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Abstract

The California-Nevada 1997 New Year’s flood was an atmospheric river (AR)-driven rain-on-snow (RoS) event and remains
the costliest in their history. The joint occurrence of saturated soils, rainfall, and snowmelt generated inundation throughout
northern California-Nevada. Although AR RoS events are projected to occur more frequently with climate change, the warm-
ing sensitivity of their flood drivers across scales remains understudied. We leverage the regionally refined mesh capabili-
ties of the Energy Exascale Earth System Model (RRM-E3SM) to recreate the 1997 New Year’s flood with horizontal grid
spacings of 3.5 km across California, with forecast lead times of up to 4 days, and across six warming levels ranging from
pre-industrial conditions to +3.5 °C. We describe the sensitivity of the flood drivers to warming including AR duration and
intensity, precipitation phase, intensity and efficiency, snowpack mass and energy changes, and runoff efficiency. Our find-
ings indicate current levels of climate change negligibly influence the flood drivers. At warming levels > 1.7 °C, AR hazard
potential increases, snowpack nonlinearly decreases, antecedent soil moisture decreases (except where the snowline retreats),
and runoff decreases (except in the southern Sierra Nevada where antecedent snowpack persists). Storm total precipitation
increases, but at rates below warming-induced increases in saturation-specific humidity. Warming intensifies short-duration,
high-intensity rainfall, particularly where snowfall-to-rainfall transitions occur. This study highlights the nonlinear tradeoffs
in 21st-century RoS flood hazards with warming and provides water management and infrastructure investment adaptation
considerations.

Keywords Climate change - Mountain hydrometeorology - Compound extremes - Rain-on-snow - Floods - Regionally
refined earth system modeling
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1 Introduction

Climate change acts on temperature patterns and their
magnitudes (Santer et al. 2013; Bindoff et al. 2013; Eyring
et al. 2021) to amplify, diminish, and/or shift the timing of
the fluxes and stores of the hydrologic cycle (Pepin et al.
2015; Allan et al. 2020). These dynamical and thermo-
dynamical feedbacks influence the large-scale transport
of water vapor via atmospheric rivers (ARs) (Payne et al.
2020), their local-scale storm characteristics (Rhoades
et al. 2020b), and the land surface response through their
alterations to snowpack lifecycles (Siirila-Woodburn et al.
2021) and soil moisture feedbacks (Lehner and Coats
2021). As a result, a detectable climate change-induced
alteration to the intensity and frequency of inter-annual
hydroclimate variability (e.g., multi-year droughts and
occasional pluvials) and intra-annual hydrometeorological
extremes (e.g., compound flood events) is currently under-
way in the western United States, particularly in moun-
tains (Stevenson et al. 2022). For communities residing
within and downstream of western United States moun-
tains, the dynamical and thermodynamical fingerprints of
climate change have already started to shape both headwa-
ter hydrology and downstream flood hazards (Hock et al.
2019; Immerzeel et al. 2020; Rhoades et al. 2022).

Rainfall-induced flood hazards in the western United
States maritime mountains are projected to amplify by
more than seven times in a warmer world (Ombadi et al.
2023). This projected amplification of flood hazards has
been, in part, tied to increases in the frequency of moderate
to extreme ARs and back-to-back AR events (Huang et al.
2020; Rhoades et al. 2021; Corringham et al. 2022; Bowers
et al. 2023). AR-related precipitation increases (or scales) at
larger rates with warming than non-AR events across both
daily average and maximum hourly timescales in gridded
observational products (Najibi and Steinschneider 2023) and
models (Rhoades et al. 2020b). Theory has been developed
for how warming will alter AR-mountain interactions, from
both a thermodynamical (e.g., microphysics) and dynamical
(e.g., orographic uplift) perspective (Siler and Roe 2014).
Thermodynamically-induced changes arise through altera-
tions in the lifting condensation level, in cloud collision-coa-
lescence processes, and hydrometeor fall speeds (i.e., rain-
drops fall at a 5-10x faster rate than snowflakes; Rhoades
et al. 2018). Dynamical responses to warming also influence
microphysical processes, particularly in maritime mountains
that are typically orthogonal to landfalling ARs. The net
result is an alteration to the character of AR-derived moun-
tain precipitation (e.g., intensity, duration, and phase), pre-
cipitation efficiency (i.e., the amount of atmospheric water
vapor extracted as precipitation), and windward versus lee-
ward precipitation ratios.

@ Springer

Although theory supports that AR-mountain precipita-
tion could be enhanced through the Clausius—Clapeyron
relationship, theory also suggests a warmer world will
increase static stability in mountains, inhibiting orographic
uplift and limiting precipitation scaling with warming (Siler
and Roe 2014). However, evidence for a warming-induced
decrease in precipitation with elevation in the observational
record is weak (Pepin et al. 2022). This may be attributed to
a lack of consistent, high-density measurements in moun-
tains. Nonetheless, reanalysis and observationally-based
gridded products clearly show warming-induced reductions
in precipitation with elevation, particularly in midlatitudes
(Pepin et al. 2022). Reanalysis products and future climate
model projections have also shown that warming can weaken
steering winds (e.g., zonal winds at 700 mb) that guide
storms, resulting in reduced orographic precipitation (Luce
et al. 2013). Finally, Patricola et al. (2022) found ARs that
are weakly linked with an extra-tropical cyclone can have
decreased precipitation scaling with warming and have an
increased precipitation scaling with strong extra-tropical
cyclones.

The flood hazards associated with a transition from
snow to rain in a warmer world could be enhanced dur-
ing compound extreme events (AghaKouchak et al. 2020;
Ombadi et al. 2023). Compound extreme events can
amplify flood hazards, especially to vulnerable communi-
ties, infrastructure, and ecosystems due to a combination
of hydrometeorological drivers that overlap in space and/
or time (Zscheischler et al. 2018). Rain-on-snow (RoS)
events are one such type of compound extreme events
(McCabe et al. 2007) that enhances flood risk, espe-
cially if the snowpack is actively contributing meltwater
(Brandt et al. 2022) or if antecedent soils are saturated
(Haleakala et al. 2022). Such situations often occur in mar-
itime mountains such as the Sierra Nevada in the western
United States (Guan et al. 2016). For example, 50% of
RoS events in the Sierra Nevada are associated with ARs,
and AR-induced RoS events have 50% higher streamflow/
precipitation ratios than non-RoS AR events (Guan et al.
2016). RoS events include 50-80% higher peak flows than
typically occur under spring snowmelt in the central Sierra
Nevada (Kattlemann 1997). In a warmer world, the Sierra
Nevada is projected to see an increase in RoS event fre-
quency at higher elevations and, under the right circum-
stances, runoff volumes could increase by more than 200%
(Musselman et al. 2018). However, due to the spatiotem-
poral heterogeneity and nonlinear interactions between the
fluxes and stores of water during a RoS event, flood hazard
to downstream communities may increase up to a certain
warming level (e.g., Lopez-Moreno et al. (2021) found
that snowmelt during RoS events increases by 8-27% per
+1 °C) and then decrease once low-to-no snow conditions
emerge (Rhoades et al. 2022). The decrease in flood hazard
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potential presented by RoS events in a low-to-no snow
future does not mean that flood hazards will completely
go away as rainfall-dominated floods activate a larger con-
tributing area and can exceed RoS event flood potential
(Davenport et al. 2020).

The New Year’s flood event of 1997, hereafter referred
to as the 1997 flood, is an object lesson (or case study) of a
RoS event that had substantial societal implications in both
California and Nevada (Tarouilly et al. 2021). The 1997
flood featured land surface preconditioning (e.g., saturated
soils and accumulation of an above normal snowpack, even
at lower elevations, following an extremely wet November-
December) and a strong landfalling AR event that elevated
freezing levels to nearly 3000 m, and resulted in widespread
snowmelt following prolonged rainfall (Rhoades et al. 2023).
California and Nevada recorded widespread flooding in 18
river basins and approached or exceeded all-time records
on six of them (e.g., Carson, Cosumnes, Napa, South Fork
American, Truckee, and Walker rivers) (Lott et al. 1997).
The combination of spatiotemporally compounding hydro-
meteorological drivers inundated low-lying urban and agri-
cultural areas throughout California with more than 1.5
billion US dollars in estimated damages (Lott et al. 1997).
Flooding occurred in higher elevations as well, with the
Yosemite Valley experiencing floodwaters 2 m deep (Jack-
son et al. 1997).

To explore how the flood drivers of the 1997 flood could
respond to warming, we designed numerical experiments
following a storyline framework (Shepherd et al. 2018;
Shepherd 2019). Storylines are one approach to explore
stress tests on water management and proactively iden-
tify climate adaptation strategies (Albano et al. 2021). In
Rhoades et al. (2023), we simulated the 1997 flood “event
that was” as realistically as possible. This study identified
that the regionally refined mesh capabilities of the Energy
Exascale Earth System Model (RRM-E3SM) with the
appropriate horizontal resolution and forecast lead time is
fit-for-purpose to recreate several of the major hydromete-
orological drivers of the 1997 flood. This historical skill in
capturing the various land-atmosphere interactions provides
confidence that the model could be used to investigate the
sensitivity of the physical drivers of the 1997 flood to cli-
mate change and how they interact to offset or enhance flood
potential. Here, we construct simulations of the “event that
might be” in both past and future climates. Storylines of this
nature have been used in both event attribution (e.g., Pall
et al. 2017) and future projection contexts (e.g., Patricola
et al. 2022). This approach is analogous to the pseudo-global
warming approach oft employed by regional climate models
(Schir et al. 1996; Ullrich et al. 2018; Gutowski et al. 2020;
Brogli et al. 2023), yet is produced using an Earth system
model. We aim to answer several scientific questions framed
around the 1997 flood drivers including:

(1) How might AR characteristics (i.e., integrated water
vapor and transport) differ with warming levels?

(2) How might warming levels alter storm characteristics
across durations from minutes to several days?

(3) How sensitive might the antecedent snowpack and the
net snowmelt over the storm duration be to warming
levels?

(4) How might mountain runoff, particularly runoff con-
tributed by snowmelt, respond to warming?

Addressing these questions will provide the scientific com-
munity and water managers with information to prepare
for potential climate change impacts on AR precipitation
characteristics and the resulting flood response driven by
soil moisture, snowmelt, and runoff conditions. This study
represents a pioneering effort in utilizing an Earth system
model to simulate and forecast the atmosphere-through-bed-
rock response of a compound extreme event across histori-
cal, contemporary, and future climate scenarios. Further, the
1997 flood event is both understudied and underutilized in
detection and attribution studies of climate change, despite
its recognized importance as a design storm in water man-
agement. We begin by introducing the experimental setup
to recreate the 1997 flood at various warming levels. To
address our research questions, we discuss how the hydro-
meteorological characteristics of the 1997 flood changed
across warming levels. We find that warming level enhances
an AR’s propensity to produce hazards, particularly due to
an enhancement of precipitation at hourly-to-subhourly
timescales. Antecedent snowpacks and storm duration snow-
melt ubiquitously decline with warming. Statewide runoff
responses at both storm duration and subdaily timeframes
are muted with warming but have important dependencies in
the northern versus southern Sierra Nevada during different
moments of the flood. These spatiotemporal dependencies
highlight how warming could shift RoS hazard potential to
the southern Sierra Nevada, which has important implica-
tions for regional and statewide water and natural hazard
management and adaptation planning.

2 Methods

To simulate the 1997 flood, we employ the U.S. Department
of Energy-funded Energy Exascale Earth System Model
(E3SM) version 2 (Golaz et al. 2022; Tang et al. 2022; Har-
rop et al. 2023). To ensure that the 1997 flood event hydro-
meteorological characteristics are skillfully recreated, we
leverage the regionally refined mesh capabilities of E3SM
(RRM-E3SM) at 3.5 km grid spacing centered over Cali-
fornia that progressively coarsens to 111 km grid spacing
globally (Rhoades et al. 2023). The E3SMv2 dynamical core
is described in Taylor et al. (2020) and Golaz et al. (2022).

@ Springer
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Atmospheric radiation is handled by the Rapid Radiative
Transfer Model (Mlawer et al. 1997). Other subgrid-scale
physics schemes include those that account for aerosols
(Wang et al. 2020), deep convection (Zhang and McFar-
lane 1995), gravity waves (Richter et al. 2010), microphys-
ics (Gettelman and Morrison 2015), macrophysics, shallow
convection, and turbulence (Larson 2022), with some recent
modifications outlined in Golaz et al. (2022). The RRM-
E3SM simulations use Atmosphere Model Intercomparison
Project (AMIP) protocols (Gates et al. 1999) whereby the
atmospheric (E3SM Atmosphere Model; EAM) and land
surface (E3SM Land Model; ELM) sub-component mod-
els of E3SM are two-way coupled and lower boundary sea
surface temperatures and sea ice conditions are prescribed.
A detailed explanation of the RRM-E3SM (3.5 km) model
experimental setups is provided in Rhoades et al. (2023).
The spatiotemporal warming level signatures for each cli-
mate initial condition are derived by extracting the 40-mem-
ber ensemble mean Community Earth System Model ver-
sion 1 Large Ensemble (CESM LENS) monthly temperature,
specific humidity, and sea surface temperature fields at the
desired global warming level over the simulation period of
1920-2100 (Kay et al. 2015). Pre-industrial simulations are
derived using CESM LENS atmospheric and oceanic fields
from 1921. We acknowledge a small amount of warming
occurred between 1850 and 1920 (approximately +0.1 °C;
see fig. 2 of Kay et al. 2015), however, we opt to use the
pre-industrial naming convention to maintain consistency
with Pettett and Zarzycki (2023). We simulate the 1997 flood
under the observed atmospheric, land and oceanic condi-
tions in 1997, called the “control” simulation (Rhoades
et al. 2023). Then, we simulate the 1997 flood event under
“contemporary” atmospheric and oceanic conditions where
the CESM-LENS ensemble average reaches a global-mean
value of +1°C of warming (in 2019) relative to 1920 in the
atmosphere over both the ocean and land. The other three
sustained warming level simulations are derived from the
year in which the CESM-LENS ensemble mean global-
mean temperature difference (from 1920) reaches +2 °C
(in 2044), +3 °C (in 2063), and +4 °C (in 2081). The two-
dimensional sea surface temperature and three-dimensional
changes in specific humidity and air temperature are then
applied from the CESM-LENS ensemble mean monthly
climatology using that specific year and the month that the
storyline event occurred (e.g., January 2081). Therefore, the
actual global warming levels of reference height tempera-
ture (2 m) over global land relative to the control simula-
tion of the 1997 flood, are +0.1°C (pre-industrial), +0.4°C
(contemporary), +1.7°C, +2.5°C, and +3.5°C. Notably, the
pre-industrial simulation has a slightly warmer global tem-
perature delta than the control simulation (Fig. S1). This
is due to the phenomenon known as the Early Twentieth
Century Warming (1890s to 1940s) that featured relatively
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high Arctic warming between the 1920s and 1930s (Hegerl
et al. 2018) (as confirmed in Fig. S1).

To derive initial and boundary conditions for the EAM
forecasts, we leverage the Betacast software suite first
described in Zarzycki and Jablonowski (2015) and avail-
able on GitHub - https://github.com/zarzycki/betacast. Ini-
tial atmospheric conditions are generated by remapping the
fifth generation of the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis, ERAS (Coper-
nicus Climate Change Service Climate Data Store (CDS)
2017). State fields are adjusted following Trenberth (1995)
to account for geostrophic (e.g., surface pressure) imbal-
ances arising from differences between ERAS and RRM-
E3SM topography representations. The ERAS atmospheric
temperature and specific humidity fields are spatiotempo-
rally adjusted with the mean CESM LENS deltas at the
warming levels mentioned previously. The specific process
is outlined in further detail in Appendix A of Pettett and
Zarzycki (2023). Ocean and ice forcing are generated by
interpolating the NOAA Optimum Interpolation ocean sur-
face conditions (Reynolds et al. 2007). For the perturbed
simulations, a monthly time series of warming deltas for
the aforementioned variables are generated by averag-
ing the CESM LENS across ensemble members and sub-
tracting the monthly mean in 1920 from each of the cor-
responding months between 1921 and 2100. These deltas
are horizontally and vertically interpolated and added to the
atmospheric initial conditions and applied to the ocean and
ice boundary conditions. In cases where the warming level
results in the surface temperature going above freezing the
corresponding ice grid cell is converted to ocean. Ocean-to-
ice grid cell conversions occur when the surface temperature
is below freezing.

The ELM initial land surface conditions are provided by
reforecasting five years before the EAM forecasts at three-
hourly timesteps with ERAS5 atmospheric boundary condi-
tions. This mimics a data assimilation process where the
land model is continually forced by the observed state of
the atmosphere leading up to the coupled model initializa-
tion. This standalone simulation allows for the land-surface
antecedent conditions (e.g., soil moisture concentrations and
snowpack) to equilibrate under the desired warming level.
For example, the snowpack depths and extents and soil
moisture concentrations adjust to the new specific humidity
and temperatures at each warming level over the five years.
A five-year spin-up of the land-surface conditions before
the 1997 flood is deemed to be a credible assumption for
California as it is dominated by seasonal and ephemeral
rather than perennial snowpacks (Hatchett et al. 2023) and
root zone soil moisture memory is, generally, 2 to 4 months
(Kumar et al. 2020).

For each warming level, we produce six initial condition
forecasts with lead times of up to 4 days before 01 January
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1997. Each forecast represents a plausible representation of
the land-surface antecedent conditions before the 1997 flood
as well as the landfalling progression of the AR. Forecasts
were initialized 12 h apart (i.e., 28 December 1996 at 00Z
up to 30 December 1996 at 127) and each successive fore-
cast leverages the previous forecast as an initial condition.
Rhoades et al. (2023) showed that the RRM-E3SM (3.5 km)
simulation flood drivers (e.g., AR characteristics, storm
total precipitation, and change in snow water equivalent)
were relatively insensitive to forecast lead times of 2—4 days
when recreating the 1997 flood event. Therefore, we use six
forecast averages of the RRM-E3SM (3.5 km) grid for our
warming level comparisons.

In the RRM-E3SM (3.5 km) forecasts, we track ARs in
the 1997 flood event using TempestExtremes (Ullrich and
Zarzycki 2017; Ullrich et al. 2021) and their landfalling
characteristics (e.g., AR category scales) using extensions
made to TempestExtremes (Rhoades et al. 2020a, b, 2021).
TempestExtremes AR detection is customizable and relies
on both IVT and latitudinal thresholds and geometric param-
eters to isolate ARs from the background IVT. It is repre-
sentative of a median-performing algorithm across different
AR characteristics (e.g., number of AR events over a clima-
tological period) in the Atmospheric River Tracking Method
Intercomparison Project (Shields et al. 2018). In a future
climate context, TempestExtremes highlighted an increase
in the number of ARs with warming across the globe (again,
representative of the median AR detector), yet the AR’s area
did not appreciably change with warming compared with
other AR detectors (O’Brien et al. 2022). This is likely due
to its use of both absolute thresholds for IVT as well as
geometric constraints. Notably, since the 1997 flood was
AR-generated, we leave the subgrid-scale parameterization
deep convection scheme on across RRM-E3SM (3.5 km)
simulations. This choice had a minimal influence on storm
total precipitation, particularly in complex terrain, where
nearly every grid cell was dominated by stratiform precipita-
tion (as shown in Fig. S2).

For a quantitative albeit first-order evaluation of mini-
mum snowmelt during the 1997 flood, we calculated two
diagnostic snowpack variables critical to understanding RoS
events: storm total advected energy and the change in cold
content over the storm duration. Storm total represents the
cumulative total of a given variable (e.g., snowmelt or rain-
fall) between the start of the 1997 flood (31 December 1996)
up to the end (04 January 1997). Advected energy is the
direct transfer of energy from rainfall into the snowpack. We
use Equation 6.24 in DeWalle and Rango (2008) to compute
advected energy (A; MJ/m?):

A=c,*p,*Px (T, —-T,)

where c,, is the specific heat of liquid water (4.184 J/kg/K),
p,, is the density of liquid water (997. kg/m?), P is the pre-
cipitation rate (m/s), T, is the temperature of the rain (K),
and 7, is the average snow temperature (K). We then convert
advected energy from units of J/m*hour to units of MJ/m?
via the relationship that 1 Watt-hour equals 0.0036 MJ at
6-hourly frequency. The advected energy equation is a func-
tion of precipitation intensity and the difference between the
temperature of the precipitation and the temperature of the
snowpack. Here, the temperature of the snowpack is derived
from ELM, and we assume that the two-meter surface air
temperature is representative of the precipitation tempera-
ture (as is done in Equation 6.24). Notably, advected energy
is often quite small (less than 20% of total energy) compared
to the sensible and latent heat fluxes that arise during a RoS
event. This is important to note as RoS events not only pro-
duce higher runoff efficiencies due to the transfer of energy
from the raindrops into a snowpack but also are driven by
the formation of preferential flow paths with direct terrestrial
water input (Heggli et al. 2022; Brandt et al. 2022).

Cold content is the vertically integrated internal energy of
the snowpack and helps indicate whether the snowpack can
begin to melt. We use Equation 6.27 in DeWalle and Rango
(2008) to compute cold content (Q,; MJ/m?):

Qcc =Gk pg hs * (TY - Tm)

where c; is the specific heat of ice (0.00209 MJ/kg*K), p, is
the density of the snowpack (kg/m?), &, is the snow depth
(m), T, is the average snow temperature (K), and 7, is the
melting temperature of ice (273.15 K). The calculation of
cold content factors in the snowpack depth, density, and tem-
perature. Once cold content reaches zero, additional energy
introduced into the snowpack produces snowmelt. Cold con-
tent change was calculated between the start and end of the
1997 flood.

Snow hydrology representation in ELM is largely inher-
ited from the Community Land Model version 5 (CLMS5)
of the Community Earth System Model (Danabasoglu et al.
2020; Golaz et al. 2022). ELM has up to a 12-layer snow
model and the average temperature across these layers is
used when computing both advected energy and the cold
content. To estimate snowmelt, ELM first determines the
surface fluxes and snow/soil temperatures (see Lawrence
et al. (2019) and Section 2.8 of the CLM5 Technical Note
- https://escomp.github.io/ctsm-docs/versions/master/html/
tech_note/Snow_Hydrology/CLMS50_Tech_Note_Snow_
Hydrology.html). During isothermal conditions at 0°C in the
snowpack (i.e., zero cold content), water transfer is estimated
in the top snow layer. When the liquid generated in that layer
exceeds a determined water holding capacity it is added to
the underlying layer. The effective porosity (determined
by ice content) of the underlying layer can either allow or
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inhibit the transfer of water. This is repeated from the top
snowpack layer down to the bottom snowpack layer. Notably,
ELM (and many other land surface models) do not represent
some of the internal snowpack physics that occur during
RoS or melt events that recent observational and modeling
studies increasingly highlight the importance of (Brandt
et al. 2022; Heggli et al. 2022; Haleakala et al. 2022; Katz
et al. 2023). For example, preferential flow paths (or “flow
fingers”) within the snowpack rather than a uniform wetting
front can influence the snowmelt dynamics (McGurk and
Marsh 1995; Brandt et al. 2022).

3 Results

We now investigate how warming alters the cross-scale
interactions that shaped the hazard potentials of the 1997
flood event. We first investigate how warming alters the
steering and moisture transport of the AR that occurred dur-
ing the 1997 flood at planetary-to-synoptic scales. We then
focus on synoptic-to-regional scales and investigate how AR
characteristics, regional circulation drivers of precipitation,
and storm event characteristics change with warming. Last,
we end at regional-to-local scales and identify how warm-
ing modifies RoS characteristics of the 1997 flood through
alterations to the antecedent and storm duration changes in
snowpack, soil moisture, and runoff.

3.1 Atmospheric dynamics
at synoptic-to-mesoscales are weakly
influenced by warming, yet the hazard
potential of the atmospheric river increases

Planetary-to-synoptic scale spatiotemporal snapshots of the
integrated vapor transport (IVT) and geopotential height
fields during the four days of the 1997 flood across different
warming levels indicate different responses (Fig. S3). Nota-
bly, changes in the warming levels enhance IVT but result in
a negligible effect on the 850 mb geopotential height fields.
The different influences of warming on the IVT and geo-
potential height fields is preserved at regional-to-local scales
near the California-Oregon coastline, too (Fig. 1). Changes
in synoptic scale geopotential height fields are likely mini-
mal due to how we performed the storyline simulation,
which is more focused on how climate change influences
thermodynamical rather than dynamical feedbacks. For
example, as our simulations do not perturb the large-scale
wind fields at initialization, we will not capture large-scale
shifts in AR storm tracks due to spatiotemporal variations in
the jet stream (although more local dynamical adjustment in
the wind fields should occur).

This weak relationship between warming level and
dynamical response is exhibited at more local scales in one
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of the most important dynamical drivers of regional and
orographic precipitation patterns in California: the Sierra
Barrier Jet (SBJ). The SBJ occurs along the windward side
of the Sierra Nevada and arises due to the blocking, slow-
ing, and turning of low-level winds which, in turn, gener-
ates a southerly jet core that arises between 950-900 hPa
with wind speeds of 15-30 m/s (Neiman et al. 2010; Hughes
et al. 2012; Neiman et al. 2013). By influencing moisture
advection and ascent at the regional scale, the SBJ is largely
responsible for why the climatological precipitation max-
ima in California is located northwest of the Sierra Nevada
and not consistently along the windward side of the Sierra
Nevada where the orographic ascent of storms is maximized.
The insensitivity of the horizontal and vertical structure of
the SBJ to warming across all days of the 1997 flood are
shown in Figs. S4, S6, S8, S10, and S12). Figs. S5, S7, S9,
and S11 show the differences between the control and warm-
ing level experiments from the horizontal perspective of the
SBJ (depicted at the intersection of the dotted lines in each
figure) across all days of the 1997 flood.

Consistent with expectations from the Clausius—Clapey-
ron relationship, Fig. 2 indicates an intensification of land-
falling AR characteristics of the 1997 flood across warming
levels for 31 December 1996 up to 4 January 1997. One
metric to assess AR hazard is the AR category (Ralph et al.
2019), which accounts for both the maximum intensity and
duration of the AR. The region over which the landfalling
AR reaches category 4 or 5 conditions, “mostly to primar-
ily hazardous to water resource management”, substantially
expands in areal extent, spanning the entirety of northern-
central California at the highest warming level (Fig. 2 and
Fig. S13). This is primarily driven by monotonic increases
in the maximum integrated water vapor reached during
the 1997 flood at warming levels > 1.7 °C combined with
systematically stronger total winds in northern California
(Fig. 2). The largest increases in maximum integrated water
vapor occur in the central to southern coasts of California,
however, winds over southern California are systematically
reduced with warming. This offsetting interplay between
thermodynamical and local dynamical drivers of AR char-
acter in the lower midlatitudes of the coastal western United
States with warming was shown by Payne et al. (2020). We
also show in Fig. 1 that a slight northward shift in the local
dynamical fields (i.e., 850mb geopotential height contours)
in response to warming could have influenced the weakened
local winds in southern California.

3.2 Warming leads to more rainfall,
via an enhancement in short duration, extreme
rainfall

How the characteristics of the AR changes with warming
is important to understand. This is because subcomponents
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Fig.1 a RRM-E3SM (3.5 km)
forecast average estimate of the

. .. 1000
control simulation integrated
vapor transport (IVT) on 01 800
January 1997. Difference. plots g 600
(left column) represent differ- £
ences between the control simu- o 400
lation and the pre-industrial (a), 200

contemporary (b), +1.7 °C (¢),
+2.5 °C (d) and +3.5 °C (e)
experiments. The center (right)
column shows the 850mb geo-
potential heights (lines; units in
meters) over California (North-
east Pacific) with the control
simulation estimate (gray-to-
white contours) underlying each
warming level estimate (colored
lines)

Pre-industrial - Control

Contemporary - Control

+1.7°C - Control

+2.5°C - Control

+3.5°C - Control

of an AR, such as integrated water vapor and winds, only
represent the potential for precipitation to occur. That
potential for precipitation depends on the topography, the
orthogonality of moisture flux to the topography, the ver-
tical velocity, the atmospheric stability, and cloud micro-
physical processes (Siler and Roe 2014; Rhoades et al.
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2018; Ricciotti and Cordeira 2022). Figure S14 shows how
different aspects of the precipitation characteristics of the
1997 flood were simulated and their warming level sensi-
tivities. Changes in storm total precipitation with warm-
ing levels have different spatial signatures in the northern
versus southern portions of California (Fig. 3). Given that
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Fig.2 RRM-E3SM (3.5 km) forecast average estimates of the differ-
ence in landfalling AR characteristics of the control simulation (a;
top row) against the pre-industrial (b), contemporary (c), +1.7 °C
(d), +2.5 °C (e) and +3.5 °C (f) experiments over the period of 31
December 1996 up to 4 January 1997. AR characteristics provided
are the AR category (left column) and the storm duration maximum
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integrated vapor transport (IVT, second column), maximum inte-
grated water vapor IWV, third column), and maximum integrated
total wind (right column). In each difference plot of the AR category,
the gray area represents regions in the control simulation where cat-
egories 4-5 existed
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these differences are based on six-forecast averages, they
are arguably glimpses of a signal of warming rather than
simply the noise of internal variability. At global warming
levels representing both a contemporary (+0.4 °C) and
near future (+1.7 °C) climate, less storm total precipi-
tation is produced in northern portions of the California
Sierra Nevada and more storm total precipitation occurs
in the south. At warming levels above +2 °C, a more ubiq-
uitous increase in storm total precipitation occurs across
the California Sierra Nevada and northwestern portions of
California. This is partly explained by slight increases in
storm total moisture flux convergence, particularly on the
windward side of the Sierra Nevada (Figs. S15 and S16).
Further contributors are monotonic decreases in snowfall
fraction and near-monotonic decreases in precipitation
efficiency with warming. Unlike the rest of California,
precipitation efficiency increases in southern portions of
the leeward side of the Sierra Nevada in line with find-
ings from previous studies (Siler and Roe 2014; Huang
et al. 2020). Precipitation efficiency is defined as storm
total precipitation divided by storm total integrated water
vapor. This metric measures the efficiency of the terrain
in extracting precipitation from the atmosphere, which
warming has been shown to suppress in other mountainous
regions (Eidhammer et al. 2018). Values of precipitation
efficiency greater than one indicate grid cells where hydro-
meteors formed in one grid cell are then advected and fall
out as precipitation in another (Fig. 3). Conversely, values
less than one indicate a portion of atmospheric moisture
that continues to be transported over the landscape. Across
California, the precipitation efficiency is 0.33 in the con-
trol simulation and decreases to 0.29 at +3.5 °C. The pre-
cipitation efficiency in Nevada is more consistent between
the control simulation (0.12) and at +3.5 °C (0.11).
Precipitation scaling with warming has been the focus of
much research (Fowler et al. 2021a, b). It is often explained
predominantly using thermodynamic concepts (e.g., the
7% increase per +1 °C in the saturation-specific humidity
implied by the Clausius—Clapeyron relationship). Through-
out the four-day event, California’s mean storm total pre-
cipitation estimates across warming level simulations range
between 106 and 117 mm, or a —3.2% (contemporary) to
+7.2% (+3.5 °C) change from the control simulation. This
is further confirmed when evaluated across the 52 pre-
cipitation gauge sites from the California Data Exchange
Center (CDEC) used by the National Oceanic and Atmos-
pheric Administration (NOAA) to produce the 1997 flood
event storm summary (https://www.cnrfc.noaa.gov/storm_
summaries/ol.php?storm=jan1997). Yet, across warming
level experiments, the statistical distributions of storm total
precipitation encompassing the mean, interquartile range,
and extremes all overlap (Fig. 4). This overlap is maintained
whether using the nearest grid cell to the precipitation gauge

@ Springer

31 December 1996 - 04 January 1997

1000

m)

£ 800

Storm Total Precipitation

o

Precipitation
Gauges

Pre-industrial —
Control

Contemporary
+1.7°C
+2.5°C
+3.5°C

Fig.4 Storm total precipitation (31 December 1996 up to 4 January
1997) evaluated at the 52 NOAA precipitation gauges within Califor-
nia. Violin plots represent the observed NOAA precipitation gauge
precipitation measurements (black) and model estimates derived from
the nearest grid cell to each gauge. Model estimates are color-coded
by each warming level. The violin plots show the mean with a white
dot, and white lines indicate the 25th, median, and 75th percentiles.
The shape of each violin reflects the probability density function of
the full distribution of the data

or using a 4 X 4 stencil average of the nearest grid cells to
the precipitation gauge (Fig. S17).

Precipitation scaling in California-Nevada is dominated
by stratiform precipitation from ARs and extra-tropical
cyclones that interact with mountains, which may have dif-
ferent scaling properties compared to other storm types (e.g.,
convective) (Gershunov et al. 2019; Patricola et al. 2022).
Storm total precipitation in the California Sierra Nevada
scales at sub-Clausius—Clapeyron rates with warming
(Fig. 5). Windward precipitation scales at smaller rates than
leeward precipitation. This was predicted through theory by
Siler and Roe (2014) via a warming-induced net downwind
shift in mountain precipitation distributions. Mechanisms
that drive this phenomenon include a warming-induced
upward shift in the level of windward condensation, leading
to increased leeward precipitation that is, in part, offset by
faster hydrometeor fall speeds, and more adiabatic descent
that induces leeside evaporation.

Unlike storm total precipitation, maximum hourly and
sub-hourly precipitation rates on the windward side of the
California Sierra Nevada scale at super-Clausius—Clapey-
ron rates (Fig. 5). Notably, 10-minute precipitation outputs
are derived directly from EAM and the hourly outputs are
gleaned from the 10-minute precipitation outputs by cumula-
tive summing the 10-minute outputs over each hour. Leeside
hourly and subhourly precipitation also scales consistently
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Fig.5 Precipitation scaling with warming for storm total precipita-
tion (a, d), max 1-h precipitation (b, e¢) and max 10-min precipitation
(c, f) between 31 December 1996 up to 4 January 1997. Violin plots
represent all the grid cells within the windward (a—c) and leeward
(d-f) of the California Sierra Nevada. Windward and leeward shape
regions are shown in black in the map plots. Model estimates are
color-coded by each warming level. The violin plots show the mean
with a gray dot, and gray lines indicate the 25th, median, and 75th
percentiles. The shape of each violin reflects the probability density
function of the data. Black dots show the expected precipitation scal-
ing with warming based on the Clausius—Clapeyron equation devised
by Bolton (1980)

with Clausius—Clapeyron, yet the percent changes span a
wider range of possibilities. The difference in warming-
induced precipitation scaling between storm total versus
hourly-to-subhourly maximum precipitation rates alludes
to the potential for abrupt bursts of precipitation occur-
ring more systematically with warming, particularly along
windward slopes (Fig. 3). Vertical profiles of changes in
temperature, specific humidity, and static stability from the
control simulation highlight that warming induces a more
stable atmosphere over the entire 1997 flood duration at all
pressure levels, likely due to warming aloft (Fig. S18). At
lower pressure levels, warming-induced increases in spe-
cific humidity mute atmospheric stability through increases
in latent static energy over the Sierra Nevada (Fig. S19).
Therefore, differences between storm total precipitation
and hourly-to-subhourly precipitation rates can be partly
explained through a net dynamically-induced suppression
of orographic uplift, offset at smaller timescales by enhanced
thermodynamical feedbacks associated with enhanced mois-
ture availability and enhanced latent heat release. This dif-
ferential scaling of wintertime precipitation to warming at
storm total versus hourly-to-subhourly timescales was also
identified for the European Alps using ~3 km grid spac-
ing regional climate model simulations (Ban et al. 2020).

At higher warming levels, our experiments indicate the
shortest duration precipitation (i.e., subhourly) will come
as rain instead of snow (Fig. 3). From both a storm total
precipitation and maximum subhourly precipitation rate per-
spective, the majority of windward grid cells that produce
the largest precipitation totals or rates occur in either the
rain-snow transition and/or snowfall-dominated regions of
the Sierra Nevada (Figs. 6, S20, S21). These regions also
drive some of the largest deviations in precipitation from the
control simulation with warming. Ombadi et al. (2023) also
found warming-induced amplifications of precipitation in
the rain-snow transition region across northern hemisphere
mountains and across a larger ensemble of Earth system
model simulations.

3.3 Despite enhanced rainfall, warming generally
reduces the runoff response via low snow
and drier soils, save for the southern, windward
Sierra Nevada

The transition of snowfall to rainfall has a direct effect
on rainfall-induced runoff. It also has an indirect effect
through the warming-dependent changes in the accumu-
lation of snowpack before the 1997 flood event. Further,
the warming-induced snowfall-to-rainfall transition influ-
ences the timing and magnitude of snowmelt during the
flood event. This is relevant as snowmelt was an important
component of why the observed 1997 flood event was so
costly and damaging. Figures 7 and S22 show different
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Fig.6 Scatter plot comparisons of Sierra Nevada windward grid
cells of max 10-min precipitation rates over the storm duration (31
December 1996 up to 4 January 1997) between the control (b) and
pre-industrial (a), contemporary (c), +1.7 °C (d), +2.5 °C (e) and
+3.5 °C (f) experiments. Subregions of the windward Sierra Nevada
are color-coded to indicate rainfall, snowfall, and rain-snow transi-
tion with warming. Red dots indicate grid cells that purely experience

aspects of the snowpack characteristics on 31 December
1996 including snow water equivalent (SWE) and snow
density. The pre-industrial and control simulations had
nearly identical SWE volumes across California-Nevada
(14.8 and 14.4 km?, respectively) at the onset of the 1997
flood. Average snow densities (340-350 kg/m?) were
emblematic of a denser, late winter maritime snowpack
(Sturm and Liston 2021) with average snow temperatures
less than a quarter of a degree from freezing. As shown
in Heggli et al. (2022) measured snow densities in the
California Sierra Nevada an hour before historical RoS
events ranged between 264 and 352 kg/m? (first and third
quartiles, respectively) with a maximum measured value
of 511 kg/m?3. In a more contemporary climate, average
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rainfall over the storm duration. Blue dots indicate grid cells where
snowfall occurs, at least, 2.54 mm over the storm duration. Light blue
dots indicate grid cells where the control simulation has, at least, 2.54
mm of snowfall, yet the warming level simulation has purely rainfall.
The black line indicates a 1:1 between the control simulation and
each warming scenario

SWE was reduced by 30% and average snow densities
approached 370 kg/m>. At warming levels > 1.7 °C, SWE
changes become quite pronounced in the windward Sierra
Nevada (Fig. 7). Compared to the control simulation,
Sierra Nevada-average SWE continues to be reduced by
43-76% and average snow densities increase by 50 kg/
m? per +1 °C (400-500 kg/m?), values typically achieved
during the peak spring snowmelt season.

The combination of warmer, shallower, and denser
snowpacks, particularly at warming levels greater than
> 1.7°C, indicates that these snowpacks have lower cold
content (closer to 0 MJ/m?) and will produce meltwater
with added energy. Half of the 31 December 1996 snow-
pack extent in the pre-industrial and control simulation
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Fig.7 RRM-E3SM (3.5 km) forecast average estimates of the dif-
ference in snowpack characteristics of the control simulation (a;
top row) against the pre-industrial (b), contemporary (c), +1.7 °C
(d), +2.5 °C (e) and +3.5 °C (f) experiments over the period of 31
December 1996 up to 4 January 1997. Snowpack characteristics pro-

had cold contents of 0 MJ/m? with the pre-industrial snow-
pack only 1.5% larger in area than the control (Fig. S22).
In a contemporary climate, the 0 MJ/m? cold content area

vided are the 31 December 1996 antecedent snow water equivalent
(SWE; left column), antecedent snow density (second column), ante-
cedent cold content (third column) and storm total advected energy
(right column). In each of the difference plots the gray area represents
the control simulation

grows to 61% of the available snowpack, however, the
snowpack area is also 26% smaller than the control. At
warming levels of +2.5 and +3.5 °C, the 0 MJ/m? cold
content area encompasses three-fourths (or more) of the
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entire snowpack area, however, the snowpack area has also
been reduced to one-third and one-fourth of the control
simulation snowpack area, respectively. Importantly, even
at higher elevations in the Sierra Nevada where the most
robust (higher values) cold contents exist, minimum cold
content values are reduced to 60% of the control simula-
tion in a contemporary climate (—1.79 MJ/m?) and sys-
tematically reduced by ~15% per +1°C (—1.33 to —0.41
MJ/m?).

Advected energy, the direct contribution of energy into
the snowpack from precipitation (DeWalle and Rango
2008), becomes important when a snowpack’s cold con-
tent approaches zero. We previously showed this is the
case across all 1997 flood event simulations and during
rain-dominated winter storm events, which ARs are often
associated with (Hatchett et al. 2017; Shulgina et al. 2023).
Positive advected energy values indicate an enhancement
of energy to melt the snowpack whereas negative values
indicate a diminishment of energy. Figures S22 and 7 show
the advected energy provided during the event between 31
December 1996 to 04 January 1997. The highest storm dura-
tion advected energies occurred between +1.7 and +2.5 °C
(21.2—22.1 MJ/m?). This is likely due to the considerable
snowpack available to melt on 31 December 1996 combined
with a transition from snowfall to rainfall at mid-to-high
elevations of the Sierra Nevada during the storm duration
(Fig. 3). Figure S23 provides context for the percent con-
tribution of advected energy to snowmelt energy relative to
the total of sensible heat, latent heat, and advected energy.
The mean contributed advected energy in the control RRM-
E3SM simulation was 6.4%. Across all RRM-E3SM warm-
ing level experiments advected energy contribution ranged
between 5.6% (pre-industrial) to 14% (43.5 °C). This shows
that although advected energy’s contribution to the total
potential snowmelt energy in any given grid cell more than
doubles from pre-industrial to +3.5 °C, sensible and latent
heat fluxes dominate the energy budget (>85% of the energy
budget).

The net result of the storm duration interactions between
precipitation phase changes, cold content, and advected
energy is shown in Fig. 8 via plots of changes in SWE
between 31 December 1996 to 04 January 1997. Storm
duration changes in SWE are estimated at the closest grid
cell to the 52 SNOTEL sites within the region evaluated
throughout this study. Figure S24 shows the insensitivity of
choosing the nearest grid cell estimates to those of a 4 X 4
stencil average of the surrounding grid cells nearest the
SNOTEL sites. Unlike storm total precipitation discussed
earlier, storm duration changes in SWE show a threshold-
dependent sensitivity to warming. Pre-industrial through
contemporary simulations all have similar estimates of both
positive and negative changes in SWE over the storm dura-
tion. The center of mass of the distributions is below zero,
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Fig.8 Storm duration change in snow water equivalent, dSWE, (31
December 1996 up to 4 January 1997) evaluated at the 52 SNOTEL
sites within California-Nevada. Violin plots represent the observed
SNOTEL site dSWE during the 1997 flood event (black) and model
estimate dSWE derived from the nearest grid cell to the 52 stations.
Model estimates are color-coded by each warming level. The violin
plots show the mean with a white dot, and white lines indicate the
25th, median, and 75th percentiles. The shape of each violin reflects
the probability density function of the full distribution of the data

indicative of a primarily snowmelt-driven event. At warming
levels >1.7 °C, snow accumulation is virtually non-existent
during the 1997 flood event, with nearly the entire distribu-
tion below zero. The warming level that produces the most
snowmelt is +1.7 °C because +2.5 and +3.5 °C have less
antecedent snowpack.

The culmination of the interactions across the physical
drivers of the 1997 flood event, and their warming level sen-
sitivities, are shown through runoff. Figure 9 and S25 show
the storm total runoff across warming levels. Spatial signa-
tures of runoff changes with warming are coincident with
regions where SWE is lost over the storm duration (Fig. 7)
and in portions of the Sierra Nevada with higher soil mois-
ture contents on 31 December 1996 (Fig. 9). Average storm
total runoff changes with warming range between —17% in
the +3.5 °C simulation to —26% in the +2.5 °C simula-
tion. The lack of systematic signal with warming is likely
due to the competing influences of increases and decreases
in precipitation totals, soil moisture concentrations, and
snowmelt. Runoff efficiency generally decreases across
all warming levels, although important spatial signatures
with warming are seen in both the northern versus southern
and windward versus leeward side of the California Sierra
Nevada. Windward runoff efficiency changes are latitude-
dependent. The northern Sierra Nevada shows a systematic
decrease with warming and the central to southern Sierra
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Fig.9 RRM-E3SM (3.5km) forecast average estimates of the differ-
ence in runoff characteristics of the control simulation (a; top row)
against the pre-industrial (b), contemporary (c), +1.7 °C (d), +2.5 °C
(e) and +3.5 °C (f) experiments over the period of 31 December 1996

Nevada indicates an increase. Leeward runoff efficiency
systematically decreases with warming. Maximum runoff
changes over the storm duration do have a more systematic

up to 4 January 1997. Runoff characteristics provided are the storm
total runoff (left column), antecedent soil moisture on 31 December
1996 (second column), runoff efficiency (third column), and storm
duration maximum runoff (right column)

relationship to warming. Maximum 3-hourly runoff in
the +1.7 to +3.5 °C simulations decrease between —24%
(80 mm decrease) to —61% (200 mm decrease) compared to
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the control simulation (330 mm). Notably, the pre-industrial
simulation shows a 45% increase (or 150 mm increase) com-
pared to the control simulation.

3.4 Summarizing the storm duration
changes in the fluxes and stores of water
during the 1997 flood across warming levels

To summarize all of the land-atmosphere interactions during
the 1997 flood event we employ a Sankey diagram. San-
key diagrams explicitly show changes in the magnitude and
direction of the key fluxes and stores of the hydrologic cycle
and are often used to visually summarize water management
(Curmi et al. 2013; Lehrman 2018). These diagrams demon-
strate how competing factors interact with one another under
warming to shape the storm duration water budgets. Each of
the major natural water reservoirs are represented in km?.
These natural reservoirs represent the storm totals over the
storm duration (31 December 1996 up to 04 January 1997)
area averaged and multiplied by the shape region area. The
fluxes of water between natural reservoirs are also shown as
gray connectors.

At warming levels >1.7 °C, the hydrometeorological
cycle during the 1997 flood becomes markedly differ-
ent, particularly at +3.5 °C over California and Nevada
(Fig. 10). All warming level experiments for California
and Nevada are presented in Figs. S26 and S27. Cali-
fornia-wide storm total precipitation increases (4+1.5—
3.5 km?) even while precipitation efficiency (storm total

Control
a) ET (2.0)—
Remaining IWV
IWV (147.3)
u Runoff (20:1).
Rainfall (45.9)
Total Water (49.5)
Precipitation (48.0)

I Snowfall (2.1) storage (27.5)

== Antecedent-SWE+(8:2) mTotal-Snow: ==Remaining SWE (6.7)
+3.5°C

c) B B ET (2.5)—

Remaining IWV

IWV (178.6)
| Runoff (18:3)

Rainfall (51.1)
Total Water (52.9)

IPrecip\tation (51.5)

Snowfall (0.4) Storage (32.1)

—Antecedent SWE(2.8) —Total Snow Remaining SWE (1.4)

Fig. 10 Sankey diagrams of the natural reservoirs (colored bars; km?)
and flows of water (gray) within the control and +3.5°C experiments
over the storm duration, 31 December 1996 up to 04 January 1997.
Each natural reservoir is vertically sized by its volume (provided in
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precipitation/storm total integrated water vapor) decreases
by 0.01 per warming level (0.29—0.31) compared to the
control simulation (0.33). Offsetting the state-wide pre-
cipitation increases, storm total snowfall and antecedent
snowpack reduces (—1.0 to —1.7 km? and —3.0 to —5.4
km?, respectively). These effects of warming on storm
total precipitation, snowfall, and antecedent snowpack
are consistent in sign but different in magnitude across
the Sierra Nevada and Nevada (Figs. S28, S29, and S27).
The net effect is that storm total runoff decreases across
California (—1.8 to —3.8 km?) and Nevada (—1.3 to —2.4
km?). However, when viewed from the perspective of the
windward side of the Sierra Nevada (which feeds most of
the reservoirs in the state), storm total runoff increases
by +0.8 km? at +3.5 °C. This might be due to the spati-
otemporal dependencies of runoff in the Sierra Nevada to
factors such as the soil moisture wetting front shaped by
snowline retreat and their interactions with underlying soil
composition and permeability (Figs. 7 and 9). This could
also be due to the increase in bursts of rainfall at hourly-
to-subhourly timescales, particularly in the southern Sierra
Nevada (Fig. 5).

A key question is how the hydrometeorological cycle
of the 1997 flood event may have been impacted by 20th-
century warming. Minor differences between the control
and pre-industrial simulations are shown across the state of
California (Fig. S26). All of the natural reservoirs, save for
integrated water vapor, are within +0.5 km? of one another
(or <2% change). This is also true for the state of Nevada

Control
b) ET (0.6)—
IWV (63.1) JRemamng wv
Runoff (3.4)
Rainfalli(7:0)
MPrecipitation (7.6) Snowfall (0.5) Total Water (10.8)
Storage (6.8)H
M Antecedent' SWE (6.2) M Total-Snow == Remaining SWE (3.0)
+3.5°C
d g a ET (1.2)—

IWV (78.5) Remaining IWV

Runoff (1.0)

Rainfall (8.6) Total Water (9.5)

M Precipitation (8.7)— Snowfall (0.1)

Storage (7.3)m

—Antecedent SWE (0.8) —Total Snow Remaining SWE (0.0)

parentheses). The natural reservoirs and flows are derived using only
data within the borders of either California (a, ¢) or Nevada (b, d).
Notably, reservoir sizes are scaled by region and care should be taken
when visually comparing between regions
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and the windward and leeward side of the Sierra Nevada
(Figs. S27, S28, and S29, respectively). This indicates that
the hydrometeorological variables that shaped hazards dur-
ing the 1997 flood event had minimal sensitivity to warm-
ing over the 20th century. In a contemporary climate the
precipitation response is more muted in California (—1.5
km?) (Fig. $26). This also holds in Nevada and across the
Sierra Nevada (Figs. S27, S28, and S29). Additionally, there
is less antecedent snowpack to melt in California (—1.9 km?)
and Nevada (—2.1 km?). A net reduction in statewide storm
total runoff is found in California (—4 km?) and Nevada
(=1 km?). The interacting influences of precipitation, snow-
melt, and antecedent soil moisture on runoff show that if
a 1997 flood-like event occurred in a more contemporary
climate the runoff response could be more muted.

4 Discussion and conclusions

Compound extreme events, such as the 1997 flood event,
driven by an AR and representative of a RoS event, pro-
vide unique hydrometeorological case studies to evaluate
cutting-edge modeling frameworks such as RRM-E3SM.
This is because the drivers of compound extreme events
span all aspects of the mountainous hydrologic cycle and
each part of the system could differ in its response to cli-
matic change. These responses vary in magnitude and/or
sign and can either amplify or diminish the hazards pro-
duced. For example, the Clausius—Clapeyron relationship
is an amplifying feedback whereby atmospheric saturation
specific humidity monotonically increases with warming,
which increases the potential for enhanced precipitation to
occur. Another example is the attenuation of equator-to-pole
temperature gradients. This effect locally diminishes the
Clausius—Clapeyron feedback through dynamically-induced
alterations to the location, magnitude, and persistence of
the jet stream. In turn, these alterations shift the landfall
location, phase (translational) speed, and orographic uplift
potential of storms. Furthermore, local-scale warming alters
the rain-snow partitioning of the storms and diminishes the
cold content of the snowpack. These cross-scale interac-
tions can either amplify or diminish both the storm total
runoff and maximum runoff rates based on the land surface’s
antecedent conditions (e.g., soil moisture) and precipitation
characteristics (e.g., storm total precipitation vs subhourly
precipitation rates).

The RRM-E3SM framework captures many of the
aforementioned cross-scale interactions in a single-model
approach. This allows for the identification of the finger-
prints of climate change that most amplify and dimin-
ish flood drivers that shape decision-relevant, compound
extreme events, such as the New Year’s flood event of 1997.

With RRM-E3SM we identified the following ways the driv-
ers of the 1997 flood event could respond to warming:

(1) 1997 flood hazards were not appreciably altered by
current levels of climate change, yet begin to occur at
warming levels >+1.7°C

(2) AR categories systematically increase with warming
and hazardous categories cover larger areas of Califor-
nia

(3) Storm total precipitation increases with warming, but
below expected rates estimated using the Clausius—Cla-
peyron relationship

(4) Hourly-to-subhourly precipitation rates increase with
warming, particularly in the leeward side of the Sierra
Nevada, exceeding Clausius—Clapeyron expectations at
warming levels > +1.7°C

(5) Snowfall and SWE (both antecedent and storm duration
changes) systematically decreases with warming, even
at high elevations of the Sierra Nevada

(6) Antecedent soil moisture (31 Dec 1996) generally
decreases with warming, especially in northern Califor-
nia, save for regions near the wetting front of snowline
retreat

(7) Storm total runoff, maximum runoff rate, and runoff
efficiency generally decrease with warming, except in
the southern Sierra Nevada where antecedent snowpack
can be maintained in a warmer world

Although our previous study (Rhoades et al. 2023) and this
study robustly investigate different sources of uncertainty,
namely those contributed by internal variability and emis-
sions scenario (Lafferty and Sriver 2023), when projecting
hydrometeorological cycle changes in a warmer future a
caveat to our findings is that this is a single model, single
RoS event investigation. This means that RRM-E3SM might
project the flood hazard responses to warming in different
ways than other modeling approaches (e.g., extreme pre-
cipitation scaling with warming; Thackeray et al. 2018;
Sugiyama et al. 2010). Additionally, our modeling approach
robustly represents the thermodynamic feedbacks of warm-
ing across the atmosphere, ocean, and land surface. Yet,
we provide a limited representation of dynamical changes
(e.g., latitudinal shift in storm tracks), other than those that
arise over the duration of the 8-day forecasts in response to
thermodynamical adjustments. The dynamical changes that
occur over longer timescales, such as the latitudinal shift in
the storm track, could play an important role in shaping the
local hazards presented by a future 1997 flood-like event
(Pfahl et al. 2017) by altering the landfall location of the
AR event and its orthogonality to complex terrain. Similarly,
the 1997 flood event may be a unique outlier compared to
other RoS events (Katz et al. 2023). For example, Patricola
et al. (2022) has shown that an AR’s storm total precipitation
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responds differently to warming when associated with a
strong versus weak (or non-existent) extra-tropical cyclone.
The AR that made landfall during the 1997 flood event is
associated with a weak extra-tropical cyclone and there-
fore may have a muted precipitation response to warming
compared to an AR associated with a strong extra-tropical
cyclone. The interplay between ARs and extra-tropical
cyclones highlights the need to explore a broader set of AR-
induced flood events using RRM-E3SM, particularly from
the perspective of storm total precipitation versus hourly-
to-subhourly precipitation rate scaling with warming. Dif-
ferences in AR precipitation characteristics with warming
might also arise through changes in the latitude in which
the AR makes landfall (Shields and Kiehl 2016), the landfall
orthogonality of the AR storm track to complex terrain (Ric-
ciotti and Cordeira 2022), and, importantly, the AR origin
in the tropical or subtropical Pacific (Gonzales et al. 2019,
2022). The snowpack model in RRM-E3SM also presents
sources of uncertainty in representing aspects of snowmelt
during RoS events. This is because the model can not cur-
rently simulate preferential flow paths and has assumptions
in how advected energy is incorporated into the snowpack.
Both of these play an important role in snowmelt dynamics.
Inclusion of preferential flow paths in the snowpack, which
can contribute to runoff without snowmelt during rainfall, is
limited in almost all snowpack models, however, the need to
capture this process is established (Brandt et al. 2022) and
progress is being made (Leroux et al. 2020). Additionally,
we found that maximum snow densities reached in the con-
trol simulation near the snowline were too high (=600 kg/
m?; 7.6% of the total snow area) compared to observed RoS
events (Heggli et al. 2022) and could also be addressed in
future ELM development.

While low-snow and drier soil conditions are more widely
accepted and expected in future RoS events (Siirila-Wood-
burn et al. 2021; Albano et al. 2022), short-duration bursts of
rainfall are debated (Westra et al. 2014; Fowler et al. 2021a,
b). Theory supports the notion that super Clausius—Clap-
eyron scaling of both hourly and subhourly precipitation
with warming is possible (Westra et al. 2014). However,
this is not always true for each region, season, and storm
type. This is because the precipitation efficiency (or dry-
ing ratio) of a mountain is dependent on its geometry, its
large-scale environment above and surrounding it, and the
characteristics and lifecycle of the storm event (Smith et al.
2010; Eidhammer et al. 2018). For example, in the European
Alps, modeling-based experiments (comparable in hori-
zontal resolution to this study) found that summer and fall
precipitation scaling rates with warming asymptote at the
expected Clausius—Clapeyron rate (+7% per +1 °C) (Ver-
gara-Temprado et al. 2021). This scaling relationship occurs
at hourly to subhourly timescales and whether 700 hPa or
two-meter surface air temperatures were used to normalize
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the precipitation scaling. Yet, hourly precipitation rates in
winter were shown at super Clausius—Clapeyron rates with
warming (Ban et al. 2020). In California, observational evi-
dence has shown that AR-precipitation scales at higher rates
than non-AR precipitation and, in some instances, hourly
maximum precipitation has exceeded Clausius—Clapeyron
scaling (Najibi and Steinschneider 2023). Modeling stud-
ies have also shown that precipitation rates scale at super
Clausius—Clapeyron rates with warming in California during
other AR RoS events (Huang et al. 2020; Michaelis et al.
2022). Theory, observations, and the aforementioned mod-
eling studies provide confidence that super Clausius—Cla-
peyron scaling of hourly to subhourly precipitation in the
California Sierra Nevada could be expected during future
AR RoS events.

This study highlights several take-home messages for
water resource management and emergency managers on
how RoS event behavior could change through the 21st
century with continued warming. First, we identify that
at +1.7 °C, maximum snowmelt occurs due to nonlinear
reductions in snowpack at greater warming levels. This
supports the “peak RoS” concept introduced by Heggli
et al. (2022) and implies that at mid-century when Earth
reaches a consistent +1.7 °C we could see a maxima in the
potential for hazardous RoS events. However, if warming
continues beyond +1.7 °C a diminishment in RoS events
could occur as more persistent low-to-no snow conditions
arise (Rhoades et al. 2022). Second, our findings indi-
cate that future RoS events could include more intense
short-duration bursts of rainfall in the rain-snow transition
regions of the Sierra Nevada. More rainfall, that is also
more intense, in these regions amplifies flood and land-
slide hazard to infrastructure and communities that reside
within and downstream of mountains (Ombadi et al. 2023).
Chen et al. (2023) found such bursts of rainfall might also
occur more in the storm center, which has implications for
flash floods and, in urbanized areas, stormwater impacts.
Third, engineers often design infrastructure with scale fac-
tors that depend on estimates of Clausius—Clapeyron-based
precipitation scaling (Martel et al. 2021). We show impor-
tant differences in how precipitation scales with warming
at storm total (4-day) versus subhourly (10-min) which
has implications for hardening and managing infrastruc-
ture under future precipitation extremes. For example, a
climate adaptation approach called forecast-informed res-
ervoir operations (Steinschneider and Brown 2012; Dela-
ney et al. 2020) would need to make sure that historical
assumptions of inflow rates, flood pool space, and spillway
rates are sufficient to handle the aforementioned changes
in RoS event behavior. Fourth, as snowpack recedes to
higher elevations, this shifts potential hazards from the
northern portions of California-Nevada further south. This
presents unique water management challenges, particularly
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in California, where the northern portions of the state
currently have more widespread automated monitoring
networks, larger reservoirs and have invested more into
infrastructure hardening. Furthermore, we found that lee-
side precipitation scaling was enhanced relative to wind-
ward precipitation, supporting theory-based arguments
presented by Siler and Roe (2014). This enhanced leeside
spillover of precipitation, at enhanced rates, with warming
has implications for water managers that exist in multi-
agency, multi-state systems that already faced significant
flooding in the observed 1997 flood (Kaplan et al. 2009).
Last, we show that in a warmer world, the increases in AR
strength do not always translate to elevated hazards. For
example, in our study, category 4-5 conditions (“mostly to
primarily hazardous to water resource management”) are
more systematically reached across California with warm-
ing. Yet, the antecedent and storm duration land surface
conditions also change (e.g., drier soils and less snow),
which offsets potential hazards over the storm duration.
Importantly, short-duration bursts of rainfall would present
new hazards (e.g., urban flooding) and may not always be
mitigated by changes in land surface conditions. The afore-
mentioned are important to consider as we identify and
prioritize investments in projects to introduce resilience
into infrastructure and update water management prac-
tices from the 20th to the 21st century. These investments
will need to consider the important nonlinear tradeoffs in
flood risk presented by future RoS events amidst changing
atmospheric and land surface conditions.
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