
3c, f), the relationship between zonal wind and AR frequency is the
same, however the signal itself is generally opposite of the SAI
simulations. For these GLENS simulations, the AR changes are only
significant for the end of century comparisons (Fig. 3a, c) for the
shoulder and summer seasons with little significance for the SAI
compared to near-term (Fig. 3b). It should also be noted that the
high relative change in the summer months does not equate to a
high absolute change in frequency (Supplementary Table S2), but
a change from little or no instances to several more events. In
general, for lower mid-latitudes, geoengineering simulations tend

Table 1. Simulation analysis periods for Geoengineering (GLENS) and RCP8.5 scenarios.

Analysis scenario GLENS analysis period RCP8.5 analysis period(s)

GLENS vs RCP8.5 EC (2080–2097) EC (2080–2097)

GLENS vs BASE EC (2080–2097) BASE (2010–2030)

RCP8.5 vs BASE N/A EC (2080–2097) vs BASE (2010–2030)

BASE is considered the control in the near-term and EC refers to the end of the century.
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towards an increase in ARs with the opposite under RCP8.5, as
supported by the low-level winds in Figs. 2 and 3.

Precipitation. Precipitation attributable to ARs is an important
metric to consider when assessing climate change impacts. If ARs
shift, so will the precipitation and thereby an important water source
for many communities. Before understanding changes in precipita-
tion due to ARs, first, a look at total precipitation is needed. Figure 4
demonstrates changes to precipitation for the three analysis
scenarios we have evaluated thus far. From the geoengineered
climate perspective, total cool season precipitation north of 35–40°N
is dramatically drier in an ensemble mean (Fig. 4a) compared to an
RCP8.5 (Fig. 4c) world. To see the impact of a geoengineered world
compared to our present-day climate (i.e., BASE), Fig. 4b hints that
precipitation in the southern California region would be increased
under SAI conditions, and the Pacific Northwest would be drier.

Given that the dominant precipitation over California in the cool
season is due to ARs, this prompts the question as to whether or not
ARs can explain this signal. The ratio of AR precipitation to total
precipitation remains relatively consistent across different climate
regimes and latitude bands over western North American, where
southern California has the highest contributions from ARs (up to
42%) and the Pacific Northwest has the lowest contributions (under
10%) across all ensemble members (Supplementary Fig. S2). For
reference, additional similarly styled cool season precipitation can
be found in the supplemental for (1) the GLENS historical
simulations (Supplementary Fig. S3), (2) moisture and wind variables
key to AR formation, i.e., IVT, IWV, and low-level winds (Supplemen-
tary Fig. S4), and (3) median, maximum, and minimum precipitation
years (Supplementary Fig. S5).
By evaluating precipitation distributions across all three of our

analysis scenarios, we gain insight into the character of precipitation

Fig. 1 Background climate for analysis scenarios. Annually averaged surface air temperature (a–c), total precipitation (d–f), and integrated
vapor transport (g–i) differences for the three analysis periods (GLENS - RCP8.5, end of century (EC) a, d, g; GLENS - RCP8.5, EC and
BASE (b, e, h), respectively; RCP8.5, EC - BASE, c, f, i). Surface temperature is in °C, precipitation is in mm day−1, and integrated vapor transport
is in kgm−1s−1.
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as illustrated in Fig. 5. We give each analysis scenario a different
color-theme to highlight the differences in the respective, relative
responses. Under geoengineering (GLENS), the distribution of
precipitation shifts from high into more moderate rainfall rates
(Fig. 5a–d, blue curves) compared to the RCP8.5 end of century
climate (black/gray) curves for all latitude bands, although the
largest shifts and increases are in the lower latitudes. Significance
(star markers plotted over the respective rain rate bins) is defined as
no overlap between the ensemble spread (shaded) between
different climate scenarios. The character of the precipitation
changes by region is illustrated by breaking down the precipitation
distributions into latitude bands. There are a number of significant
changes in the end of the century GLENS as well as the RCP8.5
world (Fig. 5i–l). Under the RCP8.5 climate by the end of the century
(red in Fig. 5i–l and black/gray in Fig. 5a–d), more extreme
precipitation rates exist, compared to the geoengineered world
(blue in Fig. 5a–d and brown/tan in Fig. 5e–h). There is however a
lack of significance for the geoengineered world (GLENS) compared
to our near-term climate (BASE). Although the geoengineered world
hints at an increase in precipitation consistent with total precipita-
tion (Fig. 4b), the lack of significance and small differences in
distribution suggest that at least AR precipitation intensity in a
geoengineered world could be similar to today.
Finally, to characterize the seasonal phasing of AR precipitation,

we calculate the climatological mean water year for each ensemble
spread and compare across our analysis scenarios (Fig. 6).
Accumulated precipitation is plotted for the ensemble spread
(shading) for each month of the year. Across all scenarios and
ensemble members, the GLENS simulations accumulate the
majority of the yearly precipitation falling between October and
March, consistent with timing of most AR landfall events. For
GLENS (EC) compared to RCP8.5 (EC), (Fig. 6a–d), the range of
water year accumulations by ARs has clearly narrowed for lower
latitudes, closest to subtropical jet and strongest low-level flow,
and where highest precipitation rates occur. For GLENS (EC)
scenario compared to the near-term climate (BASE), most latitudes
exhibit a similar distribution and little change with the exception
for the lowest latitudes (Fig. 6e–h). The increase in total
accumulated precipitation suggests that even though precipitation
rate differences between these scenarios (Fig. 5e) are effectively
the same, AR-precipitation throughout the year does increase for
Southern California latitude bands.
AR precipitation is projected to shift from higher to more

moderate intensity bands in geoengineering simulations with SAI
that were carried out as part of GLENS. The impact is highest for
the southern half of California, but much smaller than without

intervention. In particular, where (1) ARs dominate as a precipita-
tion source and (2) precipitation is projected to become more
intense with much higher rainfall rates in a future warmer world
compared to the near-term climate. The benefit of SAI is most
keenly felt by the end of the century when the increase in surface
temperature is greatest, measured globally, across the hemi-
spheres, and from equator to pole. When comparing SAI at the end
of the century to a climate similar to today, the change in the
character of the AR precipitation is not significantly different from
our current world. In other words, geoengineering also appears to
accomplish keeping the majority of AR precipitation intensity at
moderate levels for much of the U.S. West Coast. However, it is
equally important to understand that although the AR precipitation
may not suffer under the application of geoengineering, this does
not account for all precipitation. Total cool season precipitation
(Fig. 4) suggests that even compared to the near-term, the spatial
pattern of precipitation changes overall such that the Pacific
Northwest and coast of British Columbia could potentially be
negatively impacted with less precipitation under SAI, unrelated to
ARs. One explanation is that extratropical cyclones change, shift,
and/or produce less precipitation compared to the near-term
climate. As ARs are a subset of extratropical cyclones, (abbreviated
to ETCs), not all ETCs are ARs. A healthy debate on the definition of
the ARs still persists in the AR research community1,39,50,51 as
evidenced by the many ARDTs that exist. ETCs generate
precipitation through lift via the warm conveyor belt that brings
warm, moist air up and over the warm frontal component52. This
locally sourced precipitation is not considered in this study given
the ARDT applied here (see Methods section below) specifically
focuses on ARs with subtropical moisture sources, i.e., “Pineapple
Express” flavor of ARs. Delving into the mechanisms behind a
change in ETC to the upper mid-latitudes of western North
America is an important topic for future research.
Another important conclusion from this study is that, under

geoengineering using SAI, changes in AR frequency vary
seasonally and regionally and are forced by the low-level wind,
consistent with previous studies under different future and
paleoclimate scenarios46,47. Where the jet location goes, the ARs
will follow. The dynamics are consistent with AR precipitation
where the most significant AR frequency responses occur under
SAI and RCP8.5 forcing at the end of the century. In these
simulations, there are more ARs in the lower middle latitudes in
the geoengineered world with the reverse true for the RCP8.5.
Winter upper mid-latitudes have the opposite signal but little
significance. For geoengineering compared to the near-term
(BASE), AR frequency changes are generally more muted,

Fig. 2 Cool season zonal wind for analysis scenarios. Cool season (October–March) mean zonal wind (U) changes for three analysis periods
averaged over 110–150°W. GLENS (EC) - RCP8.5 (EC) (a), GLENS (EC) - BASE (b), RCP8.5 (EC) - BASE (c). Stippling is computed at 95% significance
with a Student’s T test.
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consistent with AR precipitation intensity. Southern California is
the exception where water year diagnostics suggest that this
region may experience more overall AR-precipitation compared
to today. The spotty significance for AR frequency is in part, due
to the number of years sampled (20 years at the end and
beginning of the centuries) and the limited ensemble size of the
end of century RCP8.5 simulations (3 ensemble members).
However, given that (1) the low-level winds are the primary

mechanism delivering ARs to coastal regions of western North
America, (Fig. 3d–f), and (2) this robust relationship agrees with
previous studies focused on different climate regimes, our
confidence is high that the changes to the 700 hPa winds reflect
the mean AR climatology frequency changes as presented here.
In summary, geoengineering utilizing SO2 injections in the GLENS

simulations carried out with CESM1(WACCM) shifts the low-level
flow such that AR frequencies increase for southern California

Fig. 3 Low level jet changes drive AR frequency changes. Climatological changes by latitude for ensemble mean AR frequency (a–c) and 700
hPa zonal wind (d–f) averaged over 110–150°W. GLENS (EC) - RCP8.5 (EC), (a, d); GLENS (EC) - BASE (b, e); RCP8.5 (EC) - BASE (c, f). Black lines for
AR frequency plots indicate significance where there is no overlap between frequency values of different analysis periods, i.e., the spread of
individual ensemble members is distinctly different for the analysis periods being compared. Frequency units are given as % of
change relative to reference periods RCP8.5 (EC) (a), BASE (b, c). Stippling for 700 hPa zonal wind is computed at 95% significance with a
Student’s T test.
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latitudes over most months of the year and decrease for the Pacific
Northwest primarily for winter months. Precipitation attributable to
ARs becomes less intense, with fewer extreme and more moderate
precipitation rates. The most notable intensity differences occur
when assessing geoengineering simulations at the end of the
century compared to that of a RCP8.5 world. Compared to near-
term climate, SAI does not appear to strongly change AR frequency,
nor precipitation attributable to ARs for most latitudes, as these
signals are more muted. Although ARs potentially explain, in part,
the cool season precipitation signal for Southern California, it
cannot explain this signal for elsewhere, and in particular, the upper
mid latitudes including the Pacific Northwest and coastal British
Columbia. Further research to address the limitations of this study
(Methods section) and expand beyond “Pineapple Express” ARs is
necessary to capture the full understanding and implications of SAI
to atmospheric rivers.

METHODS
GLENS model and simulations
GLENS simulations were carried out with the Community Earth System
Model, version 1 with the Whole Atmosphere Community Climate Model
as its atmospheric component (CESM1(WACCM)). CESM1(WACCM) is a
sophisticated, fully coupled (atmosphere, ocean, land, sea-ice) high top
Earth System Model described fully in Mills et al.53). The atmosphere
component of CESM1(WACCM) utilizes a horizontal grid 0.9°(latitude) ×
1.25°(longitude) and 70 vertical layers extending to 140 km (∼10–6 hPa) in
height. Tropospheric physics in CESM1(WACCM) are based on the
Community Atmosphere Model, version 5 (CAM554) with improvements
to the representation of topography, atmospheric dust, microphysical
scheme, and vertical remapping, as well as the inclusion of a non-
orographic gravity wave parameterization53. CESM1 WACCM has an
internally generated quasi-biennial oscillation and a very good representa-
tion of stratospheric dynamics and transport. CESM1(WACCM) utilizes the
Modal Aerosol Model (MAM3)55, which can simulate the formation of
stratospheric sulfate aerosols after injection of SO2. as well as microphysical
growth and sedimentation53,56. CESM1(WACCM) includes fully interactive
middle atmosphere chemistry, with 95 solution species, two invariant
species, 91 photolysis reaction and 207 other reactions., CESM1(WACCM)
uses the Parallel Ocean Program (POP2) for the ocean model57 and the Los
Alamos Sea Ice Model (CICE4)58. CESM1(WACCM) version used here utilizes
the Community Land Model, version 4.5 (CLM4.5)59. CESM1(WACCM) was
evaluated in Mills et al.53 for studies of aerosol-climate interactions by

comparing the model’s response against observations following historical
volcanic eruptions. The study found that CESM1(WACCM) accurately
calculates radiative and chemical responses to stratospheric sulfate,
confirming the validity of its use for solar geoengineering studies.
GLENS employs the use of a large ensemble approach with a 20-

member ensemble of simulations with stratospheric SO2 injections, and
20-member ensemble of RCP8.5 controls for years 2010 and 2030, with 3 of
those members extended to at least 2097. SO2 injections in the
geoengineering simulations were calculated by a feedback or control
algorithm. MacMartin et al.60 specified the annually varying amount of SO2

injection at four latitudes (15°S, 15°N, 30°S, 30°N) to best meet the surface
temperature targets. Injections are spread evenly over the entire year and
recalculated by the feedback control algorithm to be able to smoothly
push climate without causing abrupt changes. The goal of GLENS is to
maintain global, interhemispheric, and equator-to-pole surface tempera-
tures at levels consistent with the year 2020 under the RCP8.5
(Representative Concentration Pathway) scenario28, (Supplementary Fig.
1). Note that no volcanic eruptions are assumed for the future under this
scenario. In Tilmes et al.28, geoengineering runs are referred to as the
“Feedback” simulations, (https://www.cesm.ucar.edu/projects/community-
projects/GLENS/) whereas here, we simply refer to them as “Geoengineer-
ing”. Twenty geoengineering ensemble members were initialized from
the year 2020 of the RCP8.5 simulations and integrated until the end
of the century at 2100 (Supplementary Table S1). The availability of 20
ensemble members of RCP8.5 for the 2010–2030 period allows for
comprehensive comparison of geoengineering to this control period. All
analyses presented here include all available ensemble members and
years. Annual surface temperature and precipitation, and cool season
precipitation climatology are computed using monthly mean model
output. The historical simulation validation is discussed in Tilmes et al.28

and Mills et al.53. Specifically, globally averaged annual surface tempera-
tures compared to HadCRUT4 and GISTEMP reconstructions (Supplemen-
tary Fig. S6) are adapted from Mills et al.53, Fig. 1.

AR identification
Currently, there are many ARDTs (Atmospheric River Detection Tools)
available to the community, each designed for a specific purpose and
science question. Consequently, common AR metrics, such as AR counts
and intensities, have a large uncertainty associated with them, as shown by
the Atmospheric River Tracking Method Intercomparison Project14,39,61,62.
The method applied here is the Shields/Kiehl method15,46,47 and was
originally designed to isolate stronger moisture streams relative to their
background environment, thus, effectively removing thermodynamic
influences on AR counts solely reflective of the Clausius-Clapeyron

Fig. 4 Cool season total precipitation for analysis scenarios. Total precipitation change for cool season means (Oct–Mar). GLENS (EC) -
RCP8.5 (EC) (a), GLENS (EC) - BASE (b), RCP8.5 (EC) - BASE (c). Precipitation units are mm day 1. Stippling is computed at 95% significance with a
Student’s T test. The black box in a signifies the AR-dynamics analysis region (Figs. 2 and 3) with the blue boxes signifying AR-precipitation
impacts regions (Figs. 5 and 6).
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relationship. Instead, this method focuses on dynamic changes produced by
climate change. Among ARTMIP algorithms, the Shields/Kiehl (hereafter
referred to as SK2016) can be classified as a restrictive and relative (time-
varying) ARDT. SK2016 defines moisture (integrated water vapor, IWV)
thresholds as anomalies relative to its spatial environment using the
empirical relationship defined by Zhu and Newell40, and used by Newman
et al.63 and Gorodetskaya et al.64, i.e., at each time interval, both zonal mean
and maximum values for each latitude are computed to determine if an AR
condition exists for that grid point. Wind thresholds are computed
separately using the low-level wind vector at the 85th percentile wind
magnitude for the region of application, following methodology from
Lavers et al.65. Here, we focus on western North America between 32°N and
52°N, and in addition to applying moisture and wind thresholds, we restrict
ARs to those ultimately making landfall and originating from the southwest
quadrant (i.e., the “Pineapple Express” AR flavor). Geometry requirements
are also applied such that the AR object must be longer than wide (2:1 ratio)
and a minimum of 200 km in length. It is also important to note that SK2016

does not define a spatial footprint, rather, the ARDT saves all IWV and wind
domain information at the timestep of landfall so that the source data,
rather than the ARDT, defines the AR. This effectively sidesteps the thorny
issue among ARDTs as to the characteristics of the spatial footprint,
however, unfortunately, it is not easily compared to other ARDTs for metrics
such as area and life cycle stages66. Comparisons on how it compares to
ARTMP ARDTs for other common metrics can be found in Shields et al.61

(precipitation, Fig. 7; intensity Fig. 6), Rutz et al.39 (precipitation, Fig. 12;
intensity, Fig. 9; frequency, Fig. 6), and Shields et al.67 (meridional heat
transport, Fig. 1). ARs are detected at 6-hourly intervals and precipitation
attributable to ARs is computed using 6-hourly data.

Limitations
Increasing ensemble members for the RCP8.5 end of century could
potentially improve confidence as well as higher horizontal resolution
datasets. Because resolution dependencies affect AR frequencies and

Fig. 5 Pineapple Express AR precipitation intensity rates. Pineapple Express AR precipitation intensity rates (x-axis, mmday−1) and rain
amount (%) for GLENS end of century (EC) (blue/light blue) compared to RCP8.5 (EC) (black/gray) (a–d), GLENS (EC) (brown/tan) compared to
BASE (black/gray) (e–h), RCP8.5 (EC) (red/pink) compared to BASE (black/gray) (i–l). Black and gray in each grouping are used to denote the
reference period consistent with Figs. 2–4 and are given different color-themes to highlight analysis scenarios. For example, the blue lines in
a–d are the same as black lines in i–l. Lighter colors and shading represent ensemble spread, long dashes represent maximum value, small
dashes represent minimum value, and starred markers above each curve show significance where there is no overlap in ensemble spread
between analysis periods compared. Precipitation is averaged across 110–130°W for latitudes 37–52°N and 116–130°W for latitudes 32–37°N.
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characteristics13,62,68,69, using a ~1° latitude and longitude spacing is another
potential limitation and cause for caution. For SK2016 ARDT, high resolution
translates into fewer ARs, although this is not the case for other ARDTs, such
as algorithms with different geometric considerations (Reid et al., 2020).
Typically, high resolution is better suited for AR studies, in particular for
precipitation attribution, because high resolution more accurately represents
the hydrological cycle and the topographical features important for AR
forcing. Using a regionally refined CESM framework, Rhoades et al.13 shows
the importance of high horizontal resolution in the North Pacific when
characterizing landfalling AR and orographic precipitation. Additionally,
Shields et al.70, demonstrates that moving from a 1° to 0.5° horizontal grid
spacing effectively changes the sign global warming signal for the large-
scale precipitation in the American Southwest. Horizontal resolution also
affects the placement of the eddy and subtropical jets which can profoundly
affect AR landfalling locations given the reliance on the low-level winds68,71.
This can be illustrated by Shields and Kiehl46 where the 0.5° resolution
produces a different pattern of AR frequency changes over Southern
California under RCP8.5 and is simply due to the different placement of the
low-level jet between resolutions. Finally, the use of one ARDT is also a
limitation given that ARTMIP has shown that uncertainty among algorithms
is high, especially for climate change2,14,39. Comparison of SK2016 to other
ARTMIP metrics is discussed in the AR Identification section.

DATA AVAILABILITY
CESM model data from the GLENS project is available at https://www.cesm.ucar.edu/
projects/community-projects/GLENS/. AR tracking data files and analysis data is
available via the NCAR GDEX (Geoscience Data Exchange) services, https://doi.org/
10.5065/mjs1-k131.

CODE AVAILABILITY
CESM model data is publicly available at https://www.cesm.ucar.edu/. Code used for
AR tracking and analysis is available upon request at shields@ucar.edu.
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