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Abstract We evaluate the implications of ten twenty-first century climate scenarios for
snow, soil moisture, and fuel moisture across the conterminous western USA using
the Variable Infiltration Capacity (VIC) hydrology model. A decline in mountain
snowpack, an advance in the timing of spring melt, and a reduction in snow
season are projected for five mountain ranges in the region. For the southernmost
range (the White Mountains), spring snow at most elevations will disappear by the
end of the twenty-first century. We investigate soil and fuel moisture changes for the
five mountain ranges and for six lowland regions. The accelerated depletion of
mountain snowpack due to warming leads to reduced summer soil moisture across
mountain environments. Similarly, warmer and drier summers lead to decreases of up
to 25% in dead fuel moisture across all mountain ranges. Collective declines in spring
mountain snowpack, summer soil moisture, and fuel moisture across western mountain
ranges will increase fire potential in flammability-limited forested systems where fuels
are not limiting. Projected changes in fire potential in predominately fuel-limited
systems at lower elevations are more uncertain given the confounding signals between
projected changes in soil moisture and fuel moisture.
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1 Introduction

In the western US, snow is the primary source of water storage (Cayan 1996). Most of the
annual precipitation occurs during the cool season and is returned to the atmosphere in the
spring and early summer through evapotranspiration, except at the highest elevations and
northern coastal areas, where it is predominantly released as runoff and streamflow (Barnett
et al. 2005). This annual cycle makes the region particularly vulnerable to changes in climate,
which alter the timing and duration of the snow season, and subsequent water availability
throughout the dry summer months. Widespread declines in April 1 snow water equivalent
(SWE) have been seen at snow course sites across mountains of the western USA over the past
50 years (e.g., Mote 2006; Hamlet et al. 2005). Declines in snowpack were more pronounced
in temperate ranges than the colder, interior ranges, suggesting that the loss in spring snowpack
was a result of warming temperatures (Mote et al. 2005). Spring runoff in snowmelt-dominated
rivers in the western USA has shifted earlier by 1 to 3 weeks over the past 50 years, which has
been attributed to warming temperatures (Stewart et al. 2005) and to decreased mountain
precipitation (Kormos et al. 2016).

Projected changes in climate unanimously show continued and accelerated increases in
temperature across the western USA through the twenty-first century (Sillmann et al. 2013).
Regional changes in precipitation, by contrast, are more uncertain and differ substantially
(even by sign) among global climate models (Kharin et al. 2013). Luce et al. (2013) suggested
that declines in streamflow in the northwestern USA since 1950 could be attributed to declines
in orographic precipitation associated with a reduction in the strength of lower-tropospheric
winter westerlies. Lute et al. (2015) found that annual snowfall water equivalent was projected
to decline across the western USA by the mid-twenty-first century and that low-snowfall years
would become more frequent.

Stewart et al. (2004) among others (e.g., Wood et al. 2004; Lundquist and Flint 2006) have
projected that spring runoff timing could shift earlier by more than a month by the end of the
twenty-first century, which has strong implications for summer soil moisture. Soil moisture
integrates non-linear impacts of temperature, precipitation, vapor pressure deficit, and wind
into the moisture content of vegetation and thus may be a proxy for vegetation and duff
dryness, making it an important indicator of ecosystem function (e.g., Littell et al. 2008) and of
fire potential in flammability-limited forested regimes. Higuera et al. (2015) showed that
summer soil moisture explained over 60% of interannual variability in area burned across
the Northern Rocky Mountains. Fluctuations in winter snowpack can have a strong impact on
the occurrence of large fires (Westerling et al. 2006) in the western USA, as spring snowpack
influences soil moisture in the subsequent summer. Similarly, fuel moisture is an important
proxy for potential ignition and fire spread and strongly correlates with the amount of area
burned (Flannigan et al. 2005; Abatzoglou and Kolden 2013).

The frequency of large fires and area burned in wildland fires over the western USA have
increased markedly over the past several decades (Westerling et al. 2006; Dennison et al. 2014;
Littell et al. 2009. These trends are projected to continue, with widespread increases in large
fire frequency (Westerling et al. 2011a; Stavros et al. 2014) and area burned (Westerling et al.
2011b; Littell et al. 2010; Turner et al. 2016). Although projected changes in wildfire activity
across the western USA have been estimated using contemporary climate-fire relationships, it
is likely that contemporary climate-fire relationships may be non-stationary under a changing
climate (McKenzie and Littell 2016). Past studies (e.g., Littell et al. 2009; Littell and Gwozdz
2011; Abatzoglou and Kolden 2013) have defined two general climate-fire regimes that are
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applicable to the western USA. Wildfires in primarily lower-elevation rangelands are associ-
ated with years of higher fuel abundance that result from increased moisture availability, while
wildfires in primarily higher-elevation forested areas are associated with moisture deficits that
result in increased fuel aridity (Abatzoglou and Kolden 2013). A long history of fire suppres-
sion across parts of the western USA complicates these climate-fire relationships. Despite
historical differences in fire suppression and different climate-fire relationships, prior studies
have not distinguished between projected changes in fire potential between upland and
lowland areas over a domain as large as the western USA.

In this study, our objective is to understand how future changes in climate will affect
snowpack, soil moisture, and fuel moisture in upland and lowland regions of the western USA.
We focus on the links between hydrologic changes in snowpack and soil moisture, associated
both with changing snow processes in the uplands and precipitation changes in the lowlands,
and changes in fuel moisture. We also evaluate their combined implications for summer aridity
and fire potential. Using an ensemble of ten GCMs allows us to evaluate a broader range of
possible outcomes and highlight where projections are consistent (or not) among models. Our
intention is not to model changes in fire activity (e.g., burned area, fire frequency), but rather to
examine projected changes in fuel aridity metrics that are proximate drivers of interannual
variability in fire activity across parts of the region (e.g., Higuera et al. 2015). By the term fire
potential, we mean the potential for fire to occur. The vulnerability components of fire risk are
beyond the scope of our study.

2 Approach
2.1 Domain

Our domain consists of five mountain regions and six lowland regions in the western USA.
The mountain ranges include the Sierra Nevada mountains, Cascades, Northern and Southern
Rockies, and White Mountains (Fig. 1). The lowland regions consist of the Great Basin,
Coastal North, Coastal South, Northwest Interior, Missouri, and Lower Colorado (Fig. 1). The
Missouri, Lower Colorado, and Great Basin regions are defined by USGS Hydrologic Unit
Code (HUC) 02 boundaries (Watershed Boundary Dataset for HUC-02s 2015). For Missouri
HUC-02, only the area west of 103° is included. The mountain regions were defined as
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consisting of the 1/16° latitude-longitude grid cells for which the historical (1970-1999)
model-simulated mean April 1 SWE exceeded 10 mm.

2.2 Climate forcing datasets and downscaling

We used meteorological inputs from Livneh et al. (2013) for historical Variable Infiltra-
tion Capacity (VIC) model simulations, which we compared to SNOTEL observations
(Online Resource 1) and which were also used to define the April 1 SWE threshold for
mountain ranges. Our comparison to SNOTEL observations served as a validation for
modeled SWE (see Online Resource 1 and Supplementary Materials). Hydrologic sim-
ulations were driven by precipitation, maximum and minimum temperature, and wind
speed outputs downscaled using the Multivariate Adaptive Constructive Analogues
(MACA) statistical downscaling approach (Abatzoglou and Brown 2012). Meteorologi-
cal inputs used as the training dataset for the MACA downscaling were taken from
Livneh et al. (2013) from 1950 to 2011. We used ten GCMs (Online Resource 2),
selected from the Coupled Model Intercomparison Project 5 (CMIPS5) archive (Taylor
et al. 2011) based on their ability to simulate the historical climate in the western USA
(Rupp et al. 2013). For each GCM, we used downscaled climate taken from the control
forcing (1960-2005) and future forcing (2006—-2099) experiments, with the latter includ-
ing both Representative Concentration Pathways (RCPs) 4.5 and 8.5.

Since Livneh et al. (2013) used a standard lapse rate of —6.5 °C/km over the western USA,
this may have introduced biases into our meteorological forcings, particularly over topograph-
ically complex regions that have heterogeneous lapse rates, such as on the windward side of
the Cascades (Minder et al. 2010), which can significantly impact hydrologic modeling
(Mizukami et al. 2013). Behnke et al. (2016) showed, however, that Livneh et al. (2013) is
one of the better-performing gridded climate datasets over the contiguous USA (CONUS),
despite the lapse rate assumption. While the choice of downscaling approach adds an
additional layer of uncertainty (Gutmann et al. 2014), Mizukami et al. (2016) found that the
choice of downscaling method resulted in less variability than the choice of hydrologic model.
Thus, we expect that the inter-model variation between GCMs in our study is much larger than
the spread that would have resulted from using multiple downscaling methods. However,
dynamical downscaling methods, in contrast to the statistical downscaling that was used in this
study, might have yielded different results.

2.3 Hydrological modeling

The VIC model (Liang et al. 1994) Version 4.1.2.1 was run in energy balance mode at a 1/16°
spatial resolution and a 3-hour time step over the western USA. Model spin-up was accom-
plished by running the model with gridded historical inputs from Livneh et al. (2013) for
1950-1959 for all simulations for the control period and with 1995-2005 downscaled output
from each GCM (and each scenario) for the future runs. Hydrological fluxes and states were
then archived at a daily time step. VIC model parameters were taken from Livneh et al. (2013)
and were calibrated to observed and/or naturalized flows in Livneh et al. (2013) for multiple
large river basins across the western USA. The VIC model output, as well as the MACA-
downscaled GCMs, is archived at the University of Idaho Applied Climate Science Lab at
http://climate.nkn.uidaho.edu/IntegratedScenarios/ (Northwest Knowledge Network) and is
publicly available.
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2.4 Fuel moisture modeling

The US National Fire Danger Rating system (NFDRS) estimates dead fuel moisture (DFM) for
different sized fuel classes (Cohen and Deeming 1985). We computed 100 and 1000-hour DFM
using regression equations for equilibrium moisture content (EMC) developed by Simard
(1968) and used by the NFDRS (Cohen and Deeming 1985; see Supplemental Materials). The
100 and 1000-h DFM correspond to the timescale of exponential decay of DFM with respect
to the EMC, with 1000-h fuel representative of larger-diameter fuels that respond more slowly
to fluctuations in EMC than 100-h fuels.

2.5 Analysis periods

We partitioned the control and future simulations into four 30-year periods: historical (1970—
1999), 2020s (2010-2039), 2050s (2040-2069), and 2080s (2070-2099). We used these
periods throughout our study to evaluate projected hydrologic changes during the twenty-
first century. We also examined transient changes during the twenty-first century. Climate
change results were calculated by comparing future GCM simulations with the control
simulation from the same GCM.

3 Results
3.1 Temperature and precipitation projections

Average winter (November—March) temperature increases in all mountain ranges throughout
the twenty-first century (Online Resource 3). Warming rates are generally larger over conti-
nental areas than maritime areas. For RCP 8.5, temperature increases exceed +4 °C by the
2080s and exceed +5 °C in the Northern and Southern Rockies. The Southern Cascades
exhibit the least warming of the five mountain ranges, but still experience an increase of nearly
+4 °C in the 2080s.

For most of the mountain ranges and lowland regions, the ensemble mean total winter
precipitation increases up to 30% by the 2080s, with the exception of the White Mountains in
Arizona and the Lower Colorado, which are projected to experience reductions in winter
precipitation in the ensemble mean (Online Resource 4). The southern part of the Lower
Colorado basin, in particular, shows a reduction greater than 30% by the 2080s in RCP 8.5.
There are large differences between the 2020s, 2050s, and 2080s for RCPs 4.5 and 8.5, with
increases becoming larger in the Missouri basin, the southern part of the Northwest Interior
and the northern part of the Great Basin. Spring (March-May) ensemble mean precipitation
shows a similar pattern in the Northwest Interior and the Missouri basin but shows decreases
in the Great Basin.

3.2 Projected changes in snowpack

Shifts in precipitation and temperature impact snowpack across the domain. Figure 2
shows the ensemble mean of simulated SWE aggregated by mountain range as well as
the full range and the interquartile range of aggregate SWE predicted by the ensemble of
GCMs. Although the magnitude of the decline differs among models, decreasing trends
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Fig. 2 Simulated April 1 SWE aggregated by volume over each mountain range for the five mountain regions.
Light gray shows the full range projected by the GCMs, dark gray shows the interquartile range, and red shows
the ensemble mean of the GCMs

are robust across all future simulations for mean April 1 SWE storage (in km®) between
the historical and future periods (Online Resource 6). The greatest relative decline in
SWE is projected in the White Mountains, which by the end of the twenty-first century
are projected to be nearly free of snow (95% reduction, ensemble mean) or entirely
snow-free (maximum projected changes). Although the Northern Rockies also show a
large decrease for RCP 8.5, it is substantially smaller in relative terms (48%) than for the
Cascades, Sierra Nevada, and White Mountains, which have average projected losses of
65, 65, and 95%, respectively (Online Resource 6). Much of the differential effects of
climate change on SWE can be explained in terms of elevation and thus temperature (see
Online Resources 8 and 9).

Even though increases in temperature lead to a lower fraction of precipitation falling
as snow and earlier melt, the spread in projected changes in precipitation contributes to
uncertainty about the magnitude of spring snowpack change in some areas of the western
USA. Figure 3 compares the spread in April 1 SWE projections (from all ten GCMs) for
RCP 8.5 for the 2050s with the mean change in April 1 SWE (across all ten models)
between the future and historic period (1970-1999). A higher value indicates that the
range of SWE projections is larger than the mean projected change in SWE. For
example, a value of 4 indicates that the range of SWE projections is 4 times greater
than the mean projected change in SWE. High ratios occur in parts of the Cascades,
Sierras, and much of the Northern and Southern Rockies, while low ratios occur in mid
to lower-elevation areas. Luce (2016) used the same metric based on snow simulations at
selected SNOTEL sites and found similar results for locations in the Northern and
Southern Rockies.
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3.3 Projected changes in soil moisture

Figure 4 shows the ensemble mean total column soil moisture storage for summer (June—
August) for the historical period as well as projected changes for the 2050s for RCP 8.5. For
each grid cell, the minimum annual average summer soil moisture from the control simulation
has been subtracted from each year in the historical and future time periods. For most upland
regions, large decreases in summer soil moisture result from earlier snowmelt, reducing soil
moisture recharge that historically occurs during late spring and early summer snowmelt. The
largest decreases occur in the Sierra Nevada and Southern Cascades, as well as parts of the
Northern and Southern Rockies. Absolute declines in soil moisture in these mountain systems
are accentuated because they historically have higher summer soil moisture. By contrast,
changes in soil moisture for lowland regions are smaller in magnitude and feature differing
signals. The largest decrease occurs in the Coastal North, with smaller decreases in the Coastal
South and parts of the Lower Colorado and Missouri basins. Soil moisture storage is projected
to increase in the Northwest Interior, Great Basin, and the southern part of the Lower
Colorado. However, individual GCMs show varied projections for the lowland regions
(Online Resource 10). The spread between GCMs for soil moisture in the lowlands is due to
the dependence of summer soil moisture on winter, spring, and summer precipitation (Online
Resources 4 and 5).

3.4 Projected changes in fuel moisture

Figure 5 shows historical and projected changes in 100-h DFM averaged over June—
September, which encompasses much of the primary fire season for the western USA.
Historical DFM values are substantially lower at low-elevation sites relative to the
uplands as higher elevation areas typically receive more precipitation and have lower
temperature and vapor pressure deficits. In the mountain ranges, nearly all areas expe-
rience decreases in DFM, from a relatively minor decrease in the 2020s to a much larger
relative decrease (greater than 25%) by the 2080s. This pattern is particularly strong in
the Cascades and Northern Rockies, areas that were also projected to experience
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Fig. 4 Ensemble-mean simulated summer (JJA) soil moisture in storage for control simulations (left column)
and change in storage between RCP 8.5 2040-2069 and the control period (right column) for the mountain
ranges and lowland regions. The minimum summer soil moisture from the control period has been subtracted
from each grid cell for control and future periods

increased aridity during the fire season based on decreasing summer soil moisture. DFM
projections for the lowlands are more varied. Most of the lower elevations are projected
to see declines in DFM, although at substantially smaller magnitudes than for neighbor-
ing higher elevation regions. Portions of the Lower Colorado show increases in DFM by
the 2080s, presumably due to increases in summer precipitation in downscaled climate
projections. The increasing and decreasing signals observed for 100-h DFM are largely
the same for 1000-h DFM (Online Resource 11), with larger decreases in 100-h DFM in
the Northwest Interior and Missouri regions.

Projected changes in DFM are not robust across GCMs in all areas. Online Resource 12
shows the number of models with positive changes minus the number of models with negative
changes in 100-h DFM for RCP 8.5 in the 2080s. A negative number indicates that a majority
of models shows a decrease in DFM, while a positive number indicates an increase in DFM.
There is less agreement among models in the Sierra Nevada and Coastal South, as well as the
Southern Cascades and the Southern Rockies, with little to no agreement in the southern part
of the Coastal South and the Lower Colorado. Results for 1000-h DFM are similar, except with
greater agreement for the Great Basin and Lower Colorado regions (Online Resource 13).
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Fig. 5 Ensemble-mean summer (JJAS) 100-h dead fuel moisture (DFM) shown over a the five mountain ranges
and b the six lowland regions, for the control period (1970-1999) and RCP 8.5 2010-2039, 2040-2069, and
2070-2099. For the control period, % DFM is shown, and for future periods, the % difference in DFM. DFM was
calculated using the NFDRS algorithm for fuel moisture

4 Discussion

Our projected snowpack changes are generally consistent with previous studies that have
examined changing snowpack in the western USA (e.g., Maurer 2007). Our results show
relatively large declines in snowpack in all mountain ranges for all future scenarios and GCMs
(Online Resource 7). Spring snowpack in mountains near the Pacific Coast is extremely
sensitive to warming temperatures, while snowpack in more continental mountain ranges
(Northern and Southern Rockies) is more sensitive to changes in precipitation (Online
Resource 9), a result that is consistent with Adam et al. (2009) and other recent studies
(e.g., Scalzitti et al. 2016; Luce et al. 2014). This sensitivity to warming temperatures explains
the strong decline in snowpack in the Cascades and Sierra Nevada that is robust to potential
increases in precipitation. The Cascades are projected to lose up to 81% of April 1 SWE
storage, or up to 47.3 km® of total SWE by the 2080s. The Sierra Nevada are projected to lose
up to 76% of SWE storage, or up to 13.4 km® of total SWE.

These declines translate into dramatic losses of a key source of water storage for the
surrounding regions, many of which primarily rely on snowmelt for water supply. For
example, the San Joaquin Basin in California has over 80 dams, with a total storage capacity
ofabout 9.5 km® (7.7 million acre-feet) on the San Joaquin, Merced, Tuolumne, and Stanislaus
rivers (California Environmental Protection Agency 2011). The maximum projected loss of
SWE storage in the Sierra Nevada exceeds the San Joaquin Basin total storage capacity by
40%. Even the average projected loss of SWE storage in the Sierra Nevada for RCP 8.5 in the
2080s (11.3 km®) exceeds the San Joaquin total storage capacity.

Future projected declines in April 1 SWE translate to declining summer soil moisture for all
mountain ranges. Low summer soil moisture, in turn, is closely linked to fire potential and
burned area in forested systems like the Northern Rockies (e.g., Higuera et al. 2015). Thus,
projected declines of summer soil moisture in the mountain ranges lead to increased drought
and are likely to increase the potential for wildfire in systems where large fires have historically
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coincided with such conditions (e.g., Westerling et al. 2003), but significant uncertainty
remains with regard to projected changes in snowpack, soil moisture, and fire potential. Our
findings are mostly consistent with previous studies that have identified the Sierra Nevada,
Cascades, and Northern Rockies as the most at-risk areas in the western USA for increasing
fire activity in a changing climate (Westerling et al. 2011a, b; Barbero et al. 2015; Littell et al.
2010; McKenzie and Littell 2016), with the exception of fire potential projections in the
Yellowstone region in Westerling et al. (2011b), which our results contradict.

Summer soil moisture at lower elevations shows a mixed response to climate change. The
Northwest Interior, Lower Colorado, and Great Basin are projected to experience increased
summer soil moisture, while modest decreases are projected for the Missouri and Coastal
North regions. The Coastal South region lacks a strong signal. Summer soil moisture increases
in these basins are due to increased spring precipitation (Online Resource 5), which supersedes
the effects of warming temperatures (Online Resource 3). There is much larger uncertainty in
precipitation than temperature projections (Kharin et al. 2013); hence, the lack of robust
agreement for areas where spring snowpack does not strongly influence summer soil moisture.
The weaker drought-fire relationships, particularly for rangeland-dominated regimes, and lack
of robust changes in soil moisture are less informative for projecting future fire potential in the
lowland regions.

Similar differences are apparent in DFM changes between mountains and lowland regions.
Decreases in 100-h DFM across mountain ranges, in concert with declines in soil moisture,
suggest the potential for increased fire activity. Decreases in DFM in the lowland regions may
enhance fire potential in flammability-limited fire regimes, but may not substantially alter fire
potential in arid systems. Moreover, the models show a lack of agreement in changes in DFM
in areas where the projected change in summer soil moisture lacks a distinct signal, such as in
the Coastal South region (Online Resource 10). The confounding signals of increased summer
soil moisture and decreased DFM in regions such as the Northwest Interior may have
interesting impacts on fire regimes that warrant additional analysis, but are beyond the scope
of this study.

5 Conclusions

Projected effects of climate change across the western USA contrast strongly for mountains
and lowlands. The water balance of the mountainous portions of the domain is strongly linked
to snow accumulation and ablation, which is strongly temperature-sensitive but varies across
the domain. Changes in April 1 SWE in the higher-elevation areas of the Northern and
Southern Rockies, North Cascades, and Southern Sierra are more uncertain due to larger
spread in precipitation projections, whereas in other parts of the mountainous west, tempera-
ture projections dominate. Warming temperatures will result in declining snow water storage,
and consequently, moisture inputs to the soil column will increase in winter and decrease in
spring and summer. The result will be substantial reductions in summer soil moisture storage
and increases in water deficit. We project large decreases in DFM in mountain ranges, which
would increase fire potential.
The main conclusions of our work are as follows:

* In the five mountain regions, we project large declines in spring snowpack and summer
soil moisture, primarily due to warming temperatures. This will result in April 1 SWE
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losses by the 2080s of up to 81% for the Cascades and 76% for the Sierra Nevada
mountains.

* Ensemble mean summer soil moisture is projected to decrease in the mountain ranges and
to increase in lowland regions. In the lowland regions, trends are not robust across GCMs
due to differences in precipitation projections.

* Dead fuel moisture content (as represented by 100-h and 1000-h DFM) is projected to
decrease in the mountain ranges and mostly increase in the lowland regions (for the
ensemble mean). Lowland increases are of much smaller magnitude than the mountain
decreases. Changes in fuel moisture content, however, are not robust across the western
USA.

*  Overall, we conclude that the mountain ranges are on average likely to experience higher
fire potential under future climate projections. Other parts of our domain may also
experience increased potential, but there is greater uncertainty in the lowland regions,
where there is less agreement between GCMs, as well as in the Sierra Nevada, where there
is disagreement between soil moisture and fuel moisture projections.
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