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Projected increases and shifts in rain-on-snow
flood risk over western North America

Keith N. Musselman

Destructive and costly flooding can occur when warm storm
systems deposit substantial rain on extensive snowcover'-¢,
as observed in February 2017 with the Oroville Dam crisis in
California’. However, decision-makers lack guidance on how
such rain-on-snow (ROS) flood risk may respond to climate
change. Here, daily ROS events withflood-generating potential®
are simulated over western North America for a historical
(2000-2013) and future (forced under Representative
Concentration Pathway 8.5°) period with the Weather Research
and Forecasting model; 4 km resolution allows the basin-scale
ROS flood risk to be assessed. In the warmer climate, we show
that ROS becomes less frequent at lower elevations due to
snowpack declines, particularly in warmer areas (for example,
the Pacific maritime region). By contrast, at higher eleva-
tions where seasonal snowcover persists, ROS becomes more
frequent due to a shift from snowfall to rain. Accordingly, the
water available for runoff'° increases for 55% of western North
American river basins, with corresponding increases in flood
risk of 20-200%, the greatest changes of which are projected
for the Sierra Nevada, the Colorado River headwaters and the
Canadian Rocky Mountains. Thus, flood control and water
resource planning must consider ROS to fully quantify changes
in flood risk with anthropogenic warming.

In the western United States and Canada, 85 million people are
reliant on rivers and reservoirs to transport and store mountain
snow water resources''”. Many of these water systems are prone to
large rain-on-snow (ROS) flood events’. Compared to the equivalent
heavy rainfall on a snow-free landscape, ROS can enhance the flood
risk due to additional runoff from snowmelt. The combined heavy
rainfall and snowmelt can cause a rapid hydrologic response'**
that can generate floods of substantial consequence. Recent exam-
ples include the February 2017 near-failure of the Oroville Dam in
California that led to evacuations of about 190,000 people’, and a
June 2013 flood in Alberta, Canada, that was the costliest natural
disaster in Canadian history®.

Despite the socioeconomic impact of ROS floods, little is known
about how ROS events vary in time, spatial extent and intensity
across large mountainous areas. Even less is known about how
ROS flood risk may respond to warming. Mid-century projections
of changes in ROS frequency over North America with regional
climate models" predict increases at northern latitudes (>50°N)
due to more frequent winter rainfall and declines at lower latitudes
due to less snowcover. Historical observations (1949-2003) of ROS
frequency in the western United States® confirm that an analogous
trend has occurred over elevation gradients with declines at lower
elevations and increases at higher elevations. Together with similar
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trends in Europe®, the historical evidence indicates that ROS charac-
teristics are undergoing large-scale transformations in response to
warming-induced changes in snowcover and precipitation phase'.
The strong climate- and elevation-dependent sensitivity of ROS
suggests that model simulations must be conducted at sufficiently
high resolution to represent climatic and orographic gradients
of precipitation magnitude and phase, and snowpack formation,
persistence and melt in mountainous regions.

There is scientific consensus that flood regimes in historically
snow-dominated mountainous regions will shift from spring snow-
melt-driven events toward more frequent rain-dominated winter
floods'”'. However, such estimates are based on coarse resolution
(>50km) models with limited ability to resolve orographic gradients
of rainfall intensity’” and snowpack development®. Importantly,
ROS flood risk is largely determined by antecedent snowpack con-
ditions, which vary greatly with elevation®*'~**. Where the snowpack
is deep, such as at high elevations, rainfall can be buffered while the
snowpack warms to melting temperature and reaches relative satu-
ration, thus reducing runoff’. Conversely, a shallow snowpack will
minimally contribute to total runoff. Thus, prime conditions for a
ROS flood include heavy rain occurring on an extensive snowpack
and resulting in sufficient melt to contribute to runoff.

We present an analysis of daily ROS events with flood poten-
tial simulated at high resolution (4km horizontal grid spacing;
Supplementary Fig. 1) over western North America using the
Weather Research and Forecasting (WRF) model. Two 13-year
simulations were used: a historical reanalysis (2000-2013), verified
against an observationally constrained snow model (Supplementary
Fig. 2), and a pseudo-global warming climate simulation (see
Methods and ref. **). In the latter, the weather of the current climate
is assumed to reoccur under a concentration pathway where end-of-
century radiative forcing increases by +8.5 Wm™. We define daily
ROS with flood-generating potential (hereafter, ROS) as heavy rain-
fall >10mmd™" falling on snowpack >10 mm snow water equiva-
lent (SWE), where the sum of rainfall and snowmelt contains >20%
snowmelt®. The definition lends confidence that daily ROS events
satisfying these thresholds have the potential to cause consequential
flooding (see Methods).

In our analysis, we focus on three primary mechanisms that can
affect ROS flood potential in a warmer climate: (1) reduced snow-
cover persistence” decreasing ROS frequency and spatial extent,
(2) a greater proportion of annual precipitation falling as rain on
a pre-existing snowpack® increasing ROS frequency and spatial
extent, and (3) more intense rainfall’’” and/or snowmelt increasing
ROS intensity. We assess how these change mechanisms interact
and combine over elevation gradients to impact future ROS water
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available for runoff. Finally, we assess projected changes in basin-
scale potential runoff from the ten largest ROS events simulated in
the historical and warmer climate scenarios. We present the first
high-resolution process representation necessary to understand
how this major flood hazard may respond to climate change over
large mountainous areas.

In the historical period, the frequency of ROS events varies
greatly over western North America (Fig. la) consistent with
historical observations’. The spatial distribution is determined by
the regional climatology of precipitation, temperature and snow-
cover persistence, all of which are largely governed by elevation®.
Historical ROS is most frequent (darker colours in Fig. 1a) along
mountain ranges inland of the Pacific Ocean coasts. In this mari-
time climate, winter storms can bring alternating deep accumulat-
ing snowfall and heavy rain, depending on the elevation, freezing
level heights and storm track. These conditions, together with the
high frequency of winter rainfall (Supplementary Fig. 2a), are most
likely to form the antecedent snowpack and rainfall conditions that
can generate ROS flooding. Conversely, ROS is least frequent (white
to grey colours in Fig. 1a) at lower elevations, in drier regions where
seasonal snowpack is rare, and in higher-elevation and/or more
continental mountain ranges.

In the warmer scenario, ROS events are less frequent at lower
elevations and more frequent at middle elevations, particularly in
the warmer maritime regions (Figs. 1b,c and 2). Figure 2 shows
that reductions in ROS frequency are explained by substan-
tial snowpack losses. This is inferred from the large reductions
at lower elevations in the number of days with SWE>10mm
(Fig. 2). Conversely, increases in ROS frequency at middle eleva-
tions are explained by a warming-induced precipitation phase
shift from snowfall in the historical climate to rain in the warmer
scenario. This is inferred from large increases at middle elevations
in the fraction of heavy precipitation days occurring as rainfall
(Fig. 2). The ROS frequency changes are progressively dampened
with distance from the coast. Little ROS frequency change occurs
at elevations of >2,500 m a.s.l. (Supplementary Fig. 1), despite large
reductions in snowcover duration. This suggests that the colder cli-
mate of the higher elevations inhibits the ROS frequency reduc-
tions projected for warmer regions®.

Historical average daily ROS intensity (that is, the water avail-
able for runoff from rainfall and snowmelt) is highest in the Pacific
maritime mountains and parts of the northern Rockies and is low-
est in colder continental climates such as the Rocky Mountains,
Prairies and Plains (Fig. 3a). Warming increases ROS intensity
(Fig. 3b) and the change (Fig. 3¢) is largely explained by increases
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in rainfall during ROS events (Fig. 3d) rather than increases in
snowmelt intensity (Fig. 3e). Changes in the snowmelt contribution
to total ROS runoff are highly variable, with slight increases in
maritime regions and moderate reductions in the northern Rockies
(Fig. 3e). The historical contribution of snowmelt to total ROS
runoff (that is, rainfall plus snowmelt) varies greatly over western
North America (Fig. 3f), with the largest contributions (45% to
>65%) in the Rocky Mountains and the lowest contributions (30% to
45%) in the maritime regions. These regional differences are prob-
ably explained by differences in ROS seasonality and precipitation
climatology (see Methods and Supplementary Fig. 3). How changes
in rainfall and snowmelt intensity may impact the ROS flood hazard
in individual river basins demands a joint consideration of changes
in ROS frequency, intensity and the antecedent snowpack conditions.

Large increases in the top 10 daily ROS events are projected for
many mountainous regions of western North America (Fig. 4a). The
top 10 events are calculated as the ranked daily ROS runoff volumes
aggregated to river basins and computed separately for each basin
and simulation (see Methods). In 58 of the 106 major river basins
(55%) that received atleast 10 ROS events in both simulation periods,
average event runoff increased by >20%. In 20 of the basins,
or ~17% of western North America, ROS runoff increased by
>100% (Fig. 4a). In the warmer climate, basin event runoff volumes
increase by 20% to >100% for the Cascade Mountains, the northern
Sierra Nevada, interior British Columbia and the Canadian Rockies,
and by >200% for central and southern Sierra Nevada basins and
the Colorado River headwaters (Fig. 4a).

The increases in ROS event runoff are strongly and positively
related to changes in the spatial extent of the top 10 ROS events
(Fig. 4b), with only minor contribution from changes in ROS inten-
sity (Fig. 4c; see scatter plot of Fig. 4d). Changes in runoff volume
are also positively related to changes in the average elevation range
of the top 10 ROS events (see Methods and Fig. 4¢). Thus, increases
in total ROS runoff volume are associated with increases in the
spatial extent of ROS events, which are explained by an upward
expansion of ROS to include higher elevations.

Conversely, little change to large declines in the average runoff
from the top 10 ROS events are projected for lower elevation basins,
such as along the Pacific coast, the US Southwest and some inland
basins (Fig. 4a). These changes are explained by ROS frequency
reductions due to snowcover depletion (Figs. 1 and 2) consistent
with historical observations® and continental-scale projections'.
However, the results shown in Fig. 4 do not include rainfall on
snow-free ground. Rainfall intensity is projected to increase in
a warmer climate (Fig. 3f) and will affect a greater basin area due
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Fig. 1| In a warmer climate, ROS will be less frequent at lower elevations, particularly in warmer regions, and more frequent at middle elevations and
in historically colder regions. a,b, Average annual frequency of ROS meeting the ‘flood potential’ thresholds in the historical control period (2000-2013)
(a) and future warming scenario (b). ¢, Difference in ROS frequency. Colour bars are nonlinear for improved visual interpretation. Dashed lines indicate the

analysis region.
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Fig. 2 | Warming reduces ROS frequency at lower elevations due to snowpack loss and increases ROS frequency at higher elevations due to a shift
from snowfall to rain. a-m, Elevation distribution of the changes in ROS frequency (Fig. 1c) (a-f) for geographical regions (g) and change in days with
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to a precipitation phase shift from snowfall to rain®. Thus, basins
with negligible or negative changes in top 10 ROS event volumes
(Fig. 4a) could be interpreted as basins where the flood potential
shifts from ROS-driven to rainfall-driven. Furthermore, in the
warmer scenario, the top 10 ROS events are projected to occur
up to three months earlier than those of the historical period. Thus,
climate change will shift the ROS flood potential from spring to
winter (Fig. 4f and Supplementary Fig. 3), consistent with global
projections of river flood risk'”'%.

We assess historical and projected future water available for run-
off produced by daily ROS of sufficient magnitude to generate a
potential flood. We do not simulate actual flood events. More work
is needed to understand how soil ice and moisture content com-
bine with event timing and catchment-integrated water to impact
streamflow and downstream flooding. Future hydrologic simula-
tions that better promote analysis of hydrologic events and direct
impact studies that include representation of water management
infrastructure are needed to translate our results into actionable
information for decision-makers and stakeholders.

We present an analysis of ROS events with flood-generating
potential over western North America simulated by the WRF model
for a 13-year control period and a future climate scenario. The high
resolution of the WRF simulations permitted an assessment of how
the antecedent snowpack conditions and rainfall intensity required
to generate a ROS flood may change with anthropogenic warming.
We have two primary findings. First, in a warmer climate, ROS is
less frequent at lower elevations, particularly in warmer regions,
and is more frequent at higher elevations. Reductions in ROS fre-
quency at lower elevations are due to antecedent snowpack losses,
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and increases at higher elevations where snowcover persists are
caused by a shift from snowfall to rain. Second, the water available
for runoff from the 10 largest ROS events simulated in 106 major
river basins substantially declines for more than one-quarter of the
basins, increases by>20% for more than half of the basins, and
more than doubles for nearly 20% of western North American river
basins. These projected spatial shifts in rain-on-snow flood risk
have not been previously reported. The increases are caused by a
spatial expansion of ROS events to include larger elevation ranges
and slight increases in ROS intensity.

Our results suggest that increases in ROS water available for
runoff coupled with a greater proportion of precipitation falling
as rain, and increased rainfall intensity, should be considered in
flood control planning. The largest increases in ROS runoff are
projected for mountainous river basins that are historically prone
to flooding and/or in regions where the storage and transport
of snow water resources are paramount. For example, the water
volume produced by the most intense daily ROS events simu-
lated for the Sacramento River basin in California is projected
to increase by >20% in the warmer climate scenario. This basin
contains the Oroville Dam, which was critically damaged by emer-
gency water releases during a 2017 ROS event. This river basin
and many others we highlight include some of the largest met-
ropolitan regions in western North America, underscoring the
potential societal and economic impacts of the projected changes.
Thus, flood control and reservoir management systems in these
mountainous regions must consider future changes in rain-on-
snow events to fully quantify changes in basin-scale flood risk
with anthropogenic warming.
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Fig. 3 | For many mountainous regions, future rain-on-snow events will be more intense, largely due to increases in rainfall rather than snowmelt
increases. a-c, Average daily intensity of ROS runoff (rainfall + snowmelt) meeting the flood potential thresholds in the historical period (a) and future
scenario (b) and the difference in ROS intensity between the two scenarios (c). d,e, Projected changes in average rainfall intensity during ROS events (d)
and snowmelt contribution to total ROS runoff (rainfall + snowmelt) (e). f, Historical average snowmelt contribution to ROS runoff.
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Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41558-018-0236-4.
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Methods

WRE simulations. Model set-up. We analyse results from a high-resolution (4km),
13-year (October 2000 to September 2013) retrospective simulation with WRF
model Version 3.4.1 run over much of North America. Initial and boundary
conditions were specified from ERA-Interim reanalysis data*'. The improved
Noah-MP land surface model** simulated the surface energy and water balance,
including snowpack dynamics and vegetation-snow interactions. Critically,

a microphysics-based rain-snow partitioning scheme in WRF replaced the
more common and subjective temperature-based approach known to introduce
uncertainty in snow models®. The Noah-MP physics developments significantly
improve the WRF model skill by increasing the seasonal snowpack amount

and decreasing cold biases over snow-covered areas*. For the detailed model
configuration the reader is referred to ref. *.

Hourly model output was cropped from the native domain of 1,360 x 1,016
grid points to a subdomain of 435 x 664 grid points (1,740 km east-west by
2,656 km north-south) covering the western United States and southwestern
Canada and aggregated to daily values (midnight Pacific Standard Time or
UTC-8)*". The land surface model had an upper SWE limit of 2,000 mm, which
was typically exceeded over glaciated regions. Because the model did not include
glacier dynamics, pixels that exceeded this threshold in any year of either scenario
were excluded from the analysis™.

Verification. Realistic simulation of ROS requires accurate estimates of
precipitation magnitude and phase (that is, whether precipitation is liquid or
frozen), the snowpack magnitude, the snowpack energy balance required to
simulate snowmelt rates, and an accurate representation of the co-occurrence
of SWE and rainfall. Previous evaluations of the historical WRF reanalysis data
show good skill in representing many of these processes: good agreement with
measurements have been shown for mountain precipitation magnitude”, storm
track™, heavy rainfall’® and snowmelt rates™. For detailed validation of simulated
precipitation at mountain snowpack telemetry sites, see ref. **. For verification
of simulated snowmelt rates, see ref. **. The simulated patterns of ROS event
frequency and seasonality are similar to station observations reported over the
western United States’. The good correspondence between historical measured
and modelled precipitation, snowpack, snowmelt and general ROS patterns
provides confidence in the model representation of daily ROS events.

As an additional verification, we provide an assessment of the spatial
distribution and frequency of the ROS variables that comprise the thresholds
we use to define ROS events with flood potential (see section ‘Daily ROS event
definition’). We compare the metrics simulated by WREF to those simulated by
a snow data assimilation model system (SNODAS)*” operated by the National
Operational Hydrologic Remote Sensing Center (NOHRSC), part of the National
Weather Service and the National Oceanic and Atmospheric Administration
(NOAA). The comparison is made for a period when both data sets were available
(1 October 2003 to 30 September 2013) and for a common geographic region of
western North America.

Supplementary Fig. 2 includes maps of the average annual frequency of
rainfall >10 mm, SWE >10 mm, the co-occurrence of both thresholds being
satisfied, and, finally, three thresholds: the previous two and melt >20% of the total
potential runoff. Both models show similar general patterns and magnitudes of the
frequency of rainfall, SWE and ROS events. There are also discrepancies between
the models. While SNODAS is run on a 1 km grid, the forcing data have a native
resolution’” up to an order of magnitude coarser than the 4km WREF simulations.
Thus, WREF is likely to resolve more detailed precipitation and snowpack processes
in mountain regions, as can be inferred from Supplementary Fig. 2—note the
finer scale variability of rainfall and SWE in WRF (Supplementary Fig. 2a,d,g,j)
compared to SNODAS (Supplementary Fig. 2b,e,h,k)—and highlighted in the
difference maps (Supplementary Fig. 2¢,f,i,]). Compared to WRE, SNODAS
simulates a higher frequency of ROS in most mountainous regions (Supplementary
Fig. 2i,]), possibly due to prolonged snowcover duration relative to WRF
(Supplementary Fig. 2f). While the reasons for the model discrepancies are
not clear, and are beyond the scope of this study, the comparison suggests that
WREF may be more conservative in its ROS estimation than SNODAS.

We conclude that WREF is capable of simulating ROS, especially in
mountainous regions, and emphasize that this is the first high-resolution climate
change analysis of ROS events. Improved observational data sets of ROS processes
including in-snow meltwater storage and transport, and additional modelling
studies that include processes such as wind effects on snow redistribution®® known
to determine regional snowcover persistence”, should improve predictive capacity
and constrain uncertainty related to ROS flood risk in present and future climates.

We also conducted an analysis to test whether the historical winter (NDJFMA)
period from November 2000 to April 2013 simulated in our study is representative
of the longer-term (January 1981 to December 2015) climate. We analysed
the observationally derived daily precipitation and temperature data from the
Parameter-elevation Relationships on Independent Slopes Model (PRISM; ref. **;
available online from http://prism.oregonstate.edu/recent/). PRISM is available
at 30 arcsec (~800m) grid spacing for the conterminous United States. It is
representative of the current state of knowledge of spatial climate patterns in
the United States™.
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We investigated the top 100 precipitation events in each subregion (limited to
the US portion of the domain) that occurred in the winter (November, December,
January, February, March, April) when rain-on-snow is most common (see
seasonality in Supplementary Fig. 3 and discussed below). Daily precipitation
values were computed as the subregion average daily rate for all subregion grid
cells. For each event, we also computed the mean air temperature within the
subregion. Supplementary Fig. 4 shows that there are no statistically significant
long-term trends in the top 100 daily precipitation events within the five
subregions. The mean and variance of the precipitation extremes in the simulation
period are not statistically distinguishable from the climatology (see histogram in
Supplementary Fig. 5). Furthermore, there is neither a significant trend in the air
temperatures at which the top 100 precipitation events occur (Supplementary
Fig. 6) nor is the 2 m air temperature during the top 100 precipitation days
within the simulation period statistically distinguishable from climatology
(Supplementary Fig. 7). In summary, our 2000-2013 simulation period is
representative of the 1981-2015 climatology.

Future projection. A climate perturbation experiment was conducted to simulate
future (2071-2100) climate sensitivity to the Representative Concentration
Pathway (RCP) 8.5 emission scenario’, in which greenhouse gas emissions
continue to increase through the twenty-first century. Like the pseudo-global-
warming (PGW) method*' used in previous WRF runs over Colorado®*,
six-hourly ERA-Interim reanalysis conditions from the control experiment were
perturbed by a climate change delta by adding monthly mean temperature,
moisture and circulation change between the periods 1976-2005 and 2071-2100
from an ensemble of 19 CMIP5 models. Details of the model configuration are
provided in ref. .

The applied PGW method assumes that much of the storm track, timing
and successive weather type progression simulated in the historical climate is
maintained in the warmer climate. Thus, potential changes in storm track position
or frequency that could change historical precipitation patterns and variability are
not fully addressed. Indeed, future projections of such dynamic changes remain
highly uncertain®, although a widespread increase in precipitation variability on all
timescales is expected, driven by a combination of dynamic and thermodynamic
changes*. The close correspondence of the PGW framework with historically
observed weather* represents a pragmatic investigation of the isolated and better-
understood influences of warming on thermodynamic processes as they impact
precipitation, snowpack and snowmelt as all climate models predict increases in
temperature and moisture. Our results are based on this robust future climate
change signal for one plausible greenhouse gas emissions scenario.

Daily ROS event definition. Daily ROS with flood-generating potential is defined
as heavy rainfall of at least 10 mm d~' falling on snowpack of at least 10 mm snow
water equivalent (SWE), where the sum of rainfall and snowmelt contains at
least 20% snowmelt®. Following descriptive indices for extreme precipitation®,
the 10 mm d~! rainfall intensity threshold, classified as heavy rainfall, is more
conservative than the 3mm over 6 days threshold value used in a previous large-
scale analysis of ROS in Europe®, and a 6.1 mmd~! threshold used in a US Pacific
Northwest study designed to include ‘small ROS events’'. Our more conservative
definition lends confidence that an identified (daily) ROS event has the potential to
cause consequential flooding. Furthermore, the 20% snowmelt threshold ensures
that cold content is eliminated and snow water storage capacity is exceeded,
guaranteeing substantial drainage from the snowpack base*® and that snowmelt
contributes substantially to potential flood generation®. For example, snowmelt
during ROS conditions in the Pacific maritime regions of the United States and
Canada can add 25%'**" to >50%" to the rainfall input. Our 20% threshold is lower
than these published values.

The median and standard deviation of the snowmelt contribution as a
percent of total runoff simulated in the historical case with and without the 20%
threshold was 43 +9% (mapped in Fig. 3f) and 38 +16% (not shown). The close
correspondence of the two median values suggests that most ROS events that
met the 10 mm rainfall threshold also met the 20% threshold. Tests with lower
threshold values (rainfall and snowmelt contribution) did not change the general
patterns or conclusions that we report. Tests with higher threshold values reduced
the sample size and robustness of results, particularly in regions where ROS is
less intense. The snowmelt contribution values mapped in Fig. 3f are consistent
with those reported in ROS case studies. For example, values of 30 to 45% are
commonly reported in California and the US Pacific Northwest>', and values
of >65% have been reported’, which are consistent with the upper limit of our
simulated values (Fig. 3f).

While ROS flood events can persist for multiple days to nearly a week>**", we
evaluate daily ROS water available for runoff rather than multi-day event totals.
In a model reanalysis of historical ROS events in Europe, the authors of ref. ® used
rainfall (>3 mm d~') and snowmelt (>20% total runoff volume) thresholds to mark
the start of an event, and subsequent declines in observed streamflow to index the
end of that event, which could be many days later. By using a daily ROS definition,
rather than a multi-day event definition, we avoid ambiguities that could result
from changes in event classification between the historical and warmer scenarios.
For example, a long-duration event in the historical scenario may split into
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multiple events in the warmer scenario, or vice versa. Our daily definition ensures
consistency between scenarios that the simulated flood generating potential is
driven predominantly by rain-on-snow.

Seasonal analysis of historical and future ROS events. The seasonality of ROS

events was evaluated for the historical and warmer scenarios (Supplementary Fig. 3).

For each scenario, the daily ROS frequency was categorized into autumn, winter and
spring seasons, corresponding to months ASON, DJFM and AM]JJ, respectively. The
average annual dominant seasonality was computed as the percentage of relative
frequency for each season divided by the total ROS frequency (shading and colours
in Supplementary Fig. 3). In the historical period, springtime ROS was dominant
(80-100%) in continental regions such as the Rocky Mountains. Conversely, winter
ROS was dominant at lower elevations in interior British Columbia and middle

to upper elevations in the Pacific Maritime regions including the Sierra Nevada
(Supplementary Fig. 3). In the warmer climate, ROS that historically occurred

in spring tended to shift towards winter, particularly in the Rocky Mountains.
Conversely, in the US Pacific Northwest and northern California where ROS
historically occurred in the winter at higher elevations, ROS tended to shift towards
spring and become less dominant in any given season (Supplementary Fig. 3).

Spatial and ROS event analyses. An analysis of ROS volume changes for the top 10
daily events at the scale of individual river basins was conducted by summing the
gridded water available for runoff from each model run to the geographical extent
of basins located within the model domain as represented in the North American
Atlas - Basin Watersheds data set (http://geogratis.gc.ca/download/frameworkdata/
North_America_Atlas10M/watersheds/). For each basin, the total daily ROS
volumes for all days were ranked from largest to smallest and the top 10 ROS
volumes were summed. The analysis was conducted separately on the historical and
warmer scenarios. As such, we did not conduct a comparison of individual storms
between the historical and future climates. Rather, we evaluated how the largest
events by volume for an individual basin change between the two climate scenarios.

Basins with fewer than 10 events meeting the ROS threshold criteria in either
scenario were not evaluated in the top 10 event assessment (see white-coloured
basins in Fig. 4). The analysis was conducted for the top-n ROS events, with
ranging from 1 to 9 (not shown); the magnitudes and spatial patterns did not
substantially differ from the top 10 events (Fig. 4), but relationships shown in
the scatter plots of Fig. 4 became less robust (that is, the data points were more
dispersed) with # < 5. However, many western Canadian Prairie river basins that
did not meet the 7 =10 threshold did exhibit large ROS event volume increases
with n< 3 (not shown). The results suggest that future work with simulation
periods longer than the 13 years evaluated here is needed and may offer
important insight into the changing nature of rare, or extreme, ROS events.

To assess how changes in the spatial extent of ROS events relate to elevation
changes, we computed changes in the elevation range of the top 10 ROS events.
The basin-wise elevation range was computed as the difference of the maximum
and minimum elevation values of pixels satisfying the ROS thresholds within a
basin. The metric was computed for each scenario, basin and ROS event, and an
average metric was computed for the top 10 events for each basin and scenario.
The change in elevation range was computed as the difference in the elevation
range between the PGW and historical scenarios. Similarly, we also computed the
dates of the top 10 events and the average change in the dates between the PGW
and historical scenarios. These change metrics are plotted against changes in total
ROS volume (Fig. 4e,f).
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Data availability. The data that support the findings of this study are available
online (https://rda.ucar.edu/datasets/ds612.0/) and are citable with https://doi.
0rg/10.5065/D6V40SXP. Additional analysis and plotting code is available upon
request from the corresponding author.
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