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the Western United States

Melissa L. Wrzesien* and Tamlin M. Pavelsky

Department of Geological Sciences, The University of North Carolina at Chapel Hill, Chapel Hill, NC, United States

Extreme precipitation and runoff events, which often impact natural and social systems
more than mean changes, generally occur over regional scales. Future climate
projections can be used to estimate how the hydrologic cycle may change, but the
coarse resolution of global climate models (GCMs) (>1°) makes it difficult to evaluate
regional changes, such as over a single watershed. To estimate changes in hydroclimatic
variables at finer spatial resolutions, we dynamically downscale the Community Climate
System Model version 4 (CCSM4) with the Weather Research and Forecasting (WRF)
regional climate model over the western United States at 9 km spatial resolution.
By running WRF at a higher spatial resolution, we estimate future climate conditions,
including 99% event magnitude, over 17 watersheds: the Columbia, Lower Colorado,
Upper Colorado, the Upper Missouri/Yellowstone, and 12 basins draining the western
slope of the Sierra Nevada in California. Over each basin, we compare a historical period
(1996-2005) with mid-century (2041-2050) and end-century (2091-2100). From the
WRF/CCSM simulations, most basins are projected to have earlier peaks in springtime
streamflow. The Columbia and the Lower Colorado watersheds are both expected
to experience more extreme wet days, with the 99th percentile of daily precipitation
estimated to increase by over 10%. For the Upper Colorado, however, the 99th
percentile of daily runoff is projected to decrease by over 30%. Basins in the northern
and central Sierra Nevada are projected to have substantial increases in extreme runoff,
with doubling of high flow event magnitude possible for some basins. By end-century,
the contribution of high-magnitude runoff (>90th percentile) to total runoff is projected
to increase from 46 to 56%, when averaged across all 12 Sierra Nevada basins. Though
only one realization from a single GCM, the downscaled simulation presented here
shows interesting results regarding how extreme events may change; these results can
be tested by downscaling other global models with WRF to create an ensemble of
dynamically downscaled future projections.
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INTRODUCTION

Though much work has been done to estimate how climate
change will impact the environment and society, research often
considers mean changes (e.g., Cayan et al., 2008; Mote and
Salathe, 2010; Peacock, 2012), such as how average temperature
or annual precipitation may change by the end of the 21st
century. However, extreme events often affect natural and social
systems more than mean changes, particularly on local-to-
regional scales. For example, heavy precipitation on snow cover
can cause dramatic snowmelt and substantial streamflow, often
leading to extensive flooding; a recent example is the 2017
Oroville Dam crisis in California, which caused the evacuation of
more than 180,000 people (Vahedifard et al., 2017; Hollins et al.,
2018). Infrastructure must meet design standards to handle such
extreme events. However, aspects of the water supply system,
such as dams and reservoirs, are designed for present-day climate
patterns and generally assume the probability of precipitation
or runoff extremes are statistically stationary, an assumption
that may not hold true under climate change (Rosenberg et al.,
20105 Sterle et al., 2019). While such systems may be able to
adapt to increased or decreased annual precipitation by the
end of the century, they may not be able to adapt to changes
in extreme events.

Global climate models (GCMs), such as those used in
Intergovernmental Panel on Climate Change reports (IPCC),
for example, are commonly used to project how hydroclimatic
variables may change under a warming environment (Taylor
et al., 2012; Knutson et al., 2013; Knutti and Sedlacek, 2013).
While GCMs are a useful tool for predicting changes over
large geographical regions, they are of limited use for regional
studies due to coarse spatial resolution and, frequently, bias
over individual regions (Maraun et al., 2010; Ehret et al,
2012). Regional climate models (RCMs), on the other hand, are
becoming an increasingly useful tool for climate projection via
GCM downscaling. Though a GCM can generate more data than
an RCM, both temporally and spatially, it is also significantly
coarser. In analysis of the resolution dependence of precipitation
extremes, van der Wiel et al. (2016) found that magnitude
and seasonality of precipitation extreme events dramatically
improves when increasing from 200 km to 50 km to 25 km
resolution; the largest biases were maintained over the Sierra
Nevada, suggesting either further resolution enhancements are
necessary or precipitation is poorly constrained over the region in
observations. Here we use an RCM over the western United States
to provide resolution enhancement in a region where a GCM
would only have a few grid points. The tradeoff of using an
RCM over a GCM is that fewer years can be integrated due to
computational constraints, but this is offset by providing higher
resolution information. Ever-increasing computational resources
allow for multi-year RCM simulations, providing the ability to
simulate historical and future decades for comparison (Liu et al.,
2017; Walton et al., 2017). Future projections with RCMs require
the use of GCM:s for meteorological forcing data as boundary and
initial conditions. Since GCM:s are often biased on the regional
scale, the use of raw GCM data as forcing data would pass the
biases onto the RCM simulations.

Multiple methods have been developed for bias correcting
GCMs. A commonly used technique is the pseudo global
warming (PGW) method (Schar et al., 1996; Hara et al., 2008;
Kawase et al., 2009; Rasmussen et al., 2011), which adds a climate
change signal from GCMs to reanalysis data. This method allows
for easy comparison to historical reanalysis estimates and has
been shown to produce reasonable results as an RCM forcing
dataset (Liu et al., 2017; Musselman et al., 2017; Gutmann et al.,
2018; Letcher and Minder, 2018). However, the PGW method
assumes climate variability to be stationary in time; recent work
suggests that climate stationarity is not a valid assumption
(Christensen et al., 2008; Vannitsem, 2011; Maraun, 2012). Here
we use an alternative bias correction approach, described below
in section “Bias Correction,” that does not assume stationarity.

Here we estimate historical and future climate over the
western United States using simulations from the Weather
Research and Forecasting (WRF; Skamarock et al., 2019) RCM
forced by a bias-corrected GCM. By simulating historical, mid-
century, and end-century decades, we not only evaluate how
hydroclimatic variables may change over the 21st century,
but, with the multi-year simulations, we also consider extreme
events. That is, we estimate how the wettest of wet days may
change by the end century. Changing the magnitude of extreme
events has implications for built infrastructure, particularly when
considering flood control.

We first consider major river watersheds of the western
United States — the Columbia, Upper Colorado, Lower Colorado,
and Upper Missouri/Yellowstone system (Figure 1A). Evaluating
changes over these large river basins will highlight potential
regional-scale climate impacts for these heavily managed systems.
We then evaluate changes to small basins with headwaters in
the Sierra Nevada mountains of California (Figure 1B). Water
managers in this region must balance conserving snowmelt-
derived streamflow with flood prevention measures (Dettinger
et al., 2011); therefore, understanding a possible regime shift for
substantial precipitation and runoff events is crucial for local
water districts. We end by discussing how potential changes to
extreme events may affect water resources and operations in
each study region.

MATERIALS AND METHODS

Model Domain and Setup

We run WREF version 4.01 (Skamarock et al., 2019) with the
Noah land surface model with multi-parameterization options
(Noah-MP; Niu et al., 2011). We use a two-way nested domain,
where the outer domain has a spatial resolution of 27 km
and the inner domain a resolution of 9 km. Previous work
suggests a model grid cell resolution of <10 km is necessary
for capturing realistic simulations of orographic precipitation
(Tkeda et al., 2010; Pavelsky et al., 2011; Rasmussen et al., 2011;
Minder et al., 2016; Wrzesien et al., 2017, 2018). The 27 km
outer domain covers North America and the eastern Pacific, to
capture the moisture source for west coast storms. The 9 km inner
domain (Figure 1A) includes the west coast of the United States
and Canada and extends as far east as the Colorado Front
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FIGURE 1 | (A) Elevation from 9 km WRF domain over the western United States and Canada. Boundaries of the four large western watersheds are shown in black.
(B) Zoomed in elevation, with the same scale, over the Sierra Nevada mountains of California. Twelve basins of interest are outlined in black.

Range. Since two-way nesting allows for feedback between the
nested and parent domain, the finer resolution inner domain
simulation essentially overwrites the overlapping outer domain
area; therefore, we only analyze the 9 km domain.

Previous work identified modifications to Noah-MP that
improve representation of snow accumulation and summer low
flows for basins with headwaters in the Sierra Nevada (Holtzman
et al., submitted). We incorporate the same modifications here;
the largest changes include allowing the microphysics scheme to
partition the precipitation into rain and snow (opt_snf = 4 in the
WRF namelist) and decreasing the depth of subsurface runoff
generation from the deepest soil layer (depth of 1-2 m below
surface) to the second-from-top soil layer (depth of 10-30 cm
below surface). Holtzman et al. (submitted) also developed a
statistical aquifer correction algorithm based on full natural flow
(FNF) estimates, which improves simulated baseflow for Sierra
Nevada basins. We apply the same correction to WRF streamflow
here where daily FNF estimates are available.

Beyond the modifications to Noah-MP, we use the following
physics options: the Thompson et al. (2008) cloud microphysics
scheme, the Rapid Radiative Transfer Model longwave scheme
(Mlawer et al., 1997), the Dudhia shortwave scheme (Dudhia,
1989), the Yonsei University planetary boundary layer scheme
(Hong et al., 2006), and the modified Kain-Fritsch convective
parameterization for the two outer domains (Kain and Fritsch,
1990, 1993; Kain, 2004). To constrain WRF simulations,
particularly over the center of the model domain, two-way
spectral nudging is applied to wind, geopotential height,
temperature, and water vapor mixing ratio; nudging to
temperature and moisture are only applied within the free
troposphere, following recent literature on nudging for regional
climate purposes (Spero et al., 2014, 2018).

Meteorological forcing data are provided by the Community
Climate System Model version 4 (CCSM4; Gent et al., 2011)

under a high emissions scenario (RCP 8.5), which was part of the
Coupled Model Intercomparison Experiment phase 5 (CMIP5).
Bias-corrected WRF intermediate files are available through
the National Center for Atmospheric Research’s Research Data
Archive (NCAR RDA; dataset ds316.1; Monaghan et al., 2014).
Selected variables are bias-corrected with values from ERA-
Interim (Dee et al.,, 2011). The non-bias-corrected simulation
is CCSM4 ensemble member 6 (b40.rcp8_5.1deg.007). Below in
section “Bias Correction,” we include more details about the bias
correction process.

We simulate three decade-long periods: a historic period
[water years (WYs) 1996-2005], a mid-century period
(WYs 2041-2050), and an end-century period (WYs 2091-
2100). Though bias-corrected CCSM4 data are available
through NCAR RDA from 1951 to 2100, we only simulate
individual decades to represent historical and future climate
due to computational constraints of running WRF. We
include an additional year in each decadal simulation
for model spin-up (WYs 1995, 2040, and 2090), which
provides time for the previous snow season to impact soil
conditions and allows for land surface state equilibrium
(Cosgrove et al.,, 2003; Barlage et al., 2015); the spin-up years
are not included in the analysis presented here. CCSM4
does not include leap days, so each decade simulation
covers 3650 days.

Bias Correction

The bias correction method applied here, developed by Bruyere
et al. (2013), adjusts the CCSM4 mean toward the ERA-
Interim mean, calculated from 1981 to 2005. Over the 1981-
2005 reference period, CCSM4 6-hourly data are separated
into a monthly mean and a deviation. To calculate the
bias-corrected CCSM4, the monthly mean from ERA-Interim
and the CCSM4 deviation are combined. Therefore, the
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Bruyere et al. (2013) method corrects for mean errors in
CCSM4 but incorporates the climate variability from CCSM4.
The following equations are used in the bias correction:

ERAI,f = ERAL¢+ERAT

CCSM = CCSMof+CCSM/

CCSMpc = ERAIo+CCSM’

In the equations, subscript ref stands for the reference period
over which the bias correction is calculated; in this case, the years
1981-2005 are used. On the right-hand side, the first term is the
monthly mean, and the second term is the deviation from the
mean. For future years, the 6-hourly deviations are applied to
monthly means of the same historical reference period; therefore,
deviations for CCSM4 predictions of 2006-2100 are applied to
monthly means of ERA-Interim for the period 1981-2005.

Bias correction is applied to correct the mean bias in both
3-D fields and in surface fields. Corrected 3-D fields include
geopotential height, wind, temperature, and humidity, while
surface fields include surface pressure, sea level pressure, sea

surface temperature, skin temperature, soil temperature, and
soil moisture (Bruyere et al., 2013). This method retains the
CCSM4 variability in the initial and lateral boundary conditions
for WRF; other methods, such as PGW, retain variability from
the reanalysis dataset. The Bruyere et al. (2013) method has been
used in other studies to bias correct GCMs, including Wang and
Kotamarthi (2015) and Pontoppidan et al. (2018).

Percentiles

To evaluate events with substantial precipitation and runoft, we
calculate percentiles for each decade from the daily values. We are
interested in the wettest days, so we consider the 99th percentile,
which occur 37 times per decade. By calculating percentiles
with daily values, we miss multi-day extreme events. However,
consideration of daily magnitudes of precipitation and runoff
demonstrates how the wettest single-day events may change by
the middle and end of the 21st century.

Full Natural Flow

To evaluate the reasonableness of the WRF-downscaled
streamflow for the historic period, we compare to estimated FNFs
for eight Sierra Nevada basins (Huang, 2016). FNF estimates
are downloaded from the California Data Exchange Center. By
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FIGURE 2 | Comparison of daily runoff from WRF and full natural flow for eight Sierra Nevada basins. Daily values are averaged over water years 1996 through 2005.

TABLE 1 | Change in volume of hydroclimate variables between end-century and historic average values for western watersheds.

Watershed Precipitation difference (km®)

Rainfall difference (km3)

Snowfall difference (km?3) Runoff difference (km?3)

57.5 (10.1%)*
7.4 (= 17.2%)
—11.6 (— 11.6%)

8.5 (2.9%)

Columbia

Lower Colorado

Upper Colorado

Upper Missouri/Yellowstone

119.8 (31.7%)*
—10.0 (= 11.2%)
1.6 (1.5%)

17.4 (8.0%)

—62.3 (— 32.4%)*
—7.4 (- 65.3%)*
—18.1 (= 29.1%)*
8.9 (—12.7%)

25.2 (9.4%)
—1.9 (- 32.2%)
~10.0 (- 31.7%)*
7.9 (- 11.4%)

Percent differences are shown in parenthesis. An asterisk denotes statistical significance at the 95% level.
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calculating the decade-averaged streamflow from WRF and the
FNF estimate, we can determine whether WRF simulations are
reasonable. We also use the Sierra Nevada FNF estimates to
calibrate the aquifer correction to simulated streamflow.

RESULTS

Prior to comparing future WRF simulations to the historic
simulations, we first evaluate whether WRF streamflow estimates
capture realistic conditions. By comparing WREF-simulated
streamflow and FNF estimates at each percentile (from the Ist
to 99th percentile), we see that at large streamflow magnitudes,
WREF generally overestimates FNF (Figure 2). The notable
exception is the American basin where FNF is larger for the
highest percentiles (95th percentile and above). Streamflow
magnitudes below the 80-90th percentile, depending on basin,
are more comparable between the two datasets.

We next consider how decade-averaged precipitation and
runoff is projected to change in the WRF simulations. To test
whether there are statistically significant changes in annual
precipitation and runoff between the historic decade and end
century, we perform a two-sample f-test. We note that each
decadal sample only has 10 values, potentially decreasing the
statistical power of the f-test. Below and in Table 1, we
report which decadal changes are statistically significant. When

comparing average annual precipitation from the historical
period to the end-century, we see a dipole pattern in the model
domain (Figure 3). Precipitation is projected to increase in the
northern half of the domain and along the west coast, matching
with the spatial patterns of the 99th percentile values (Figure 4).
Decreases are expected in the southern portion of the WRF
domain. We can further split precipitation into snowfall and
rainfall. As expected in a warming scenario, large decreases are
projected for snowfall (Figure 5). In the Upper Colorado, changes
to total precipitation are largely driven by decreases to snowfall:
average annual total precipitation in the Upper Colorado is
expected to decline by 11.6% by 2100 (Table 1), where snow is
projected to decline by 29.1% (significant at the 95% confidence
level), and rainfall is projected to increase by 1.5%. In the other
three basins, projected changes to rainfall have larger magnitudes
than snowfall changes.

Changes to annual runoff follow similar spatial patterns
as precipitation, with increases along the Pacific coast and
decreases in the eastern half of the domain (Figure 3). The
desert southwest is projected to have less annual streamflow
by the last decade of the 2Ist century, while the Pacific
Northwest can expect increased streamflow. Of the four large
watersheds, only the Columbia River basin is projected to
increase annual total runoff (9.4%; not significant at the 95%
confidence level), likely driven by the projected increase in
annual precipitation (31.7%; significant at the 95% confidence
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level; Table 1). Of the other three basins, all are projected declines; however, when comparing end-century changes to
to have less annual streamflow, with the Upper Colorado annual runoff, only the Upper Colorado has a statistically
(—31.7%) and Lower Colorado (—31.2%) having the largest significant change.
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FIGURE 7 | Difference in decade-averaged annual hydrographs for western
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In addition to differences in runoff amount, runoft timing is
expected to change. Average hydrograph changes are clearest for
the Columbia and Upper Colorado River Basins (Figure 6), two
regions that receive significant amounts of snowfall in the historic
simulation. In both watersheds, the end-century hydrograph
peaks earlier and has a smaller magnitude than the historic
hydrograph. Snowfall often has a delayed impact on streamflow
since it can accumulate for several months until spring snowmelt,

while rainfall generally impacts streamflow much more quickly.
Earlier peaks in streamflow are consistent with a shift from
snowfall to rainfall, as demonstrated in the Columbia and Upper
Missouri/Yellowstone basins (Figure 5). In the Columbia, a
larger fraction of runoft occurs in the winter months (December
through March), suggesting that precipitation that fell as snowfall
in the historic period may transition to rainfall by the end-of-
century. In all basins except the Upper Missouri/Yellowstone,
snow water storage is also expected to decrease (Figure 6). For
the two watersheds with larger amounts of snow accumulation
(Columbia and Upper Colorado), maximum SWS declines by
over 40% by end-century. Interestingly, WREF results suggests day
of peak SWS also shifts later.

All four watersheds are projected to have decreases in daily
runoft by end-century for spring and summer months (Figure 7).
Decreases in the Columbia and Upper Colorado are largest in
May through July, which coincides with the snowmelt period.
The Columbia watershed has positive values throughout the
winter, which agrees with the higher streamflow values in the end-
century hydrograph (Figure 6A). These larger winter/early spring
streamflow values are driven by increased rainfall during the
winter (Figure 5A). Throughout the 21st century, the snowfall in
the Columbia watershed is projected to decrease and the rainfall
is projected to increase. The Lower Colorado has the smallest
changes by end-century, though it is the driest watershed of the
four. Changes to daily runoff in the Upper Missouri/Yellowstone
occur between June and September as the hydrograph maximum
shifts earlier (Figure 6).

To examine extreme events, we first consider how the 99th
percentile of precipitation and runoff change across the full
model domain. We have chosen the 99th percentiles of the entire
record to isolate the most extreme precipitation occurrences,
which provides 37 samples. A two-sample Kolmogorov-Smirnov
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test is used to determine statistical significance of the changes
in extremes. This method has been previously applied to
changes in hydrologic extreme distributions (e.g., Russo and
Sterl, 2012; Donat et al, 2013; Harder et al, 2015; Erler
and Peltier, 2016). Moreover, even with a GCM, previous
research has used similar sample sizes to quantify hydrologic
extremes and significance. For example, 100 and 20 samples
were taken to characterize 1-year and 5-year United States
precipitation extremes by van der Wiel et al. (2016). Rejection
of the null hypothesis supports that the samples from the
historical and future periods are from different distributions.
Tables 2, 3 report statistical significance of each projected
change; all projected changes to runoff are statistically significant.
Since we perform significance tests on all extreme events
(>99th percentile) together, calculating the percent change at
an individual percentile may result in projected changes that
do not appear significant. For example, for the San Joaquin
basin, the magnitude of 99th percentile runoff events is projected
to increase by 1% (Table 3), yet the full distribution of end-
century extreme runoff events in the San Joaquin is significantly
different from the historic distribution. Along the west coast, 99th
percentile values of daily precipitation are increasing, signifying
that wet days are getting wetter, particularly by the end-century

TABLE 2 | Percent change by end-century in daily precipitation and runoff
percentiles for western watersheds.

Watershed % change in 99th % change in 99th
percentile of daily percentile of daily
precipitation runoff
Columbia 12.3* —5.9*
Upper Colorado 2.5 —31.4*
Lower Colorado 8.5 2.7*
Upper Missouri/Yellowstone 4.8*% —4.9*

An asterisk denotes statistical significance at the 95% level.

TABLE 3 | Percent change by end-century in daily precipitation and runoff
percentiles for Sierra Nevada basins.

Basin % change in 99th

percentile of daily

% change in 99th
percentile of daily

precipitation runoff
Upper Sacramento 27.1* 75.5%
Feather 29.5* 113.8*
Yuba 30.3* 142.0*
American 33.6* 124.3*
Stanislaus 32.6* 54.0*
Tuolumne 32.5* 54.2*
Merced 25.0* 36.7*
San Joaquin 24.2* 1.0*
Kings 19.3 —10.4*
Kaweah 19.3 29.7*
Tule 174 49.0%
Kern 6.7 —26.9*

Basins are sorted from north (Upper Sacramento) to south (Kern). An asterisk
denotes statistical significance at the 95% level.

(Figure 4). For 2091-2100, increases are most prominent over
the Sierra Nevada and southwest British Columbia. The four
western watersheds - the Columbia, Upper Colorado, Lower
Colorado, and Upper Missouri/Yellowstone - are projected
to have increases in magnitude of percentiles (Table 2). The
Columbia River basin has the largest increase, with the average
amount of precipitation during an extreme event projected
to increase by 12%. Runoff patterns are similar to those for
precipitation: the wettest runoff days are expected to increase
along the western coast of the United States and Canada,
particularly along the windward side of the coastal mountain
ranges (Figures 4E,F). By the end-century, decreases in extreme
runoff are most notable in the Upper Colorado River basin, where
basin-averaged daily runoff is estimated to decrease by 31 for the
99th percentile.

For a more local view, we also consider 12 basins with
headwaters in the Sierra Nevada mountains. For all 12 basins,
the streamflow hydrographs shift earlier in the season (Figure 8),
consistent with decreasing snow accumulation (Figure 9). In
the historical decade, streamflow decays to baseflow conditions
in late July or early August; by the end century, streamflow
decays to baseflow as early as June for some basins (e.g.,
American and Feather). From the decade-averaged hydrographs,
it appears there are more flashy events in the winter and early
spring, suggesting basins are either receiving increased rainfall or
snowfall is melting shortly after deposition.

For extreme events, all basins are projected to have increases
in the magnitude of the 99th percentile precipitation events
(Table 3). Projected changes are statistically significant for 8
of the 12 basins; those that do not have statistically significant
changes are in the southern Sierra Nevada. Wet days getting
wetter may increase flood risks for regions downstream. For days
with substantial runoff, the magnitude of the 99th percentile
of daily streamflow is projected to increase for all basins
other than the Kern and the Kings. The Yuba, American,
and Feather basins are all projected to have 99th percentile
magnitude increases greater than 100%. Projected changes to
extreme runoff are statistically significant for all 12 basins
(Table 3). Though extreme events are projected to have
higher magnitudes by end-century, daily streamflow at other
percentiles decreases for all basins (Figure 10). Streamflow
magnitudes are similar for the mid-century and end-century
decades. Declines at the 50th percentile between historical and
end-of-century are particularly large for Kaweah, Kern, and
Tuolumne basins.

We also consider how the contribution of extreme events
to total precipitation and runoff may change throughout the
21st century. We first select all days with non-zero precipitation
or runoff for each Sierra Nevada basin. By accumulating
precipitation/runoff by percentile (i.e., summing all precipitation
values in the 1st-10th percentile, 11th-20th percentile, etc.),
we compare the amount of percentile-binned precipitation or
runoff to the decadal total. Though an annual analysis would
also be informative, it would not consider the most extreme
events that occur only a handful of times per decade. Even
on a decadal time scale, we see that the events in the highest
percentile have the largest contribution to total precipitation
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(Figure 11) and runoff (Figure 12) for each basin. Though
changes by end-century are small for precipitation, extreme
runoft events by 2091-2100 will have a larger contribution to
total runoff; for example, in the Yuba basin, the contribution
of >90th percentile events is projected to increase from 41 to
58%. Increases to percent contribution are largest in the northern
basins: the Upper Sacramento, Feather, Yuba, American, and
Stanislaus are all projected to have increases larger than ten
percentage points.

As all Sierra Nevada basins are projected to have statistically
significant changes to extreme runoff, we can develop hypotheses
regarding contributors to changes in high magnitude runoft
events. Since precipitation and runoff are more coupled over
small basins such as these, we consider the relationship between
extreme runoff and extreme precipitation. By comparing all days
with precipitation or runoff greater than the 99th percentile
(37 days per decade), we see that for 8 of the 12 basins, at
least one-third of the days with extreme runoft coincide with
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FIGURE 10 | Daily streamflow values at each percentile for 12 Sierra Nevada basins for the historic (blue), mid-century (orange), and end-century (yellow) periods.

an extreme precipitation days (Table 4), suggesting it is the
intense precipitation driving the runoff in those cases. By end-
century, most basins have at least one-half of extreme runoff days
coinciding with days of extreme precipitation. To allow for a lag
between precipitation and runoff, we consider whether days with
extreme runoff occur within 5 days of an extreme precipitation
event. For most basins, and particularly those in the northern
Sierra Nevada, we see increases in the number of extreme runoff
days that coincide with intense precipitation. Increases in time
coincidence may be due to a shift from snowfall, which is
not directly tied to same-day or same-week runoff, to rainfall,
which is. To consider seasonality of extreme events, we compare
timing of all 37 extreme runoff and precipitation events for each
Sierra Nevada basin over the historic and end-century period
(Figure 13). We also compare the average timing of the snowmelt
season (colored bars in Figure 13A). In the southern basins,
historic runoff events coincide with the melt season, suggesting
that historic extreme streamflow is often due to snowmelt events.
Alternatively, by end-century, many of the extreme runoft events
occur prior to the snowmelt season, suggesting these high-
magnitude events may be due to precipitation, likely as rain.
Despite the increase in time coincidence in extreme
events when we account for a lag between precipitation and

runoff, when we evaluate precipitation totals, we see less
of a relationship between runoff magnitude and antecedent
precipitation conditions. That is, we compare the correlation
between extreme runoff and same-day precipitation versus the
precipitation accumulated over 5 days prior to the day of extreme
runoff (Table 5). In the historic period, all basins except the Kern
have stronger correlations for same-day runoff and precipitation.
In the Kern, antecedent precipitation amounts resulted in a larger
R?. In the end century, only runoff in the American basin has
a stronger correlation with antecedent precipitation conditions.
This result suggests that for most Sierra Nevada basins, large
precipitation events lead to high magnitude runoff, often with
little lag time. Projected end-century changes are not large, with
increases to R? values only in the northern basins and the
Kern to the south.

DISCUSSION AND CONCLUSION

We consider estimates of future hydroclimatic variability for the
western United States and southwestern Canada and the effects
of climate change on extreme events. That is, we compare how
the 99th percentile of daily precipitation and runoff may change
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throughout the 21st century. Though we are most interested
in changes from the historical decade to future decades, it is
important to check whether WRF is performing as expected.
Therefore, we first confirm whether WRF produces reasonable
estimates of precipitation and streamflow. Much work has
been done to compare WRF-simulated precipitation to both
in situ and gridded datasets (Caldwell et al., 2009; Leung and
Qian, 2009; Qian et al., 2010; Gutmann et al., 2012; Cardoso
et al., 2013; Warrach-Sagi et al., 2013), and the consensus is
that WRF estimates are reasonably skilled at capturing realistic
precipitation patterns and magnitudes (Hughes et al.,, 2017).
Recent work suggests that atmospheric models such as WRF
provide better estimates of precipitation in mountainous regions
than precipitation gauge networks (Lundquist et al., 2019);
known errors in observational networks pose major challenges
to validating climate simulations. Therefore, we do not aim to
evaluate WRF-simulated precipitation in this work and instead
focus on precipitation changes throughout the 21st century. For
streamflow, though, less work has been done to evaluate whether
WREF simulations are reasonable.

Here we evaluate the performance of WRF streamflow by
comparing to estimates of FNF for basins in the Sierra Nevada
(Figure 2). Since GCMs like CCSM4 are not constrained by

observations, we do not expect CCSM4-forced WRF simulations
to match FNF perfectly (Taylor et al, 2012). A below-average
year in the historic record may not be a below-average year in
CCSM4. However, by comparing streamflow magnitudes at each
percentile (Figure 2), we can determine whether the distribution
of streamflow values is similar between WRF and FNF. At the
highest values of daily streamflow, WRF estimates are almost
always larger than FNF. Only the American basin has larger
values for FNF at the highest percentiles. Streamflow estimates
for the Tule basin are similar between the two datasets. While it
is apparent that WRF overestimates the largest flow days when
compared to FNE that does not preclude the use of WRF-
downscaled streamflow when projecting future changes. We can
assume that historic, mid-century, and end-century estimates
of WRF streamflow are all likely biased high for the largest
events. Since we are interested in changes between decades,
the potential WRF bias does not affect our analysis. However,
future work should aim to improve the performance of WRF for
high flow events.

Across the full model domain, there is a dipole pattern
in precipitation change (Figure 3), where annual precipitation
is projected to increases in the Pacific Northwest, along the
California coast, and in southwest Canada, while decreases
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are projected in the desert southwest and toward the Great
Plains of the United States. The spatial pattern of precipitation
changes is similar to that reported in other studies (Gutzler and
Robbins, 2011; Kumar et al,, 2013; Baker and Huang, 2014).
Increased precipitation in the Pacific Northwest and decreased
precipitation in the southwest United States is consistent with
a projected poleward shift of midlatitude storm tracks (Yin,
2005; Salathé, 2006; Mbengue and Schneider, 2013). For annual
precipitation, the Columbia and Upper Missouri/Yellowstone
have end-century increases of 10.1 and 2.9%, respectively
(Table 1). Both the Lower (—17.2%) and Upper Colorado
(—11.6%) have decreased average annual precipitation in the end-
century WRF simulations. By partitioning rainfall and snowfall,
we can understand how the different phases of precipitation will
change. As expected in a warming climate, all four watersheds
will have decreased total snowfall; the Lower Colorado (—65.3%)
has the largest decrease, though it is the watershed with the
smallest amount of historical snowfall. In the historic period, the
Columbia receives the most annual snowfall, and it is expected
to decline by 32.4% by the last decade of the 21st century.
Alternatively, all watersheds except the Lower Colorado are
projected to have increases in rainfall. The Columbia has the
largest increase at 31.7%; despite the large decrease in snowfall,

the large increase in rainfall leads to a positive change in total
precipitation. The decrease in Upper Colorado total precipitation
is driven by the 29.1% decrease in snowfall.

Comparing  end-century precipitation to  historical
simulations, all four western watersheds have projected
increases in the magnitude of daily extreme events for the
99th percentile (Table 2). In the Columbia watershed, the 99th
percentile of daily precipitation, or an event that occurs roughly
three times a year, is projected to increase from 24.5 to 27.5 mm
over the full domain (a volume increase of 2.0 km?). Such events
may increase the risk of flooding, depending on the timing of
the rainfall. If soils are already saturated or if a rain-on-snow
event occurs, likelihood of flooding increases. Other work
projects increased flood risk by the end of the 21st century
for the Columbia watershed (Rosenberg et al., 2010; Salathé
et al., 2014; Tohver et al, 2014). While end-century changes
aren’t projected to be as large for the other three watersheds
(Table 2), increases in heavy precipitation events could cause
localized flooding.

While precipitation changes are mostly uniform for the four
western watersheds, daily runoft changes have more variability.
For the 99th percentile, streamflow magnitude is expected
to decrease for all but the Lower Colorado basin (Table 2).
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TABLE 4 | Number of extreme runoff events (at or above the 99th percentile;
maximum of 37) that coincide with an extreme precipitation event for both
same-day precipitation and a lag time of up to 5 days.

Basin Same-day 5-day lag Same-day 5-day lag
precipitation precipitation precipitation precipitation
for historic  for historic for for
period period end-century end-century
period period
Upper Sacramento 12 20 22 30
Feather 18 30 21 31
Yuba 20 31 23 34
American 21 31 25 31
Stanislaus 12 15 21 32
Tuolumne 12 14 22 30
Merced 12 14 19 26
San Joaquin 6 7 19 29
Kings 4 4 19 25
Kaweah 11 16 26 34
Tule 16 29 22 32
Kern 3 3 14 20

Basins are sorted from north (Upper Sacramento) to south (Kern).

The Upper Colorado is projected to have the largest change,
with decreases of 31.4% for the 99th percentile of daily runoff.
Additionally, the annual total runoff volume for the Upper
Colorado is estimated to decrease from 31.4 to 21.4 km?,
a decrease of nearly 32% (Table 1). Therefore, not only are
extreme events expected to decrease in magnitude, likely
decreasing the risk of flash flooding, annuals flows will decrease,
following with previously published work on potential drying
of the Colorado River (Christensen and Lettenmaier, 2006;
Rajagopalan et al,, 2009; Dawadi and Ahmad, 2012; Ficklin
et al,, 2013; Livneh et al, 2017; Udall and Overpeck, 2017);
when decreased flows are coupled with decreased annual
precipitation, the likelihood for drought or not meeting water
demands increases.

In contrast, the Lower Colorado basin is projected to have an
increase of 2.7% for the 99th percentile of daily runoff, though,
annual runoff is expected to decrease by 32.2%. Increases in
extreme event magnitude and decreases in annual total suggest
that a large fraction of yearly streamflow may come from only a
few events. For some years in the Colorado River basin, present-
day flows are less than the allocated total (Christensen et al.,
2004). Projected decreases in annual flow by end-century may
strain an already-stressed system.

All Sierra Nevada basins examined here are projected to
have decreased snowfall and snow accumulation (Figure 9) and
decreased daily streamflow at most percentiles (Figure 10). As a
warm maritime mountain range that receives most of its snow
accumulation from a handful of storms (Margulis et al., 2016),
it is not surprising that the majority of the basins are expected
to have less snowfall and snow accumulation by end-century.
With present-day conditions, annual spring snowmelt coincides
with higher water demand. If streamflow begins to peak earlier
in the spring, as reported in other studies (Dettinger et al., 2004;
Stewart et al., 2004; Maurer et al., 2007; Schwartz et al., 2017) and
as we suggest here (Figure 8), local management strategies will
need to adapt (Sterle et al., 2019). Operational reservoir managers
in the Sierra Nevada must balance capturing runoff for societal
use with managing flood risk (Dettinger et al., 2011). Should the
magnitude or timing of high flow events change, as we show
for all 12 Sierra Nevada basins (Figure 13), reservoirs may need
to be held at lower capacity or run the risk of mismanaging a
potential flood event.

Unlike the larger western watersheds, which integrate
increases and decreases to runoff and precipitation across very
large drainage areas, projected changes to extreme precipitation
and runoft are more closely coupled in the smaller Sierra Nevada
basins (Table 3). All 12 basins are projected to have increases
in magnitude of extreme precipitation (statistically significant
for the northern half of the mountain range), and most Sierra
Nevada basins have increased magnitude of extreme runoff
events (all statistically significant). In the northern and central
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TABLE 5 | Coefficient of determination for relationship between extreme runoff (at
or above the 99th percentile) and precipitation, both for same-day precipitation
and accumulated precipitation for 5 days prior to the extreme runoff event.

Basin Historic Historic 5-day End-century End-century
same-day antecedent same-day 5-day
precipitation precipitation precipitation antecedent
precipitation
Upper 0.22 0.17 0.42 0.17
Sacramento
Feather 0.20 0.08 0.50 0.07
Yuba 0.21 0.11 0.49 0.13
American 0.22 0.17 0.25 0.29
Stanislaus 0.36 0.12 0.25 0.14
Tuolumne 0.36 0.13 0.23 0.06
Merced 0.47 0.16 0.23 0.00
San Joaquin 0.67 0.13 0.33 0.04
Kings 0.69 0.25 0.52 0.16
Kaweah 0.60 0.26 0.47 0.00
Tule 0.49 0.07 0.48 0.00
Kern 0.09 0.24 0.37 0.18

Basins are sorted from north (Upper Sacramento) to south (Kern).

basins, projected increases to high flow events often exceed a
100% increase (Table 3). Southern basins, particularly the Kings
and Kern, are projected to have smaller changes in extreme runoft
or even decreases. Decreases to annual streamflow (Figures 3F,
11) and increases in extreme runoff (Table 3) suggest that an
increased proportion of Sierra Nevada streamflow will occur
during extreme high flow events. We see this behavior when
considering how the contribution of each runoff percentile
to total runoff may change by end-century (Figure 12); for
all Sierra Nevada basins, events at the >90th percentile will
make up a larger proportion of total runoff. Similar results
have been reported for an increased proportion of annual
precipitation that occurs during heavy rainfall events (New
et al, 2001; Groisman et al, 2005; Wuebbles et al., 2014).
Though the most extreme events may only occur a few times a
year, a doubling of streamflow, as projected for the American,
Stanislaus, and Tuolumne basins with increases >100%, will
require careful flood control management. The Feather basin,
which includes the Oroville Dam, is projected to have increases
of 114% for 99th percentile runoff events, which occur roughly
three times a year; with increased high flows, flood crises
such as the 2017 Oroville event may become more frequent
by end-century.

For the Sierra Nevada basins, all are projected to have
increases in the contribution of high magnitude precipitation to
extreme runoff (Table 4). In the southern basins, increases are
particularly large: where only 8 and 11% of extreme runoff events
coincided with extreme precipitation in the historic simulations
for the Kern and Kings basins, respectively, by the end century,
38 and 51% of the >99th percentile runoff events are projected
to coincide with extreme precipitation. We suggest a shift from
snowmelt to rainfall as the dominant cause of extreme runoff
events, particularly in the southern Sierra Nevada where, by end-
century, most high-magnitude runoff events occur prior to the

spring snowmelt period (Figure 13A). If precipitation magnitude
does increase for extreme events as a result of climate change, as
recent literature suggests (Dominguez et al., 2012; Scoccimarro
et al., 2013; Wuebbles et al., 2014), it follows that extreme runoff
events and the risk of flooding will also increase.

A major limitation to this study is the short time periods
available for comparing historical and future climate. Here we
consider decadal snapshots of western United States climate
throughout the 20th and 21st centuries; longer, perhaps 30+
years of simulations are necessary for assessing climate variability.
However, due to the high computational cost of WRE, multi-
decade, high-resolution simulations are not possible. Previous
studies that use WRF to project climate change impacts are also
limited by computational cost, with most simulations running
for ~10 years (Liu et al., 2017; Musselman et al., 2017; Schwartz
et al.,, 2017; Musselman et al., 2018). Decade-scale simulations
have also been used to evaluate changes to extreme events
from WRF (Prein et al,, 2017), and Gao et al. (2012) used
a similar approach to ours in estimating changes between a
historical and future period, though they compare over a 3 year
period. Through advances in computational resources, WRF
is an increasingly useful tool in climate projections, though
limitations still exist. The computational cost of an RCM such
as WRF is one of the tradeoffs between RCMs and GCMs;
as described in the introduction, RCMs may not provide as
much data as a GCM, but they allow for higher resolution
information over regions that often have high biases in GCMs
(van der Wiel et al., 2016).

Recent literature suggests a large ensemble approach is likely
the best method for projecting future climate and changes to
extreme events (Kay et al., 2015; van der Wiel et al., 2019). As
computational resources continue to improve, a large ensemble of
WREF simulations, similar to the Community Earth System Model
Large Ensemble Project (Kay et al., 2015), may be possible. Until
then, long-term, high-resolution climate projections are likely
only possible through tools like the Intermediate Complexity
Atmospheric Research Model (ICAR; Gutmann et al., 2016) or
hybrid dynamical-statistical downscaling (Walton et al., 2015;
Sun et al., 2016; Schwartz et al., 2017).

Results presented here are one representation of future
hydroclimate conditions from a single downscaled GCM.
Though the Bruyere et al. (2013) method only bias corrects
a single GCM at a time, it does not make any assumptions
about climate stationarity, like the PGW method. Future
work, however, should prioritize the downscaling of multiple
bias corrected GCMs to create an ensemble of possible
scenarios, whether through dynamical downscaling or less
computationally expensive tools like ICAR. Regardless of the
method, downscaling GCMs to higher spatial resolution will
improve understanding of not only mean hydroclimate changes
but also of extreme events, whether heat waves, droughts, or,
as we examine here, heavy precipitation and streamflow that
can result in flooding. Since many river networks in western

Frontiers in Earth Science | www.frontiersin.org

January 2020 | Volume 7 | Article 355


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Wrzesien and Pavelsky

Extreme Runoff and Precipitation

United States and Canada are managed systems, regional-scale
predictions of future hydroclimate are crucial for ensuring
infrastructure is prepared for possible regime shifts in extreme
event intensity.
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