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Abstract
Western U.S. (WUS) rainfall and snowpack vary greatly on interannual and decadal timescales. This combined with their 
importance to water resources makes future projections of these variables highly societally relevant. Previous studies have 
shown that precipitation events in the WUS are influenced by the timing, positioning, and duration of extreme integrated 
water vapor transport (IVT) events (e.g., atmospheric rivers) along the coast. We investigate end-of-21st-century projections 
of WUS precipitation and IVT in a collection of regional climate models (RCMs) from the North American Coordinated 
Regional Downscaling Experiment (NA-CORDEX). Several of the NA-CORDEX RCMs project a decrease in cool season 
precipitation at high elevation (e.g., across the Sierra Nevada) with a corresponding increase in the Great Basin of the U.S. 
We explore the larger-scale controls on this terrain-related precipitation change in a subset of the NA-CORDEX RCMs 
through an examination of IVT-events. Projected changes in frequency and duration of IVT-events depend on the event’s 
extremity: by the end of the century extreme IVT-events increase in frequency whereas moderate IVT-events decrease in 
frequency. Furthermore, in the future, total precipitation across the WUS generally increases during extreme IVT-events, 
whereas total precipitation from moderate IVT-events decreases across higher elevations. Thus, we argue that the mean 
cool season precipitation decreases at high elevations and increases in the Great Basin are largely determined by changes in 
moderate IVT-events which are projected to be less frequent and bring less high-elevation precipitation.

Keywords Mountain precipitation · Regional climate change · Atmospheric rivers

1 Introduction

Western U.S. (WUS) precipitation (and its resultant hydro-
logic impacts) critically affects the U.S. economy, because 
of its use in water resources and recreation (e.g., boating 
on reservoirs). It is also critical for U.S. ecosystems. WUS 
snowpack is also exceptionally vulnerable to anthropogenic 

climate change (McCrary et  al. 2021; Fyfe et  al. 2017; 
Knowles et al. 2006; Mote et al. 2005), thus motivating stud-
ies constraining climate model projections of precipitation (a 
necessary factor in snowpack projections) through physical 
process understanding.

Many papers have examined projected changes in WUS 
precipitation in global climate models (GCMs). Although 
uncertainty remains in the projected precipitation signal, 
we summarize the consistent results across these stud-
ies: Broadly, GCMs project a modest increase in winter-
time precipitation (Neelin et al. 2013; Warner et al. 2015) 
which is more robust when using models identified as best-
characterizing WUS precipitation and its controls (Lan-
genbrunner and Neelin 2017) and also more robust for the 
northern U.S. west coast than for the southwest (Neelin 
et al. 2013). Extreme precipitation in general is projected to 
increase (Wuebbles et al. 2014), with indications that sea-
sonality could be sharpened (i.e., the ‘wet’ season could be 
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shorter) and relative frequency of extremely wet years could 
increase (Swain et al. 2018). For a more thorough overview 
of projected WUS precipitation changes, see Mahoney et al. 
(2021).

Integrated water vapor transport (IVT) is a strong control 
on cool season (October through March) WUS precipita-
tion (Rutz et al. 2014; Dettinger et al. 2011; Neiman et al. 
2008), especially in California (e.g., Ralph et al. 2006), 
where atmospheric rivers (ARs) account for over 50% of 
the annual total precipitation (e.g., Dettinger et al. 2011; 
Rutz and Steenburgh 2012). ARs are filaments of enhanced 
IVT often embedded within the warm sector of extratropical 
cyclones, and act as the primary synoptic mechanism for 
transporting moisture into western North America during 
the cool-season. Numerous methods, both objective/auto-
mated and subjective, have been used to identify ARs in the 
literature (see overview in Rutz et al. 2019). Most of these 
algorithms use either a fixed or a percentile-based threshold 
of IVT plus some additional geometry criteria to identify 
ARs. In this manuscript, we use a slightly broader metric 
with no geometry requirement that we call ‘IVT-events’. 
These IVT-events represent a mixture of ARs as well as 
other oceanic-to-continental moisture transport atmospheric 
features that impact WUS precipitation (e.g., cut off lows; 
Abatzoglou 2016).

The characteristics of IVT-events (i.e., frequency, orien-
tation, intensity, and duration) over a given watershed act 
as first-order controls on cool season precipitation amounts 
(e.g. Rutz et al. 2014; Dettinger et al. 2011): changes in the 
number of storms (IVT-event frequency), the IVT magni-
tude each storm brings (IVT-event intensity), and the dwell 
time of those storms (IVT-event duration) over a given 
watershed all impact the total amount of IVT incident on 
a watershed and thus available for precipitation. Increases 
in IVT-event frequency, intensity, or duration would all be 
expected to result in precipitation increases, if precipitation 
efficiency during IVT-events remained constant (e.g. Eid-
hammer et al. 2018). In addition, increases in IVT-event 
intensity and duration could potentially allow moisture to 
penetrate deeper into the interior of the WUS. IVT-event 
orientation impacts precipitation amounts and distribution 
in a less predictable way, with moderate shifts in orienta-
tion sometimes resulting in dramatic changes to precipitation 
over a given watershed (e.g., Hecht and Cordeira 2017; Pic-
ard and Mass 2017; Hughes et al. 2014); IVT-event orienta-
tion also emerges as a characteristic when IVT-events are 
grouped by other characteristics (e.g., ‘wet’ versus ‘windy’ 
ARs in Gonzales et al. 2020).

The Fifth Phase of the Coupled Model Intercomparison 
Project (CMIP5) projections suggest that Northern Hemi-
sphere storm tracks will shift poleward (Chang et al. 2012). 
Since ARs are often embedded within extratropical cyclones 
(e.g., Payne et al. 2020), this shift of the storm track might 

cause a concomitant shift in AR frequency by latitude (Radic 
et al. 2015), although some studies of ARs note an equator-
ward shift (e.g., Shields and Kiehl 2016). Many papers have 
examined projected changes in AR frequency, intensity, and 
duration (Supplemental Table 1 lists several, along with a 
brief summary of results), sometimes in tandem with precip-
itation changes. Projected changes in IVT and ARs exhibit 
some consistent behaviors, with several studies (Rhoades 
et al. 2020; Payne and Magnusdottir 2015; Warner et al. 
2015; Dettinger 2011) finding projected increases in WUS 
coast AR events, corresponding with an increase in future 
IVT (Lavers et al. 2015). This increase in IVT is largely 
caused by the increase in moisture in a warmer atmosphere, 
as changes in wind (dynamics) act to offset the increases 
in moisture (Gao et al. 2015). A recent review by Payne 
et al. (2020) summarizes the state of the science of ARs in 
a changing climate, including many of the salient mecha-
nisms for changes in AR frequency, intensity, and duration, 
and resultant precipitation. They find AR-related precipita-
tion will likely increase in intensity, but that projections are 
still uncertain because of the multiple scales (microscale 
to planetary) involved. Notably, few studies that investigate 
projected changes in ARs distinguish between ARs of dif-
ferent intensities.

While GCMs are necessary for projections of the global 
climate system, the complex terrain of the WUS is coarsely 
represented by the grid spacing of current-generation GCMs, 
leaving many of the processes that control precipitation in 
this region poorly resolved or absent entirely (Gutowski et al. 
2020; Warner et al 2015; Hughes et al. 2014). These process 
limitations act both through direct and secondary processes. 
For example, elevation gradients of GCM terrain are gener-
ally too small, thus convergence and its resultant precipita-
tion across GCM terrain is reduced (e.g., Smith et al. 2015). 
This too-small orographic precipitation then can result in too 
much moisture penetrating beyond initial mountain barriers 
into interior areas (e.g. Hughes et al. 2014). Regional cli-
mate models (RCMs) driven with boundary conditions from 
GCMs have demonstrated ability in adding value for precipita-
tion processes in areas of complex terrain (e.g., Torma et al. 
2015) while maintaining the large-scale synoptic features of 
their driving GCMs (Prein et al. 2019). The North Ameri-
can Coordinated Regional climate Downscaling Experiment 
(NA-CORDEX) downscales a subset of CMIP5 simulations 
(Table 1) to grid spacings of ~ 50 km and ~ 25 km. Current and 
future WUS NA-CORDEX precipitation have been evaluated 
(e.g., Gibson et al. 2019; Mahoney et al. 2021) and in general 
projections in NA-CORDEX were found to be consistent with 
previous CMIP5 results, but with terrain-controlled mesoscale 
details differing significantly in certain regions, for example 
the Sierra Nevada of California (Mahoney et al. 2021). The 
NA-CORDEX grid spacings of 25–50 km mitigate some 
but not all of the resolution-related issues with precipitation 
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processes (e.g., Hughes et al. 2014 found inland-penetration 
errors were reduced at 27 km grid spacing compared to 81 km, 
but < 10 km grid spacing was ideal).

This study examines changes in NA-CORDEX precipi-
tation and changes in IVT-events (frequency, duration, and 
intensity) for a subset of NA-CORDEX simulations. It then 
relates the changes in those IVT-events to regional changes 
in precipitation in the WUS. Specifically, we address the fol-
lowing questions:

• What do projected changes in seasonal and sub-seasonal 
IVT, and in IVT-events, tell us about changes in cool sea-
son precipitation throughout the WUS?

• Are there differences in the projections for extreme versus 
moderate IVT-events?

• What are the physical reasons for WUS NA-CORDEX 
precipitation changes in terms of responses to moderate 
and extreme IVT-event characteristics (frequency, duration, 
and intensity)? How do these changes manifest at low- and 
high-elevation?

While many of the broader questions are addressed for 
the WUS as a whole, the projected precipitation changes and 
relationship to IVT-events is discussed in the context of three 
watersheds in the southwestern U.S.: the Sacramento, San 
Joaquin, and Central Nevada Desert Basin (CNDB) (Fig. 1). 
The Sacramento and San Joaquin basins were selected because 
of their relevance to water resources in California, as the two 
largest rivers in California (USBR 2016), while the CNDB is 
discussed because of its consistently positive projected pre-
cipitation changes.

2  Data and methods

2.1  NA‑CORDEX and CMIP5

The CMIP5 (e.g., Taylor et al. 2012) multi-model ensem-
ble archive is used in this manuscript to provide context 
for the NA-CORDEX experiments, which use CMIP5 
simulations as their lateral boundary conditions. For this 
brief analysis of GCM precipitation projections (Fig. 1a, 
b), we compare results from the small (6 member) sub-
set of CMIP5 simulations used as lateral boundary con-
ditions for the NA-CORDEX RCMs to results from the 
broader CMIP5 ensemble (Bukovsky and Mearns 2020). 
For the latter, our analysis uses one ensemble member 
from 36 simulations in the CMIP5 archive. The full set of 
36 CMIP5 simulations is listed in supplemental Table S2, 
and the six CMIP5 simulations used as lateral boundary 
conditions for NA-CORDEX experiments are noted with 
an asterisk in Table S2 and listed in Table 1.

The NA-CORDEX (Mearns et al. 2017) is the North 
American branch of the WCRP CORDEX initiative, which 
provides a framework for global regional climate modeling 
(RCM) activities (Giorgi et al. 2009; Gutowski et al. 2016). 
We use a subset of NA-CORDEX simulations (Table 1; 
see the current simulation matrix at https:// na- cordex. 
org/ index. html) that were available during our analysis 
period. We analyze precipitation from 19 NA-CORDEX 
simulations (at both ~ 50 km and ~ 25 km grid spacing), 
generated by a combination of 6 RCMs (CRCM5, RCA4, 
RegCM4, WRF, CanRCM4, and HIRHAM5) driven at 

Table 1  NA-CORDEX simulations used in this paper, sorted by 
GCM and RCM, with abbreviated GCM names as used in this manu-
script (full GCM names are shown in Table S2). Adapted from a sim-

ilar table available on https:// na- cordex. org/ simul ation- matrix. html. 
Numbers in parentheses refer to the model numbers used in Fig. 3

RCM

CanRCM4 CRCM5 RCA4 RegCM4 WRF HIRHAM5

GCM
Can 0.44° (5), 0.22° (16) 0.44° (4) 0.44° (6)
EC 0.44° (7) 0.44° (12)
GFDL 50 km (8), 25 km (17) 50 km (2), 25 km (14)
HadGEM 50 km (9), 25 km (18) 50 km (1), 25 km (13)
MPI 50 km (10), 25 km (19) 50 km (3), 25 km (15)
MPI 0.44° (11)

https://na-cordex.org/index.html
https://na-cordex.org/index.html
https://na-cordex.org/simulation-matrix.html
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Fig. 1  a Cool season total mean precipitation change in mm 
(RCP8.5—historical) for CMIP5 ensemble. b Same as a except for 
five of six CMIP5 models used as boundary conditions for NA-COR-
DEX simulations (i.e., HADGEM2-ES, Can-ESM2, MPI-ESM-LR, 
MPI-ESM-MR, and GFDL-ESM2M). EC-EARTH is not included 
because no precipitation output was available. c Same as a but for 
NA-CORDEX ensemble. d–f Cool season total precipitation change 

in mm (RCP8.5—historical) for 50  km d GFDL.WRF, e HadGEM.
WRF, and f MPI.WRF. g–i Cool season total precipitation change 
in mm (RCP8.5—historical) for 25 km, g GFDL.WRF, h HadGEM.
WRF, and i MPI.WRF. Magenta contours outline three watersheds: 
Sacramento (top left), San Joaquin (bottom left), and Central Nevada 
River Basin (right)
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their lateral boundaries by 6 CMIP5 GCMs (HadGEM2-
ES, CanESM2, MPI-ESM-LR, MPI-ESM-MR, EC-
EARTH, GFDL-ESM2M) as well as by ERA-Interim 
reanalysis (ERAi). Throughout the manuscript we use the 
naming convention of GCM.RCM for the NA-CORDEX 
simulations, abbreviating the GCM names as shown in 
Table 1; for example, the CanESM2-forced CRCM5 simu-
lation is called Can.CRCM5. Due to the availability of 
model output, our IVT analysis focuses only on the 25 km 
WRF simulations, with some of the (qualitatively very 
similar) results for the 50 km WRF simulations shown in 
supplemental material. Raw output from NA-CORDEX 
simulations is not publicly available: The public archive 
does not host upper-level atmospheric variables because 
of their significant size (e.g., ~ 300 TB for WRF CORDEX 
simulations) and relative lower importance to most users 
(McGinnis and Mearns 2021), and our compute resources 
only allowed for the post-processing of this set of WRF 
simulations to which we had access.

For all analyses (i.e., CMIP5 and NA-CORDEX) we 
concatenate the historical scenario simulations (available 
1950–2005 for NA-CORDEX and 1860–2005 for CMIP5) 
with the first 5 years of the RCP simulations (available 
2005–2100) to create our ‘historical’ period (1980–2010), 
overlapping with the ERA-Interim-forced simulations; 
even though the last 5 years of our ‘historical’ period are 
technically the first 5 years of the RCP, the climate forcing 
during those 5 years is negligibly different from observa-
tions (Schwalm et al. 2020). CMIP5 and NA-CORDEX 
future climate simulations were run continuously from 
2005 to 2100, but we analyze only the final 30 years of 
those simulations (2070–2100) as our ‘future’ period. 
CMIP5 includes several long-term (i.e., to 2100) experi-
ments. NA-CORDEX simulations exist for both RCP 4.5 
and 8.5, but far more simulations are available for RCP 
8.5; therefore, for brevity we only present results from this 
more extreme emission scenario.

2.2  Observation‑based precipitation

Observational estimates of historical precipitation are pro-
vided by a gauge-based, statistically gridded precipitation 
dataset, Newman et al. (2015). Several recent papers have 
documented large uncertainties in precipitation estimates 
across the WUS (Henn et al. 2018; Lundquist et al. 2019 
and references therein), and Hughes et al. (2017) showed 
the Newman dataset underestimated windward Sierra 
Nevada precipitation during a recent water year; however, 
it represents one of the best-available estimates of WUS 
precipitation and thus is used for comparison to the his-
torical RCM precipitation amounts.

2.3  Integrated water vapor transport (IVT)

IVT is calculated as:

where q is specific humidity, V is the horizontal wind vector, 
g is the acceleration of gravity, dp is the vertical thickness 
of each atmospheric layer, in pressure units, p0 is the surface 
pressure and ptop is 50 hPa. IVT was calculated from the 
three available WRF GCM-forced simulations: HadGEM.
WRF, GFDL.WRF, and MPI.WRF, and the ERAi-forced 
simulation, ERAi.WRF. The WRF model uses hybrid ver-
tical coordinates and the IVT calculation was performed 
on WRF’s native vertical grid (28 terrain-following levels, 
with ~ 10 to 80 hPa spacing below 500 hPa).

We investigate changes in IVT from three perspectives: 
(1) long-term seasonal and monthly mean IVT (calculated 
as the mean of the 3-h instantaneous values), (2) the esti-
mated probability density functions (ePDFs) of 3-h IVT 
along the US west coast, and (3) frequency and duration 
of ‘IVT-events’. The technique we use for identifying IVT-
events is based on coastal IVT intensity and duration as 
follows: Histograms of IVT from the historical simulations 
are constructed for every WRF grid point along the U.S. 
west coast (Fig. 5a, inset), and used to identify historical 
IVT percentiles for each coastal location. These percentile 
values—for example, the 99th (90th) percentile of IVT for 
the grid point at ~ 37 N is 542 kg  m−1  s−1 (259 kg  m−1  s−1) 
in ERAi.WRF—which vary greatly by latitude, are then 
used to identify ‘IVT-events’ with one additional criterion: 
IVT is required to exceed the threshold for at least 24 h for 
at least one gridpoint along the coast, which can move in 
time. We tested duration requirements ranging from 18- 
to 72-h at 6-h increments (not shown). As the duration 
requirement is lengthened, the number of IVT-events per 
season and the percentage of cool season precipitation the 
IVT-events contribute are reduced. Results are qualita-
tively similar for duration requirements from 18- to 48-h 
but for longer duration requirements the number of IVT-
events/season becomes small making the detection of a 
climate change signal difficult. Overlapping hours exceed-
ing the percentile threshold at adjacent grid points along 
the coast are combined, resulting in a ‘catalog’ of events 
that includes start and end times as well as start and end 
latitudes. Historical IVT thresholds are used to identify 
events for the future period. For IVT-event composites, 
we examine ‘extreme’ IVT-events (IVT > 99th percentile 
for at least one coastal grid point for at least 24 h) and 
‘moderate’ IVT-events (90th < IVT < 99th percentile for 
at least one coastal grid point for at least 24 h).

IVT = −

1

g

ptop

∫
p
0

qVdp
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Our definition of IVT-events is broadly similar to exist-
ing definitions for ARs (Shields et al. 2019), and many 
AR objective criteria use IVT thresholds close to the IVT 
threshold for our ‘moderate’ IVT-events. However, as noted 
above, our IVT-event definition is inclusive of some non-
AR features (e.g., cutoff lows) since we have no geometry 
requirements: Imposing geometry requirements on west 
coast ARs in NA-CORDEX is somewhat problematic 
because of the limited western extent of the NA-CORDEX 
domain, which might ‘trim’ geometrically long ARs. Of the 
different AR identification metrics described in Ralph et al. 
(2019b), our method is local-percentile-based like Mund-
henk et al. (2016), with a persistence criterion similar to 
Sellars et al. (2013). A method based on local percentiles 
has advantages to absolute-threshold-based methods (e.g., 
the water-resources-relevant AR categories—AR Cats—of 
Ralph et al. 2019a) when comparing across multiple GCMs 
or RCMs, because it effectively normalizes for changes in 
IVT with latitude and for model-dependent base-state biases. 
Nevertheless, because of its relevance to water resources, the 
percentiles that correspond to the AR-Cat 1–5 thresholds in 
ERAi.WRF and MPI.WRF at several latitudes are shown in 
Tables S3 and S4.

3  Results

3.1  Projections of precipitation

The goal of this manuscript is to investigate the interplay 
between changes in WUS IVT and precipitation in NA-
CORDEX; the first step to that goal is describing the pre-
cipitation changes themselves.

3.1.1  CMIP5

Here we compare the ensemble mean of five of the six 
CMIP5 simulations used as lateral boundary conditions in 
NA-CORDEX to the larger 36-simulation CMIP5 ensemble 
mean; EC-EARTH is not included because its precipitation 
data were not available.

The mean CMIP5 (36 GCMs) projected change in cool 
season precipitation shows an increase of 20–50 mm (~ 10% 
of the cool season total precipitation amounts for most of 
the region, not shown here but, e.g., see Chapter 7 of Wueb-
bles et al. 2017) for locations north of ~ 35 N, and decreased 
precipitation south of this latitude (Fig. 1a). The magni-
tude of the projected increase is larger at higher latitudes 
and along the coast. Individual simulations generally agree 
with increased northern precipitation (not shown), but the 
location of the sign change for precipitation projections is 
model-dependent (Neelin et al. 2013). No evidence of terrain 
sensitivity is evident in the GCM mean projected changes.

Narrowing the CMIP5 ensemble to include only those 
simulations used as boundary conditions for the NA-COR-
DEX simulations (i.e., HADGEM2-ES, Can-ESM2, MPI-
ESM-LR, MPI-ESM-MR, and GFDL-ESM2M) (Fig. 1b), 
reveals that, like for the full CMIP5 ensemble, much of the 
WUS has projected increases in precipitation in the CMIP5 
subset. However, unlike the full CMIP5 ensemble, the NA-
CORDEX subset shows a dipole with respect to coastal and 
inland precipitation changes in the Pacific NW. On the west-
ern side there is a decrease in precipitation extending from 
the WA-OR border southward along the high-Cascades to 
the Northern extent of the CA Central Valley, whereas fur-
ther inland, we see a local maximum. The GCMs selected as 
forcings for NA-CORDEX span the range of global climate 
sensitivity (Bukovsky and Mearns 2020), but as is appar-
ent in this figure, are not necessarily representative of the 
full CMIP5 ensemble in terms of their regional precipita-
tion response. In addition, some of these regional differences 
likely arise due to internal variability (Deser et al. 2012), 
that are more apparent with the smaller model sample size.

3.1.2  NA‑CORDEX

In general, the higher resolution in NA-CORDEX simula-
tions results in a more realistic representation of precipita-
tion over terrain than in the CMIP5 simulations (Figure S1 
and Mahoney et al. 2021), and thus a natural question is, how 
does the projected precipitation change in NA-CORDEX 
compare with the change from its set of driving GCMs?

The multi-model NA-CORDEX RCM cool-season pre-
cipitation changes (Fig. 1c) are similar to those seen in the 
NA-CORDEX CMIP5 subset (Fig. 1b) with a regional mean 
increase north of ~ 35 N, but with greater detail and some 
localized decreases over the complex terrain of the region. 
Unlike the GCM-subset precipitation changes, decreases 
in precipitation are larger across the highest terrain of the 
Cascades, Sierra Nevada, and Mogollon Rim of AZ, with 
smaller decreases along the coast near the CA/OR bound-
ary. In the northern interior states, localized precipitation-
change maxima follow the lowest terrain (e.g. Columbia and 
Snake river valleys), while localized minimums of increased 
precipitation are isolated to the highest terrain (e.g. Saw-
tooth range in ID, or the Wasatch range in UT). The largest 
regional increases occur in the Pacific Northwest, whereas 
the largest regional decreases occur in the southernmost por-
tions of the domain.

Inspection of individual simulations (Figure S3 and 
Fig. 1d–i) reveals that most simulations project an increase 
in cool season precipitation over much of the WUS, with 
localized decreases; the GFDL and EC simulations have the 
largest areas of decreases in the southernmost states. The 
historically very dry regions inland of the Sierra Nevada 
and Cascades (i.e., Nevada, eastern Washington, and eastern 
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Oregon) exhibit increased precipitation of 10–30 mm in 
nearly all simulations, which results in upwards of a 20% 
increase in cool season precipitation in some models and 
months (not shown; see Mahoney et al. 2021 or https:// 
psl. noaa. gov/ ipcc/ cordex/). Variations in the multi-model 
mean are related to fine-scale variations both of magni-
tude and change in the individual simulations: all except 
one NA-CORDEX simulation projects a decrease in cool 
season precipitation for at least one mountainous region of 
the WUS, often adjacent to an increase at lower-elevations. 
For example, the Sierra Nevada have projected decreases 
in 14 of the 19 simulations, with projected increases in the 
Central Valley of CA for many of these simulations. The 
magnitude and exact location of these projected decreases 
varies from simulation to simulation, reflecting sensitivity 
to both the lateral forcing data and to sub-grid-scale physics 
parameterizations in these models. As the necessary data to 
calculate IVT was only available from the WRF simulations, 
we now focus on their precipitation changes (Fig. 1d–i): the 

WRF simulations exhibit moderate changes in precipitation 
compared with some other NA-CORDEX simulations, but 
all exhibit some reductions in precipitation across the higher 
elevations of the Sierra Nevada flanked by increases to the 
northeast and southwest of the Sierra Nevada (albeit with 
larger variations across other parts of the WUS); this pat-
tern is less clear in the GFDL.WRF simulations than in the 
HadGEM.WRF and MPI.WRF simulations.

We next examine the seasonality of the projected cool 
season changes for three Hydrologic Unit Code, level 4 
(HUC 4; USGS and USDA 2013) watersheds in Cali-
fornia and Nevada: The Sacramento River basin (HUC4 
subregion 1802), the San Joaquin River basin (HUC4 
subregion 1804), and the Central Nevada Desert Basins 
(CNDB, HUC4 subregion 1606). Figure 1 displays loca-
tions of the basins (and Figure S2 displays the locations 
on the RCM grids). The observation-based seasonal cycle 
of precipitation in the Sacramento watershed increases 
to a broad December–January–February peak, although 

Fig. 2  (top) Historical mean, and (bottom) difference (RCP8.5-his-
torical) in monthly mean precipitation for (left) San Joaquin water-
shed, (middle) Sacramento watershed, and (right) CNDB watershed. 
Black line shows NA-CORDEX multi-model mean, and grey shaded 
region shows full range (minimum to maximum). Cyan line (shad-

ing) shows Newman mean (± 1 standard deviation). Red/green/blue 
lines show values from GFDL.WRF, HadGEM.WRF, and MPI.WRF, 
respectively, with solid lines for 50 km simulations and dashed lines 
for 25 km simulations. Locations of watersheds are shown on Fig. 1. 
The y-axis range is much smaller for the CNDB

https://psl.noaa.gov/ipcc/cordex/
https://psl.noaa.gov/ipcc/cordex/
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significant amounts of precipitation fall during October, 
November, and March (Fig. 2); the same is largely true 
for the San Joaquin although with a more well-defined 
February maximum. CNDB receives much less precipita-
tion than the two CA watersheds, and the monthly vari-
ation in precipitation is also smaller in magnitude, with 
an observations-based maximum in February similar to 
the San Joaquin. The NA-CORDEX simulations exhibit 
comparable seasonal cycles in all three watersheds relative 
to observations, although some simulations shift the maxi-
mum precipitation a bit earlier/later in the season (e.g. 
HadGEM2.WRF has a November maximum), and most 
of the simulations are positively biased in their monthly 
precipitation amounts (although it is also possible that the 
observations-based dataset underestimates precipitation 
at the highest elevations; Lundquist et al. 2019; Hughes 
et al. 2017). The 25 km WRF simulations tend to have 
slightly more precipitation than their 50 km counterparts 
in the Sierra Nevada watersheds, and about the same or 
slightly less precipitation in the CNDB (not shown for 
other models).

For the two California watersheds, projected changes in 
mean monthly precipitation (Fig. 2, bottom row) exhibit 
large model-to-model and month-to-month variability in 
both the magnitude and sign of the change. Nearly all simu-
lations project a decrease in November precipitation, with an 
increase in one midwinter month, and the WRF simulations 
are representative of this general behavior: this results in a 
multi-model mean with a broad rather moderate midwinter 
increase and November decrease. Areal-average changes in 
the two CA watershed are similar in character, but larger, 
than those shown for all of CA in Mahoney et al. 2021. 
Projected mean monthly precipitation changes across the 
CNDB are more consistently positive, though still with large 
model-to-model variability in the timing of largest increases. 
These time series do not reveal the reason for the localized 
projected cool season decreases visible on the change maps.

To identify if localized projected cool season decreases 
are related to the terrain, we examine precipitation changes 
across the two California watersheds (binned together to 
increase the number of gridpoints in each boxplot) for grid-
points above and below 800 m (Fig. 3). The results were 

Fig. 3  Total cool season precipitation changes for gridpoints in the 
two California watersheds for each NA-CORDEX model (labeled 
1–19, legend is shown in Table 1). Models 1–12 (light gray shaded 
background) have ~ 50  km grid spacing and models 13–19 (darker 
gray shaded background) have ~ 25  km grid spacing. Aggregate 
changes for the ~ 50 and ~ 25  km models (grouped separately) are 
shown with the bar groups labeled ‘A’. HadGEM.WRF, GFDL.WRF, 
and MPI.WRF are models 1–3 and 13–15 for 50 km and 25 km grids, 

respectively, and are outlined with purple boxes. Each model has two 
box/whisker plots: the left (blue boxes) is gridpoints with elevations 
below 800 m and the right (green boxes) is gridpoints with elevations 
above 800 m. Open circles with black dots show median, boxes show 
25/75 percentiles, whiskers extend to data points not considered out-
liers and small open circles show outliers. Red squares show means 
and are filled in for low/high elevation pairs that have significantly 
different means using a 2-sided t-test with 95% confidence intervals
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not sensitive to the specific elevation threshold (thresholds 
between 800 and 1500 m were tested); we use the mod-
est threshold of 800 m because a few 50 km simulations 
have very few truly ‘high elevation’ points. These box-and-
whisker plots confirm that many of the localized precipita-
tion decreases occur at high elevations. 7 of the 12 ~50 km 
resolution and 6 of the 7 ~25 km NA-CORDEX simula-
tions have reduced changes at elevations above 800 m than 
for elevations between 0 and 800 m. In 7 of the 19 simula-
tions this results in mean increases at lower elevations and 
mean decreases at higher elevations, whereas for 6 of 19 
simulations the shift results in either a less positive or more 
negative mean precipitation change at higher versus lower 
elevations. The HadGEM.WRF and MPI.WRF simulations 
exhibit this behavior whereas the GFDL.WRF simulations 
do not have a noticeable (or statistically significant) differ-
ence in projected precipitation changes with elevation. The 
elevation changes are also larger for the ~ 25 km simulations 
than the ~ 50 km simulations, suggesting this behavior is sen-
sitive to resolution of the underlying terrain.

3.2  Projections of IVT

As noted in the introduction, IVT is a primary control on 
cool season precipitation for the WUS. Here we examine 
changes in both mean IVT and ‘IVT-events’ (defined in 
“Integrated water vapor transport (IVT)”) in the WRF NA-
CORDEX simulations, which had 3D atmospheric variables 
available at 3-h temporal resolution. Results for the 25 km 

simulations are shown in the main text, while results for the 
50 km WRF simulations are included in the supplemental 
material. We focus first briefly on changes in mean IVT, 
because of its relationship to the larger-scale storm tracks, 
and because it has been investigated in the literature (e.g. 
Lavers et al. 2015; Warner et al. 2015). We then examine 
changes in IVT-events, and investigate the relationship 
between changes in IVT-events and precipitation.

3.2.1  Bulk changes in distribution and seasonality

The cool season mean IVT in the ERAi.WRF simulation 
(Figure S4) strongly agrees with IVT from ERAi (not 
shown; c.f. Fig. 1 of Lavers et al. 2015) with a maximum in 
the northeastern Pacific Ocean, which is near the regional 
maxima of 850 hPa relative vorticity cyclonic storm track 
statistics (e.g. Bengtsson et al. 2006). Mean historical cool 
season IVT in the three GCM-forced NA-CORDEX WRF 
simulations is qualitatively similar to ERAi.WRF (Fig-
ure S4), although the magnitude and spatial extent of the 
enhanced IVT region varies slightly among simulations. All 
three simulations project increases in IVT in the future of 
up to 70 kg  m−1  s−1. These cool season increases in mean 
IVT are consistent with the results of Lavers et al. (2015), 
who found increases of 30–40% of DJF IVT in the CMIP5 
ensemble.

Similar to the monthly changes in precipitation for the 
three watersheds, the projected changes in IVT are not con-
stant across the months of the cool season (Fig. 4). IVT 

Fig. 4  Change (RCP8.5-historical) in mean monthly IVT (color fill) for each cool season month (columns) and for each 25 km WRF simulation 
(rows). Historical IVT is shown in the black contours, contoured every 25 kg  m−1  s−1
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patterns begin the cool season with a maximum that inter-
sects the west coast near the U.S./Canada border. This maxi-
mum migrates south as the cool season progresses; although 
all three simulations are qualitatively similar in this regard, 
there are subtle variations in exactly where the IVT maxi-
mum intersects the U.S. west coast each month. Projected 
changes are generally largest in the vicinity of the historical 
IVT maximums for each month, sometimes aligning with 
the historical IVT maximums (e.g., Fig. 4a) indicating an 
intensification of the historical spatial distribution, or some-
times flanking the maximum values (e.g., Fig. 4c) indicat-
ing a broadening of the historical spatial distribution. Large 
IVT increases in all three simulations occur during Oct-Nov. 
However, these increases occur to the north of the historical 
IVT maximum (e.g. GFDL.WRF; Fig. 4g, h), suggesting 
that increased storminess in these months would occur too 
far north to impact most of the WUS. By mid-winter the 

storm-track has moved south, and intensified with respect 
to historical simulations. The locations of projected changes 
also migrate southward as the cool season progresses result-
ing in the largest IVT increases near the coast of California 
that approximately align with the timing of largest precipita-
tion changes for each WRF simulation.

We next examine the estimated probability distribution 
functions (ePDFs) of 3-hourly instantaneous IVT along the 
U.S. west coast, and discuss how the three WRF NA-COR-
DEX simulations project coastal IVT ePDFs will change in 
the future (Figs. 5 and S6). We construct these ePDFs for 
all coastal points, across all three simulations, with ePDFs 
for the ERAi.WRF simulation shown for reference (Fig. 
S5). Historical IVT ePDFs have their peak value below 
approximately 100 kg  m−1  s−1, and are positively skewed, 
with values > 500 kg  m−1  s−1 occurring at northern west 
coast locations). The skewness is greater at northern than 

Fig. 5  Estimated probability distribution functions (ePDF) of cool-
season (ONDJFM) integrated water vapor transport (IVT) sampled 
every 3 h at coastal locations (inset panel a) during: a, c, e historical 

and b, d, f difference (i.e., future-historical) in IVT ePDF, for a, b 
25 km HadGEM.WRF, c, d 25 km MPI-ESM-LR.WRF, e, f 25 km 
GFDL.WRF. Inset in a shows locations of coastal gridpoints



983Changes in extreme integrated water vapor transport on the U.S. west coast in NA‑CORDEX, and…

1 3

southern latitudes. Proximity to the storm track may explain 
how these ePDFs change with latitude: Southern locations 
have fewer landfalling extra-tropical cyclones, resulting in 
fewer high IVT instances. The latitudinal structure of the 
ePDFs (visualized as the differences in the different colored 
lines on Fig. 5a) varies across the simulations, with MPI.
WRF having the least meridional variation in the historical 
simulations.

All three WRF NA-CORDEX simulations project a shift 
in future IVT distributions at the coast: IVT values less 
than ~ 100 kg  m−1  s−1 decrease in frequency at all latitudes 
in all three simulations, with an increase at higher IVT val-
ues. The largest increases are at the lowest latitudes, and 
smallest changes generally occur at higher latitudes. The 
general increases for IVT values above 200 kg  m−1  s−1 are 
generally consistent with Warner et al. (2015) who found an 
increase in the 99th percentile west coast IVT values in 10 
RCP8.5 CMIP5 models.

3.2.2  IVT‑events: changes in frequency and duration

In the previous section we examined how the localized 
distributions of “instantaneous IVT” vary along the WUS 
coast and its response to a projected warming scenario. 
Here we examine the distribution of IVT-events, defined 
as persistent IVT anomalies incident on the coast using 
a Lagrangian approach where we track the IVT anomaly 
along the coast throughout the simulation. Results for these 
IVT-events differ from those for mean seasonal IVT and 
3-h IVT because IVT is required to remain above the per-
centile-defined thresholds for at least one coastal gridpoint 
for at least 24 h, indirectly implying these IVT-events are 
caused by larger-scale forcing (e.g., they could represent 
extratropical cyclone-induced ARs or cutoff lows near the 
coast). For much of the remaining analysis, we categorize 
IVT-events into two groups: events where IVT exceeds the 
historical 99th percentile at contiguous coastal gridpoints 
for a minimum of 24 h, hereafter ‘extreme IVT-events’, and 
events where IVT exceeds the historical 90th percentile but 
is below the historical 99th percentile at contiguous coastal 
gridpoints for a minimum of 24 h, hereafter called ‘moderate 
IVT-events’. Based purely on the number of days per cool 
season, a 99th percentile IVT value would occur a little less 
than twice per cool season and a 90th percentile IVT value 
would occur 10% of the time or ~ 18 days in the historical 
cool season; the Lagrangian approach means the moderate 
and extreme IVT-events can happen somewhat more fre-
quently than this lower limit, since the threshold need only 
be exceeded at one gridpoint along the coast that can change 
over the course of each event.

To confirm that these IVT-events are relevant for under-
standing changes in cool season precipitation, we first exam-
ine the contribution of IVT-events to cool season mean 

precipitation in the historical simulations (Figs. 6 and S7), 
similar to existing examinations of the precipitation contri-
bution of U.S. west coast ARs (Dettinger et al. 2011; Rutz 
et al. 2014; Ralph et al. 2019b). Extreme IVT-events account 
for upwards of 30 percent of the total cool season precipita-
tion (Fig. 6, center), with the largest values in California’s 
mountains. Moderate IVT-events contribute to an even larger 
fraction of cool season precipitation (Fig. 6, left), and the 
combination of moderate and extreme IVT-events (Fig. 6, 
right) accounts for a very large fraction of cool season pre-
cipitation in the WUS (~ 80% across much of California). 
The three GCM-forced WRF simulations and ERAi.WRF 
have very similar patterns of percent contribution to cool 
season total precipitation.

We next investigate the changes in cool season IVT-
event frequency as a function of event threshold percen-
tile (Fig. 7). All three GCM-driven WRF simulations have 
IVT-event frequency similar to ERAi.WRF’s frequency; 
GFDL.WRF differs the most from ERAi.WRF as it con-
tains consistently more IVT-events at all IVT thresholds 
(Fig. 7a). IVT-events for thresholds below about the 98th% 
are reduced in frequency by approximately 0.5–3 events/
cool season in all three simulations. HadGEM.WRF and 
MPI.WRF have an increase in the number of IVT-events 
with event thresholds above the 99th% of approximately 1 
event/year, which is large given these more extreme IVT-
events happen fewer than 3 times per year in the historical 
simulations; GFDL.WRF has smaller changes in event fre-
quency for event thresholds above the  99th%. Thus, despite 
increases in the monthly mean IVT in nearly all cool season 
months (Fig. 4 and Figure S4), the frequency of moderate 
IVT-events decreases in all three WRF simulations, and the 
frequency of extreme IVT-events increases.

3.3  IVT‑event changes in IVT and impact 
on precipitation

This section explores the changes in moderate and extreme 
IVT-events further, by examining how composite IVT and 
precipitation change during extreme and moderate IVT-
events. Table 2 provides the number of 3-hourly instances 
of moderate and extreme IVT-events that go into each 
composite (Table S5 shows the number of events that go 
into each composite): consistent with Fig. 7, the number of 
hours during extreme IVT-events increases and the number 
of hours during moderate IVT-events decreases in all three 
WRF simulations. We note that since our analysis uses his-
torical IVT thresholds to identify IVT-events, it potentially 
convolves changes in storminess (e.g., fewer/more extrat-
ropical cyclones) with changes in storm intensity; we leave 
the reasons for changes in IVT-events to future work.

The historical composite IVT (Fig. 8, contours) for mod-
erate IVT-events has a broad, westsouthwest-to-eastnortheast 
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Fig. 6  Contribution to cool season total precipitation associated with (left) moderate IVT events, (center) extreme IVT events, and (right) all 
IVT events in (top) ERAi.WRF, (second row) HadGEM.WRF, (third row) GFDL.WRF, and (bottom) MPI.WRF in 25 km WRF simulations
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maximum that intersects the coast at approximately the CA/
OR border in all three simulations. The historical compos-
ite IVT for extreme IVT-events similarly has a southwest-
to-northeast tilted maximum offshore, but the maximum 
is much greater (by definition), and the ‘landfall’ position 
varies more from simulation to simulation. The offshore 
orientation of the historical composites also varies across 
simulations more in the extreme events than for the moderate 
events. The broader maximum in the moderate IVT-event 
composite is likely a result of the much larger number of 
instances in this composite.

The projected changes in composite IVT-event IVT 
(Fig. 8, color fill) are positive everywhere in the domain. 
This shift is consistent with the projected shift in mean 
IVT (Figs. 4 and S4), and occurs despite reductions in the 

frequency of moderate IVT-events; thus the number of 
moderate IVT-events is reduced while their average inten-
sity (i.e., mean IVT field) increases. The spatial distribu-
tion of the changes varies considerably by simulation and 
event threshold: HadGEM.WRF exhibits increases approxi-
mately co-located with the historical maximum for moderate 
IVT-events, but increases southwest and northeast of the 
historical maximum for extreme IVT-events. GFDL.WRF 
also exhibits increases co-located with the historical maxi-
mum for moderate IVT-events, but the increases for extreme 
IVT-events are on the southeastern and northwestern side of 
the historical maximum. MPI.WRF’s increases stretch from 
southwest to northeast for both event types. Future increases 
co-located with the historical maxima indicate intensifica-
tion, whereas increases shifted off-center from historical 

Fig. 7  Cool-season (ONDJFM) 
24-h IVT event statistics for 
historical and future simula-
tions for IVT events along 
entire western US coastline in 
25 km WRF simulations, as a 
function of IVT event threshold 
percentile. a Historical IVT 
event statistics for GFDL.WRF, 
MPI.WRF, HadGEM.WRF, and 
ERA-I.WRF. b Future-Histori-
cal IVT event statistics

Table 2  Number of 3-h 
instances during IVT-events in 
each model for the historical 
and future periods, and percent 
difference

These are the number of instances in the composites of Figs. 8, 9, and 10

HadGEM.WRF GFDL.WRF MPI.WRF

Extreme (99th)
Historical 1863 2250 1709
Future 2236 2303 2019
Percent change (Future–Historical)  + 20%  + 2%  + 18%
Moderate (90th < IVT < 99th)
Historical 15,084 15,866 14,845
Future 12,488 13,408 12,628
Percent change (Future–Historical) − 17% − 15% − 15%
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maxima imply a change in orientation, which is discussed 
further in “Discussion”.

Composites of IVT-event precipitation rate (Fig.  9) 
also have changes that vary with simulation. In all three 
simulations moderate IVT-events show mostly small posi-
tive or near zero changes across most of the WUS, except 
for decreases in the northern Cascades in HadGEM.WRF, 
decreases in the Los Angeles area and Mogollon rim of AZ 
in GFDL.WRF, and decreases in the southern Cascades and 
mountains of Idaho in MPI.WRF. Extreme IVT-events gen-
erally exhibit large localized changes in precipitation rate 
that vary across simulations and map to the regions with 
the largest changes in composite event IVT: HadGEM.WRF 

and MPI.WRF have large precipitation rate increases in the 
Pacific NW, corresponding with the SW to NE increases in 
extreme event composite IVT, whereas GFDL.WRF has the 
largest precipitation rate increases along the Sierra Nevada, 
corresponding with the more zonally oriented composite 
IVT increases.

The precipitation rate changes for the moderate IVT-
events are small compared to precipitation rate changes 
during extreme IVT-events. However, moderate IVT-events 
occur 6–8 times as often (Table 2), so to understand the 
relative impact on cool season precipitation we next com-
pare the change in total precipitation (divided by 30 so that 
it has units of mm per-cool-season) from the two types of 

extrememoderate all

Fig. 8  Change (future–historical, as color fill) in mean IVT during 
(left) moderate IVT events, (center) extreme IVT events, and (right) 
all IVT events in (top) HadGEM.WRF, (middle) GFDL.WRF, and 

(bottom) MPI.WRF in 25 km WRF simulations. Black contours show 
historical mean IVT event IVT contoured every 50 kg  m−1  s−1. These 
composites are for all ONDJFM IVT events of each type
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events (Fig. 10). Here a clear picture emerges across all three 
simulations: extreme IVT-events generally produce precipi-
tation increases across most of the WUS, particularly across 
the Cascades and the northern Sierra Nevada. In contrast, 
moderate IVT-events have large decreases across much of 
the higher terrain of the WUS, with modest increases in 
a few locations (most consistently across simulations in 

areas of Utah, and eastern WA and OR). The net effect of 
the two types of events (i.e., ‘all’ column of Fig. 10) to a 
large degree aligns with the cool season mean precipita-
tion changes for each simulation (Fig. 1 g–i): although the 
exact patterns vary across simulations, each simulation has 
localized decreases at higher elevations amidst increases 
across much of the rest of the WUS. In addition, when these 

Fig. 9  Change (future–historical) in mean precipitation rates during (left) moderate IVT events, (center) extreme IVT events, and (right) all IVT 
events in (top) HadGEM.WRF, (middle) GFDL.WRF, and (bottom) MPI.WRF in 25 km WRF simulations
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IVT-event-related precipitation changes are calculated for 
each month and watershed of Fig. 2, the changes in ‘all’ 
IVT-events (Figure S8) closely resemble the climatological 
monthly shifts in precipitation (Fig. 2).

Finally, to identify if localized projected IVT-event precipi-
tation changes are related to the terrain elevation, we examine 
the changes in IVT-event total precipitation binned by eleva-
tion (Fig. 11). This analysis is similar to that of Fig. 3 except 

for IVT-event precipitation only. Figure 11 reveals another 
behavior that is consistent across all three simulations: large 
decreases in high-elevation, moderate IVT-event precipitation. 
This figure also helps explain why GFDL.WRF’s cool season 
total precipitation change is statistically indistinguishable at 
low- and high-elevations (Fig. 3; notably it is the only ~ 25 km 
NA-CORDEX simulation with this behavior). As in MPI.
WRF and HadGEM.WRF, GFDL.WRF’s moderate IVT-event 

Fig. 10  Change (future–historical) in mean seasonal precipitation from (left) moderate IVT events, (center) extreme IVT events, and (right) all 
IVT events in (top) HadGEM.WRF, (middle) GFDL.WRF, and (bottom) MPI.WRF in 25 km WRF simulations
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precipitation decreases more at high- than low-elevation grid-
points. However, its extreme IVT-event precipitation increases 
everywhere, and significantly more at high elevations than 
at low elevations. The net result is GFDL.WRF exhibits no 
elevation dependence in its slightly negative, ‘all’ IVT-event 
precipitation change. In contrast, in HadGEM.WRF and 
MPI.WRF, the moderate IVT-event high-elevation precipita-
tion reductions (relative to the low-elevation changes) are not 
offset by changes in extreme IVT-event precipitation, which 
are statistically indistinguishable at high and low elevations 
(although in both cases slightly positive, shifting up the ‘All’ 
IVT-event precipitation changes). We also note that the dif-
ferences between Fig. 3 and the ‘All’ IVT-event columns in 
Fig. 11 is somewhat larger in GFDL.WRF than for the other 
two WRF simulations. This implies that the non-IVT-event 
precipitation is somewhat larger in GFDL.WRF.

4  Discussion

In the previous section, we examined how precipitation 
and IVT are projected to change across the WUS in NA-
CORDEX simulations from both a seasonal perspec-
tive and through an examination of IVT-events as a step 
towards understanding the physical reasons for the pro-
jected changes. In this section, we frame these results with 
a discussion focused on the mechanisms potentially caus-
ing projected precipitation changes. We note that some of 
this discussion is speculative, and focus our discussion 
on the three watersheds of Fig. 2. We then follow with 
discussion of how these results fit into the existing litera-
ture on WUS precipitation and AR changes, and end with 
describing some implications and limitations of our study.

Fig. 11  IVT event total precipitation changes (normalized to mm per 
cool season) in the two California watersheds for 25  km HadGEM.
WRF, GFDL.WRF, and MPI.WRF. Each model has three pairs of 
two box/whisker plots, corresponding to the results for Moderate (left 
pair), Extreme (middle pair), and All (right pair) IVT events. As in 
Fig. 3, the left (blue boxes) in each pair is gridpoints with elevations 

below 800 m and the right (green boxes) is gridpoints with elevations 
above 800 m. Open circles with black dots show median, boxes show 
25/75 percentiles, whiskers extend to data points not considered out-
liers and small open circles show outliers. Red squares show means 
and are filled in for pairs that have significantly different means using 
a 2-sided t-test with 95% confidence intervals
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4.1  Relating precipitation changes to changes 
in IVT and smaller scale factors

We frame our discussion using the mechanisms primar-
ily responsible for controlling precipitation in this region, 
ordered from larger scale (e.g., relating to IVT-event fre-
quency, magnitude, and duration) to smaller scale (e.g., 
relating to mesoscale and microscale aspects of these phe-
nomena). First, we discuss the IVT-event results and their 
relationship to precipitation amounts: the number of events 
per season of Fig. 7 is a measure of IVT-event frequency 
(given minimum event duration of 24 h) whereas the number 
of times per event of Table 2 combines both event frequency 
and duration (i.e., 36-h-long events would count as 1 event 
on Fig. 7, but 12 times in Table 2). For the three NA-COR-
DEX RCMs, we see somewhat consistent changes in IVT-
event characteristics: more extreme IVT-events (and a net 
increase in frequency and duration), fewer moderate IVT-
events, and increased composite event intensity (i.e., larger 
composite IVT, with greater increases for extreme IVT-
events). The more frequent extreme IVT-events and larger 
event IVT for both event categories would act to increase 
total precipitation amounts whereas fewer moderate IVT-
events would decrease total precipitation amounts, given 
unchanged precipitation efficiency during these events.

While we do not explicitly test the impact on precipitation 
of different mesoscale and microscale mechanisms for the 
NA-CORDEX WRF simulations (because these mechanisms 
require very high temporal resolution 3D atmospheric output 
that is computationally prohibitive to process), the compos-
ite IVT-event precipitation rate maps provide some insight 
into the net effect of smaller scale mechanisms combined 
with the impact of IVT-event intensity changes.

IVT-event precipitation changes for the CA watersheds 
are somewhat complex, but a few consistent patterns emerge 
(Figs. 9 and 10). First, focusing on extreme IVT-events: the 
southward-shifted, more zonal, more intense IVT distribu-
tion for the GFDL.WRF composite possibly explains the 
Sierra Nevada increases and northern and southern CA 
decreases in precipitation rate during these events, since the 
regions of increased (decreased) precipitation align with 
locations of strongest (weakest) IVT increase. Likewise, 
the more southwesterly orientation and large increase in 
IVT in HadGEM.WRF and MPI.WRF extreme IVT-events 
seem consistent with the precipitation rate increases along 
the northwestern Sierra Nevada and northern CA, OR, and 
WA coasts. The rather large precipitation rate differences 
across the Sierra Nevada in HadGEM.WRF could relate to 
the change in IVT orientation, but they are large enough 
to suggest that other meso- and microscale processes also 
play a role determining the precipitation change signal for 
these cases; more detailed analyses including investiga-
tions of microphysical processes (not available from these 

simulations, which incidentally use rather simple one-
moment microphysics parameterizations) would be neces-
sary to confirm these mechanisms. Despite the decreases in 
precipitation rate visible in the extreme IVT-event compos-
ites, the total change in precipitation from these events is 
generally positive, indicating the increase in the frequency 
and duration of these events is enough to compensate for 
the decreases in precipitation rate. The moderate IVT-event 
precipitation rate changes are generally fairly small positive 
in the Sierra Nevada (Fig. 9). However, when the precipita-
tion is aggregated for moderate events large decreases at 
higher elevations are visible (Figs. 10 and 11). This shift 
from increases in precipitation rates to decreases in total pre-
cipitation suggests that the decreased number of moderate 
events is a primary cause of the total precipitation decreases.

All three simulations show slightly increased precipi-
tation in the CNDB for both moderate and extreme IVT-
events. We speculate that these precipitation rate increases 
in the CNDB could arise from two mechanisms that work 
in the same direction: the increased intensity of future IVT-
events would result in more water being available for precip-
itation in the CNDB, and thus would act to increase CNDB 
precipitation if other factors remain unchanged. In addition, 
the precipitation efficiency of storms moving across the 
coastal mountains and Sierra Nevada into the CNDB might 
also decrease for future storms (Eidhammer et al. 2018). 
This efficiency is impacted by both microphysical and ther-
modynamic processes, both of which have been shown to 
change under warmer climate conditions. Thermodynami-
cally, a decrease in condensational efficiency results from 
the Clausius–Clapyron-governed change in moisture with 
altitude (Kirshbaum and Smith 2008; Siler and Roe 2014). 
Cloud microphysical processes could also contribute to 
decreases in precipitation efficiency. For example, a shift 
from snow-dominated processes to rain-dominated processes 
(as might be expected in a generally warmer climate, e.g., 
Kirshbaum and Smith 2008, Sandvik et al. 2018, or Prein 
and Heymsfield 2020), results in less efficient conversion 
from condensate to precipitation. However, other stud-
ies have indicated increased precipitation efficiency from 
microphysical effects (e.g., higher fall speeds because of a 
shift from snow- to rain-dominated precipitation; Rasmussen 
et al. 2011), and these microphysical effects are likely sensi-
tive to their parameterization (Colle 2004). The ambiguity in 
the microphysical impact on precipitation efficiency requires 
more research that is beyond the scope of this manuscript. 
Nevertheless, reduced precipitation efficiency along the 
Sierra Nevada and other upwind mountains would result in 
a smaller percentage of incoming IVT falling out prior to 
the airmass reaching the CNDB, resulting in more water 
available for precipitation in this interior basin.

Finally, we relate the changes in IVT-events back to the 
cool season mean and seasonal changes presented earlier in 
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the manuscript. The cool season total precipitation change 
patterns most closely resemble the ‘total’ IVT-event pre-
cipitation changes, which are a combination of (broadly) 
high elevation decreases during moderate IVT-events and 
widespread increases from extreme IVT-events. Across the 
Sierra Nevada, although extreme IVT-events increase in fre-
quency resulting in more total precipitation, the reduction in 
moderate IVT-events and their reduced Sierra Nevada pre-
cipitation results in a net decreased cool season precipitation 
across the Sierra Nevada for the three RCMs investigated 
in detail. Although IVT-events generate a slightly smaller 
fraction of cool season precipitation for the CNDB than the 
Sierra Nevada, both moderate and extreme IVT-events have 
increased precipitation in the CNDB, consistent with the 
cool season precipitation increases for this region.

4.2  Relationship to previous results

As noted in the introduction, several publications have inves-
tigated projected changes in ARs at the end of the twenty-
first century in both CMIP3 and CMIP5; on the whole, 
these studies have found increases in either frequency and/
or intensity (with some differences based on how the events 
are defined, see review by Payne et al. (2020) and Table S1 
for a summary of results from various manuscripts). Most 
existing definitions of ARs would include many of our mod-
erate and extreme IVT-events, since they use IVT thresholds 
comparable to the 90th percentile lower threshold for our 
moderate IVT-events. Most AR literature does not inves-
tigate changes in different classes of ARs or in non-ARs 
(e.g. cutoff lows), although Rhoades et al. (2021) examines 
changes across AR categories (per Ralph et al. 2019a) and 
finds a projected reduction in Cat1-2 ARs and increase in 
Cat4-5 ARs, similar to our results. Moreover, our composites 
also include events that would likely fail objective length and 
width requirements used in many AR objective tools, and 
few studies have been done on non-AR changes: Gershunov 
et al. 2019 find a decrease in ‘non-AR’ precipitation (along 
with an increase in ‘AR’ precipitation), although they do 
not relate it to a change in the frequency, intensity, duration 
or precipitation efficiency of ‘non-AR’ storms. Given these 
nuances, and the wide variations across projected changes 
in ARs that depend on AR objective identification criterion, 
our results for the three RCMs are at least somewhat consist-
ent with these previous results, particularly the increase we 
identify in both frequency and intensity of the most extreme 
IVT-events (analogous to extreme ARs).

WUS cool season precipitation change has also been 
widely investigated in previous studies. Overall most GCMs 
project end-of-century precipitation increases for the north-
western U.S., decreases for at least a few southwestern 
states, with zero mean change in between; the latitude of 
the change in sign in projected precipitation varies across 

GCMs. At lower elevations, the patterns of precipitation 
changes in the NA-CORDEX ensemble is broadly consistent 
with projected changes from GCMs. However, at higher ele-
vations, NA-CORDEX WRF simulations project cool season 
decreases at many locations across the WUS, which here 
we’ve related to changes in the frequency, duration, intensity 
and precipitation efficiency of IVT-events. Other RCM stud-
ies (including those that use GCMs as their lateral bound-
ary conditions like NA-CORDEX—e.g., Diffenbaugh et al. 
2005; Wehner 2013; Rupp et al. 2017—and those that use 
alternative forcing approaches like a pseudo-global warm-
ing framework, e.g., Liu et al. 2017), also find projected 
precipitation increases in the lee of the Sierra Nevada and 
Cascade mountains. While few of these RCM studies project 
the decreases at high elevations we show exist in several of 
the NA-CORDEX simulations, some exhibit smaller frac-
tional increases at high elevation (e.g., Mearns et al. 2013; 
Liu et al. 2017; Rupp et al. 2017).

4.3  Limitations and implications

End of century projections of western US precipitation are 
quantitatively still very uncertain, due to several factors 
which ultimately conspire to confound our confidence in 
such projections, such as large natural variability, and model 
disagreement on the location of the boundary between mid-
latitude increases and subtropical decreases in precipita-
tion (Neelin et al. 2013; Tebaldi et al. 2011). These issues 
are further complicated by the smaller GCM sample in 
NA-CORDEX than in CMIP5, and the regional variability 
introduced by the RCMs. The relatively small GCM sample 
of NA-CORDEX is particularly relevant for our understand-
ing of climate projections because, as noted in Meyer et al. 
(2021) and Mahoney et al. (2021), the GCM-driver plays a 
key role in the climate change signal of the NA-CORDEX 
simulations. In addition, we were able to test changes in 
IVT-events in only three of the NA-CORDEX RCMs with 
high temporal-resolution 3D output available, limiting the 
simulations for which physical explanations of precipitation 
changes were available.

While IVT-events are likely reasonably well captured by 
GCMs, the meso- and microscale processes responsible for 
determining precipitation amounts at high elevation during 
IVT-events are not well represented in GCMs, thus changes 
in these orographic precipitation processes might be totally 
absent (i.e., GCMs might miss the non-linearity of these 
changes, e.g., slight increases in event IVT but decreases 
in precipitation efficiency). While NA-CORDEX better-
resolves the mountainous WUS than most GCMs, several 
manuscripts have documented the benefit of even higher 
resolution, convection-permitting models (CPMs) for cli-
mate change simulations (Liu et al. 2017; Berthou et al. 
2020; Prein et al. 2015). CPMs potentially improve upon the 
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fidelity of the physics in regional simulations at coarser reso-
lutions (e.g., NA-CORDEX) through their higher resolution 
which allows the elimination of a convective parameteriza-
tion, but to date their computational cost still prohibits multi-
decadal, multi-model ensembles (e.g., Gutowski et al. 2020).

Our results are bolstered by a few factors. First is the 
broad consistency with previous work (as noted in the pre-
vious section). Second, even though IVT-events could be 
investigated in only three RCMs, several of the other RCMs 
exhibited similar high elevation precipitation decreases, 
albeit in varying locations across the WUS, suggesting 
this mechanism might be present in a substantial portion of 
NA-CORDEX simulations. Third, there’s limited evidence 
that as GCMs move to higher resolution, similar features 
of reduced precipitation across higher WUS terrain might 
appear (Fig. 14.18 in IPCC chapter 14), and as noted in the 
previous section some evidence of at least smaller fractional 
increases at high elevations in other RCMs. This result sug-
gests that further investment into higher resolution climate 
models, both global and regional in scale, that better resolve 
orographic precipitation processes, is warranted to better 
constrain projections of precipitation in areas of complex 
topography (e.g., Roberts et al. 2018).

Finally, this manuscript has focused on total precipita-
tion and documents projected decreases in high elevation 
precipitation. However, a significant fraction of precipita-
tion that falls across the mountainous western US arrives 
as snow, and contributes to seasonal snowpack, which sup-
ports water supply and allocation decisions into the spring. 
Given rising temperatures, snowpack might be expected to 
decline even in the face of no change of precipitation, and 
here we’ve shown that precipitation decreases at some high 
elevation locations. Mahoney et al. (2021) demonstrate large 
reductions in snowpack in NA-CORDEX simulations. This 
reduced snow water storage, combined with a shortening 
of the precipitation season and increases in extreme IVT-
events, points to a future where it is more difficult to manage 
water in the WUS.

5  Conclusion/summary

This manuscript investigates end-of-21st-century projec-
tions of western US precipitation and IVT in a collection of 
regional climate models (RCMs) forced by several global 
climate models (GCMs) from the North American Coor-
dinated Regional climate Downscaling Experiment (NA-
CORDEX). Several of the NA-CORDEX RCMs project a 
decrease in cool season precipitation at high elevation (e.g., 
across the Sierra Nevada) with a corresponding increase in 
the Great Basin of the US. How these terrain-related pre-
cipitation changes relate to changes in IVT and IVT-events 
is explored in a subset of the NA-CORDEX RCMs. We find 

that extreme IVT-events increase in frequency. In contrast, 
moderate IVT-events decrease in frequency. These results 
are somewhat consistent with previous work since most pre-
vious investigations of ARs in a changing climate do not 
subdivide ARs by their intensity.

We then relate the changes in IVT-events to the projected 
precipitation changes. For the CNDB, precipitation during 
IVT-events generally increases regardless of IVT-event 
intensity. However, for the Sierra Nevada, the precipitation 
response depends on IVT-event intensity. Extreme IVT-
events generally show an end-of-century increase in pre-
cipitation across the Sierra Nevada; in contrast, precipitation 
during moderate IVT-events generally decreases across the 
Sierra Nevada. Thus, we argue that the mean cool season 
decrease at high elevation is largely determined by the pro-
jected decrease in moderate IVT-events which are also pro-
jected to generate less high elevation precipitation.

The NA-CORDEX projected reduction in high elevation 
precipitation, when paired with a shortening of the wet sea-
son across California that several other manuscripts have 
demonstrated, points to a CA whose water years are more 
variable and volatile, with even more difficult-to-manage 
water resources.
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