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ABSTRACT: In the western United States, climate warming poses a unique threat to water and snow hydrology because much
of the snowpack accumulates at temperatures near 0 °C. As the climate continues to warm, much of the region’s precipitation
is expected to switch from snow to rain, causing flashier hydrographs, earlier inflow to reservoirs, and reduced spring and
summer snowpack. This study investigates historical variability in snow to precipitation proportion (S;) and maps areas in the
western United States that have demonstrated higher S; sensitivity to warming in the past. Projected changes in S; under 1.1,
1.8, and 3.0 °C future warming scenarios are presented in relation to historical variability and sensitivity. Our findings suggest
that S; in this region has primarily varied based on winter temperature rather than precipitation. The difference in S; between
cold and warm winters at low- and mid-elevations during 1916—2003 ranged from 31% in the Pacific Northwest to 40% in the
California Sierra Nevada. In contrast, the difference in S; between wet and dry winters was statistically not significant. Overall,
in the northern Sierra, Klamath, and western slopes of the Cascade Mountains Ranges, S; was most sensitive to temperature
where winter temperature ranged between —5 to 5 °C. Results from our trend analysis show a regional shift in both S; and
signal-to-noise ratios during 1960—-2003 as compared with 1916—-2003. Our findings indicate that natural variability in Sy
over 1916-2003 across all regions except for the Great Basin most closely resembles the projected 2040-warming scenario

(+1.8°C).
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1. Introduction

Mountain snowpacks in the western United States serve
as the primary source of spring and summer runoff, which
supports ecosystems as well as agriculture, industry, and
urban uses. Declines in streamflow magnitude (Lins and
Slack, 1999; Luce and Holden, 2009), earlier streamflow
timing (Stewart et al., 2005), and altered flood risk (Ham-
let and Lettenmaier, 2007) have been reported for this
region, all of which are primarily attributed to changes
in snowpack. Significant reductions in snowpack accumu-
lation and earlier snowmelt have been attributed at least
in part to anthropogenic climate warming (Barnett et al.,
2008; Hidalgo et al., 2009). Continuing warming trends
in mid-latitude areas (Intergovernmental Panel on Climate
Change (IPCC), 2007a, 2007b; Adam et al., 2009) would
only intensify changes in snow accumulation and melt rate
across the western United States (Gleick, 1987; Letten-
maier and Gan, 1990; Dettinger et al., 2004; Knowles and
Cayan, 2004; Stewart et al., 2004).

* Correspondence to: M. Safeeq, Sierra Nevada Research Institute, Uni-
versity of California, 5200 N Lake Road, Merced, CA 95343, USA.
E-mail: msafeeq@ucmerced.edu
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As temperatures continue to warm, much of this region
is expected to experience a shift from solid to liquid phase
precipitation (Knowles et al., 2006). More precipitation
falling as rain instead of snow, and consequently a lower
total snowfall to precipitation ratio (hereinafter referred
to as snow fraction, S;), would affect total snow accu-
mulation and the timing of snowmelt and runoff regimes,
potentially leading to higher winter floods and lower flow
in late spring and summer (Safeeq et al., 2013, 2015). In
any given region, however, changes in S; would depend
on overall climatic regime as well as the correspond-
ing changes in temperature and precipitation. Specifically,
areas where snow accumulates at temperatures near 0 °C,
also known as the transient snow zone, are more vulnerable
to warming than areas with snow accumulating at colder
temperatures (Hamlet et al., 2005; Nolin and Daly, 2006;
Sproles et al., 2013).

The transient snow zone is of particular hydrologic
interest, not only from the perspective of climate change
but also for its role in generating large floods through
rain-on-snow events (Harr, 1981; Christner and Harr,
1982; Marks et al., 1998; O’Connor and Costa, 2003;
Surfleet and Tullos, 2012). To date, identification of the
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Figure 1. (a) Drainage boundary and topographic characteristics of the four study regions: Sierra Nevada (SN), Colorado River basin (CRB),

Great basin (GB), Columbia River, and Pacific Northwest coastal basins (PNW); (b) coefficient of determination (R?) and (c) percent bias

(negative PBIAS = underestimation, positive PBIAS = overestimation) between observed snow water equivalent and those empirically derived from
temperature and precipitation using Equation (1).

transient snow zone has always been based on elevation to noise (historical variability) ratios would be useful for
(Christner and Harr, 1982; Harr, 1986; Surfleet and Tul- effectively managing water resources and aquatic ecosys-
los, 2012) and/or temperature thresholds (Hamlet and Let-  tems. Our objectives here are to: (1) quantify the historical
tenmaier, 2007; Jefferson, 2011). This is mainly due to variability in S; during extreme years and examine how
the limited spatiotemporal coverage and record length of  this relates to future climate warming in a spatially explicit
directly relevant climatological [i.e. snow water equiv- fashion; (2) quantify the sensitivity of S; to temperature
alent (SWE), precipitation, wind speed, and tempera- as evidenced in the historical record; and (3) determine
ture] measurements (Hamlet et al., 2005). Availability of the spatiotemporal variability in S; trends over the western
high-quality spatially distributed gridded meteorological ~United States.
data has improved our ability to analyze changes in snow-
pack and controls in a more spatially explicit fashion
(Hamlet et al., 2005; Nolin and Daly, 2006; Das et al.,
2009), as opposed to only a point-based analysis (Karl
et al., 1993; Frei et al., 1999; Mote et al., 2005; Knowles 2.1. Precipitation and temperature dataset
et al., 2006; Feng and Hu, 2007). We used gridded, 1/8th degree spatial resolution, daily
Previous work has shown decreasing trends in snow- precipitation, and temperature datasets for 1916—2003
pack in the western United States (Frei ez al., 1999; Mote o compute S; after dividing the study domain into four
et al., 2005; Brown and Mote, 2009; Abatzoglou, 2011; regions: (a) the California Sierra Nevada (SN); (b) the
Harpold etal.,?2012; Rupp et al., 2013). The relative con-  Colorado River Basin (CRB); (c¢) the Great Basin (GB);
tributions of changing temperature and precipitation on the  and (d) the Columbia River Basin and coastal Oregon and
snow fraction (Hamlet ef al., 2005; Knowles et al., 2006;  Washington (PNW) (Figure 1(a)). These gridded datasets
Feng and Hu, 2007) and on hydrologic drought have also  were developed using precipitation and temperature obser-
been documented (Mao et al., 2015; Shukla et al., 2015).  vations from the National Climatic Data Service’s Coop-
To our knowledge, there have been no studies showing erative Observer (Coop) network (Hamlet and Letten-
the historical spatiotemporal variability in S; and how this  maier, 2005). Using gridded temperature and precipitation
relates to past and potential future trends. Studies show- datasets for estimating S; as opposed to using direct tem-
ing monotonic trends in S; provide only a partial view of perature and precipitation observations from weather sta-
future snowpacks, and cannot clarify whether, on average, tions has both advantages and disadvantages. The advan-
future snowpacks would be smaller than extreme years tage of using gridded meteorological datasets is that they
in the past, or stay within the range of historic variabil- provide spatially and temporally consistent meteorological
ity. The answer to this question has direct implications for ~conditions at places where direct observations are sparse
water use, especially for reservoir operations in the west- (Hamlet ez al., 2005). The main disadvantage is that grid-
ern United States. Insight into signal (monotonic trends) ded datasets are derived through interpolation of available

2. Datasets and analyses
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station data and subjected to a number of potential inaccu-
racies and errors that can propagate to the estimates of S;
or any other derived spatial data. These errors can be intro-
duced by an irregularly spaced underlying station network,
inaccurate and missing observations, and the interpolation
method used. In many mountainous regions, such as the
western United States, the network of meteorological sta-
tions at middle and high altitudes is sparse. In addition,
changes in number of functioning weather stations and
their location, instrumentation, and land use may cause
inhomogeneity in observed temperature and precipitation
that can propagate into gridded datasets.

Nevertheless, the gridded datasets used in this study were
specifically developed to overcome some of the aforemen-
tioned issues and facilitate long-term trend analyses of
simulated hydrologic variables (Hamlet and Lettenmaier,
2005). The raw temperature and precipitation data from
Coop stations were first screened for inaccuracies and then
gridded using 4 and 15 nearest neighbors for temperature
and precipitation, respectively. A higher number of nearest
neighbors were used for precipitation to prevent sharp dis-
continuities in the gridded data as a result of the relatively
low station density. After the gridding process, both tem-
perature and precipitation were subjected to temporal and
altitudinal adjustments to account for changes in number
and locations of Coop stations over time as well as to deal
with any biases associated with the sparse station network
at middle and higher elevations. Detailed description of the
data and gridding algorithms can be found in Hamlet and
Lettenmaier (2005).

2.2.  Snow fraction

Daily precipitation (P) and average temperature values
(calculated as the arithmetic mean of daily maximum and
minimum temperatures) were used to calculate the annual
winter season (November-March) S; and average wet day
(daily precipitation > 0) temperature (T, ,,). Our defini-
tion of winter season is consistent with Knowles et al.
(2006), who reported 80% of snowfall occurring during
this season. Annual S; for each grid cell was determined
after partitioning P into rain and snow using the lin-
ear empirical relationship developed by the United States
Army Corps of Engineers (1956). Sproles et al. (2013)
evaluated additional computationally complex rain and
snow partitioning algorithms, but the results were identi-
cal. The snowfall equivalent (SFE) (mm), defined as the
amount of P reaching the ground as snow, was calculated
as follows:

P, Ty ave <TS
SFE =40, Tu e 2 TR
= X (TR=T, o) XP TS <T, ,, < TR
(1
where, T\, ,,, s the average daily air temperature (°0C), TR

is the temperature above which all precipitation fell as rain,
TS is the temperature below which all precipitation fell as
snow, and P is the total daily precipitation (mm day~').
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The annual winter season S; was calculated as:
3", SFE,
i P
where n was the last day of the winter season. The value

of S; ranged between O (all rain) and 100% (all snow).
We acknowledge the limitation of an empirically derived
SFE based on a temperature threshold alone, due pri-
marily to the spatiotemporal variation and sensitivity of
the temperature (i.e. TR and TS) for rain to snow tran-
sition. For example, based on the United States Army
Corps of Engineers (1956) study, Sproles et al. (2013)
approximated the precipitation phase transition between
TS=-2 and TR=+2°C in the McKenzie River Basin
of Oregon Cascades. Klos et al (2014) used TS=-2
and TR=+4°C, based on the findings of Dai (2008),
for partitioning total precipitation into snow and rain
across the western United States. For the purpose of
this study, we performed a sensitivity analysis on S; by
varying the TS between —2.0 and 0°C and TR between
—1.0 and 4.0°C in 0.5°C increments. The values of S;
were calculated for all possible pairs (n=49) of TS and
TR with condition of TS < TR. Among the four regions,
S; sensitivity (expressed in terms of standard deviation)
to TS and TR varied spatially within a specific region
with highest sensitivity centered (with the exception of
GB) around 50% S; (Figure 2). In GB, the distribution
of S; sensitivity was slightly skewed toward higher val-
ues of S;. This suggested that choice of TS and TR
is particularly critical for characterizing the S; variabil-
ity in this region. To identify the representative TS and
TR value for our study domain, we correlated the win-
ter season positive changes (i.e. snow accumulation) in
SWE and empirically calculated SFE using Equation (1)
at 733 Snow Telemetry (SNOTEL) sites (available via:
http://www.wcc.nrcs.usda.gov/snow/). The average length
of the concurrent SWE, precipitation, and temperature
record during 1980-2012 was 25 years. Note that in
this case not all positive changes in SWE were related
to snowfall. In the transitional snow zone, rain-on-snow
could also result in positive SWE. Using TS = -2 °C and
TR =+2 °C, we found strong agreement between observed
SWE (mm) and calculated SFE (mm), with 78% of the
total SNOTEL sites had an R? > 0.5 and 40% of the sites
had an R?>> 0.8 (Figure 1(b)). In terms of percent bias
(PBIAS), 25% of the total SNOTEL sites had a PBIAS
within 10% of observed SWE and 77% had a PBIAS
within 25% of the observed SWE (Figure 1(c)). The abso-
lute biases of 69% of the sites were less than 5cm and
89% of the sites were less than 10 cm. Also, the PBIAS
between observed SWE and calculated SFE was con-
sistent among wet (average PBIAS =—-13.7%) and dry
(average PBIAS = —14.9%) winters. On average the agree-
ment between observed SWE and calculated SFE was
slightly better during cold (average PBIAS = —3.9%) than
those during warm (average PBIAS =—22.4%) winters.
Irrespective of climate extremes (i.e. wet, dry, cold, and
warm), at the majority of the sites PBIAS was nega-
tive, indicating that TS =—2°C and TR =+2 °C resulted

Sp (%) = x 100 2)
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Figure 2. Spatial variability in (a) mean and (b) standard deviation of snow fraction (S;) estimated using varying temperature thresholds (i.e. TR and
TS) for rain to snow transition.

in lower SWE values than those observed at the SNO-
TEL sites. However, most of the sites with large negative
PBIAS were located at lower elevations where using pos-
itive changes in SWE to validate SFE would have been
problematic. At these lower elevation sites, as mentioned
above, rain-on-snow events may result in an increase in
SWE. In addition, because of warmer temperatures at these
lower elevation sites, snowfall and melt may occur simul-
taneously with no net increase in daily SWE. By increas-
ing TR, this negative PBIAS was reduced, but resulted in
more sites with positive PBIAS. This suggested that the
value of TS and TR are site specific, but the lack of spa-
tially distributed SWE measurements limited our ability to
derive such parameters across the study domain. However,
we plan to investigate the variability in TS and TR at the
SNOTEL sites in the subsequent work. For the purpose of
this study, we approximated the precipitation phase transi-
tion as between TS = —2 and TR =+2 °C. We considered
the choice of TS and TR values as a potential source of
uncertainty in the estimated S; and discuss the implications
below.

2.3. Retrospective snow fraction sensitivity and trend
analysis

Spatially averaged November—March total P was used
to define the 10 wettest and driest winters during
1916-2003 for each of the four regions by ranking
the November—March total P time series. Similarly, 10
coldest and warmest winters were defined after ranking

© 2015 Royal Meteorological Society

the spatially average T\, ,,, for each of the four regions.
To capture the natural variability of climatic extremes
during the study period we used 10 as opposed to 5 years
of data to define the extremes (e.g. Mishra and Cherkauer,
2011). We used a Mann—Whitney—Wilcoxon rank sum
test (p=0.05) to test differences in S; between cold and
warm, and between wet and dry winters, across all the four
regions. Mean S; for the 10 coldest (cold) and warmest
(warm) winters and corresponding 7\, ,,, were used to
define the temperature sensitivity of S; as:

S; (cold) — S; (warm)
Ty ave (cold) — T,

3)

& =
_an (Warm)

Similarly, precipitation sensitivity of S; can be calculated

as:
S; (wet) — S (dry)

= 4

P = "p(wet) — P (dry) @

The Theil-Sen approach (Sen, 1968) and
non-parametric Kendall’s tau tests (Kendall, 1938)

were used to identify trends in the annual S; time series.
Monotonic trends were classified as ‘detectable’ when
their signal-to-noise ratios (SNR) were >1. The SNR was
defined as the absolute change in S; calculated from the
monotonic trend divided by the standard deviation over
a given period of interest (Déry et al., 2011). To evaluate
spatial and temporal consistency in the S; changes, both
trend and SNR analysis were performed for long-term
(1916-2003) and most recent (1960—2003) time periods.
Observed trends in hydro-climatological data can be

Int. J. Climatol. 36: 3175-3190 (2016)
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Figure 3. Elevation dependence of average snow fraction across the four study regions during 1916-2003 climatological mean (mean) and (a) the

10 coldest winters (cold), 10 warmest winters (warm), and the difference between them (grayscale bars), (b) the 10 wettest winters (wet), 10 driest

winters (dry), and the difference between them (grayscale bars). Error bars associated with line plot show the standard error of mean S; for each
100-m elevation bin.

highly sensitive to the time period over which trends are
evaluated; especially when length of record is short and
start/end years fall during episodes of strong large-scale
climate variability (i.e. the Pacific Decadal Oscillation and
El Nifio Southern Oscillation). For this reason we choose
1960, an El Nifio Southern Oscillation neutral year, as a
starting point for our short-term trend evaluation.

2.4. Snow fraction under projected climate

Potential effects of a warmer climate on S; were simu-
lated using the average changes in the PNW temperature
from 20 climate models and two greenhouse gas emis-
sions scenarios (B1 and A1B) for the 2020s, 2040s, and
2080s (Mote and Salathé, 2009). The projected changes
in temperature under the A1B scenario for CRB, GB, and
SN were kept the same as those predicted for the PNW.
These warming scenarios were generated after modify-
ing the daily air temperature using the delta method (Hay
et al., 2000) and keeping daily precipitation constant. The
daily temperature values were increased uniformly by 1.1,
1.8, and 3.0 °C for 2020, 2040, and 2080 warming scenar-
ios, respectively. In this study, effects of future changes
in precipitation on S; were not considered, since both
magnitude and direction of future precipitation, as pre-
dicted by global circulation models, are highly uncertain
for this region. Although recent trend analysis in historical

© 2015 Royal Meteorological Society

precipitation showed an increase in spring precipitation
and decrease in summer and autumn precipitation (Abat-
zoglou et al., 2014), there is no agreement in future precip-
itation projections from global circulation models. Mote
and Salathé (2009) reported a small increase (1-2%) in
the annual precipitation of the Pacific Northwest region
of the study domain under B1 and A1B emission scenar-
ios from the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4). In contrast,
Ficklin et al. (2014) reported an average increase of 14.4%
in annual precipitation of the Columbia River Basin under
radiative forcing of 8.5 w/m? (RCP 8.5) of the Coupled
Model Inter-comparison Project — phase 5 (CMIPS5). This
higher increase in precipitation could have been an artifact
of the differences in the emission scenarios between AR4
and CMIP5 and positive CMIP5 model bias (Mehran et al.,
2014).

3. Results
3.1.

To investigate the variability in S; under different climate
extremes, we examined S; as a function of elevation dur-
ing the coldest and warmest (Figure 3(a)) and wettest and
driest winters (Figure 3(b)). For mean and extreme (dry,

Snow fraction variability

Int. J. Climatol. 36: 3175-3190 (2016)
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Figure 4. Average snow fraction (S; %) during (a) climatological mean 1916—2003, (b) 10 coldest winters, (c) 10 warmest winters, (d) 10 wettest
winters, (e) 10 driest winters, (f) 2020 warming scenario, (g) 2040 warming scenario, and (h) 2080 warming scenario.

wet, cold or warm) winters, S; showed a logistic relation-
ship with elevation across all four regions. As expected,
there were contrasting differences in S; at similar eleva-
tions between the four regions. PNW showed significantly
higher S; at lower elevations when compared with SN,
CRB, and GB, which can be attributed to latitudinal dif-
ferences. S; reached 100% at elevations just above 2000 m
in PNW as compared with nearly 2500 m in SN, CRB, and
GB (Figure 3). The highest S; regions were along the Cas-
cade and Rocky Mountains in PNW, the southern part of
SN, and the Wasatch Range in CRB and GB during clima-
tological mean (Figure 4(a)), cold (Figure 4(b)) and warm
(Figure 4(c)), as well as during wet (Figure 4(d)) and dry
winters (Figure 4(e)). The S; in northern Cascades, north-
ern Rockies, southern SN, and Wasatch Range remains
elevated during all climate extremes.

A two sample non-parametric Mann—Whitney—
Wilcoxon rank sum test showed statistically signifi-
cant differences (p < 0.05) between cold and warm winter

© 2015 Royal Meteorological Society

S; across all four regions. In PNW, the difference in
S; between the historical mean and those during warm
winters was not statistically significant (p > 0.05). This
indicated that in PNW the S; distribution was skewed
toward warm winters. In CRB, there were no statisti-
cally significant differences in mean S; and those during
extreme cold and warm winters. However, the difference
in S; during warm and cold winters was statistically sig-
nificant (p < 0.05). The difference in S; between cold and
warm winters was large at mid-elevations (Figure 3(a)).
Geographically, there were large differences in cold
(Figure 4(b)) and warm (Figure 4(c)) winter S; in the
northern part of SN, central part of CRB, both eastern and
western edges of GB, and the Columbia Plateau, Snake
River Plain and much of the eastern Oregon in PNW.
The greatest change in S; between cold and warm winters
across elevation (shown as the bar chart in Figure 3)
occurred in SN (40%) followed by GB (39%), CRB
(34%), and PNW (31%). These findings were inconsistent

Int. J. Climatol. 36: 3175-3190 (2016)
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Table 1. Variability of winter season (November—March) precipitation (P) and average wet day temperature (waavg) and their
influence on snowfall to precipitation ratio (S;) for the 10 coldest and 10 warmest years, selected based on domain-averaged P and

Ty ave for the period 1916—2003 in the Sierra Nevada (SN), Colorado River Basin (CRB), Great Basin (GB), and Pacific Northwest
(PNW).
SN CRB GB PNW
Year P TW_,dvg Sy Year P TW_avg S Year P TW_,(lvg S¢  Year P TW_avg S¢
(mm) °C) (%) (mm) (°C) (%) (mm) °C) (%) (mm)  (°C)
Cold
1917 390 2.7 289 1917 128 =25 633 1917 140 —-4.1 789 1916 644 —-44 704
1922 452 40 252 1930 116 -0.6 498 1923 138 27 73.0 1917 476 -53 764
1923 336 3.8 268 1932 176  -0.7 504 1930 118 —-29 599 1922 502 —-4.6 68.8
1932 402 32 279 1933 106 =3.0 59.7 1932 152 -39 71.5 1923 472 —-44 70.6
1933 349 22 337 1937 177 -09 498 1933 118 =57 772 1929 375 —42 6538
1937 442 3.0 302 1949 162 -1.8 544 1937 172 —-4.6 714 1937 435 =55 728
1949 391 2.5 315 1952 197 —-03 48.6 1944 145 =25 63.8 1949 532 =51 68.7
1950 433 4.1 23.6 1955 117 —-0.5 495 1949 165 =53 723 1952 520 —-42 70.0
1952 611 34 257 1974 129 -03 483 1952 215 3.0 67.6 1969 574 -45 682
1969 644 4.1 236 1979 265 —-04 43.1 1955 148 -3.1 57.8 1979 444 —-45 658
Mean 445 3.3 277 - 157 =11 51.7 - 151 -3.8 693 - 497  —4.7 69.8
Warm
1934 316 6.5 12.8 1934 96 3.1 309 1934 113 14 351 1934 573 —-0.1 452
1940 548 6.9 10.8 1938 168 2.5 327 1961 132 0.8 387 1940 540 -0.7 473
1963 364 7.0 11.0 1961 113 2.5 389 1963 127 04 367 1958 527 —-1.0 53.6
1970 518 6.8 11.4 1978 218 24 340 1970 158 0.6 36.6 1961 592 -0.7 504
1978 591 6.6 144 1981 134 32 314 1978 188 0.9 375 1963 479 —-1.1 484
1980 536 6.6 13.4 1986 161 24 354 1981 158 1.2 352 1981 517 -0.1 440
1981 400 6.5 13.4 1995 206 2.8 32.8 1986 195 0.4 41.6 1983 631 -0.6 50.6
1992 350 6.6 153 1996 128 2.5 319 1992 132 1.3 383 1992 436 -02 469
2000 450 6.4 15.1 2000 115 2.6 369 2000 150 04 439 2000 578 —-1.2 56.0
2003 489 7.4 8.9 2003 148 2.7 31.0 2003 126 1.1 28.5 2003 563 04 429
Mean 456 6.7 12.7 - 149 2.7 336 - 148 09 372 - 544  —0.5 485
Cold—-Warm —-11 -34 15.0 - 8§ -38 18.1 - 3 —-47 321 - —-47 —-42 213

Gray shading indicates wettest and driest year for each region.

Table 2. Variability of winter season (November—March) precipitation (P) and average wet day temperature (7', ,,,) and their
influence on snowfall to precipitation ratio (S;) for the 10 wettest and 10 driest years, selected based on domain-averaged P and

Ty ave for the period 1916—2003 in the Sierra Nevada (SN), Colorado River Basin (CRB), Great Basin (GB) and Pacific Northwest
(PNW).
SN CRB GB PNW

Year P Ty o S  Year P Ty e S Year P Ty o S Year P Ty e St

(mm) °C) (%) (mm) C) (%) (mm) C) (%) (mm) C) (%)
Wet
1938 649 5.6 16.5 1916 219 0.8 451 1916 194 -24 614 1916 644 —-44 704
1952 611 34 257 1920 203 1.2 447 1952 215 -30 67.6 1938 638 -1.9 57.6
1956 603 4.6 19.0 1941 210 1.9 383 1969 197 -1.9 603 1956 696 —-4.0 66.6
1969 644 4.1 23.6 1952 197 —-03  48.6 1980 204 04 38.6 1971 660 =27 58.6
1978 591 6.6 144 1978 218 24 340 1982 213 -04 508 1972 684 -30 614
1982 611 5.8 16.6 1979 (265 -04 43.1 1983 216 03 427 1974 775 —-1.7 537
1983 744 5.7 15.6 1980 233 22 363 1984 216 —-12 572 1982 677 —-2.3 551
1986 586 6.2 13.8 1983 218 20 36.1 1986 195 04 416 1996 690 —-1.5 53.6
1995 681 5.5 16.5 1993 256 1.0 37.1 1995 200 -0.1 43.6 1997 760 -24 61.0
1998 670 5.8 16.8 1995 206 2.8 32.8 1997 192 -0.5 463 1999 746 -14 56.7
Mean 639 5.3 17.9 - 223 14 396 - 204 -0.8 51.0 - 697 =25 595
Dry
1920 302 4.6 235 1933 106 3.0 59.7 1924 116 —-2.0 584 1924 418 -2.6 61.1
1924 242 4.9 20.0 1934 96 3.1 309 1926 126 -0.6 46.1 1926 408 -14 575
1929 304 4.3 22.6 1946 106 04 447 1930 118 -29 599 1929 375 —4.2 658
1931 276 6.2 170 1959 102 1.4 428 1931 100 -1.6 602 1930 426 -3.6 629
1934 316 6.5 12.8 1964 108 0.5 477 1933 118 =57 772 1931 396 -2.1 589
1948 314 4.6 20.6 1972 93 0.0 447 1934 113 1.4 351 1941 389 —-1.2 553
1976 249 4.6 21.7 1977 96 03 455 1977 93 15 532 1944 331 -24  60.3
1977 210 4.8 20.7 1990 104 1.1 43.7 1987 123 -0.2 463 1977 291 —-2.0 604
1990 256 4.3 22.0 1999 101 22 358 1990 107 —-14 525 1994 404 -1.8 60.7
2001 322 4.9 21.5 2002 74 14 433 1991 119 -1.1 477 2001 297 -2.8 65.1
Mean 279 5.0 20.2 - 99 0. 43.9 - 113 —-1.6 537 - 374 =24 60.8
Wet-Dry 360 03 -23 - 124 0.7 —-43 - 91 0.8 -2.7 - 324 -0.1 -13

Gray shading indicates wettest and driest year for each region.
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with the corresponding change in 7', ,,, between cold
and warm winters (Table 1). Although the average change
in temperature across all elevation grids between cold
and warm winters was smallest (=3.4°C) in SN and
largest (—4.7°C) in GB, both showed a similar change

in S;. This was attributed to overall warmer temperatures

© 2015 Royal Meteorological Society

in SN, where a small change in temperature led to a
larger change in S;. In contrast, the change in Sy in PNW
between cold and warm winters was the smallest despite a
larger (—4.2 °C) change in temperature, because of overall
colder temperatures during both cold and warm winters
(Table 1). Winter season precipitation during cold and
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warm years was similar across the four regions (Table 1).
During warm winters, precipitation was higher by as much
as 10% in PNW and lower by as much as 5% in CRB as
compared with precipitation during cold winters. Across
all four regions the majority of cold winters occurred prior
to 1950 and the majority of warm winters occurred after
1970 (Table 1).

A nearly twofold increase in precipitation during
extreme wet years (Table 2) showed no influence on S;
across all the four regions (Figure 4(d) and (e)). In fact,
S¢ during dry winters was marginally higher (Figure 3(b))
compared with wet winters, particularly in SN and CRB,
which can be attributed to relatively cold temperatures in
those regions (Table 2), although this was not statistically
significant (p > 0.05). Similar to cold and warm winters,
the majority of the 10 driest and wettest winters dur-
ing the period 1916—-2003 were prior to and post 1950,
respectively, except in CRB where both extremes occurred

© 2015 Royal Meteorological Society

predominantly after 1950s (Table 2). Year 1977, one of
the driest on record, ranked higher in terms of S; because
of colder temperatures. In general, S; was lower when
a dry or wet year was associated with warm tempera-
tures (e.g. 1934 in SN, CRB, GB, and 1941 in PNW),
suggesting that temperature trumped precipitation in
determining S;.

3.2.  Retrospective snow fraction sensitivity and trends

The temperature sensitivity of S; () varied significantly
among regions (Figure 5). The S; along the Cascade and
Olympic mountain ranges in PNW, Klamath and north-
ern Sierra in SN, and part of the lower CRB was most
sensitive to temperature (Figure 5(a)). An increase in tem-
perature by 1 °C could result in a decrease of 10—15% S; in
these regions. In terms of elevation, the medium and high
sensitivity (e, <—5) regions were between 1000—2200 m
in SN, 1500-2000m in CRB, 1200—2200 m in GB, and

Int. J. Climatol. 36: 3175-3190 (2016)
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300-1500m in PNW (Figure 5(b)). These highly sensi-
tive S; regions were very similar to ‘at-risk’ snow mapping
developed by Nolin and Daly (2006) for the Pacific North-
west. The pattern in elevation—e relationship (Figure 5(b))
can be characterized by the elevation-T\, ,,, profile or
lapse rate among the four regions (Figure 5(c)).

Most of the medium and high e regions had T\, ..,
between —5 and 5°C (Figure 6(a)) and followed mono-
tonic trends (Figure 6(b)) and SNR (Figure 5(c)) in S; very
closely. However, despite higher S; sensitivity between —5
and 5 °C temperature range in SN, the monotonic trend and
SNR in SN were comparable with those in PNW and GB.
In contrast, £, between —5 and 5 °C temperature range in
CRB was similar to those in PNW and GB, but showed
much higher monotonic trend than SNR. These contrast-
ing patterns indicated that in CRB the monotonic trend in
S; supersedes the historic variability in S;, whereas, in SN
historical variability in S; supersedes the monotonic trend.
Because there was no statistically significant difference in
S; between wet and dry years, precipitation sensitivity of
S, €p, was excluded from further analysis.

Comparative analyses of long-term (1916-2003) and
recent (1960-2003) monotonic trends indicated an
increase in warming indicated by T, ,,, during the most
recent time period (Figure 7(a)). Since 1960, Ty ave
has increased on average by 1.4 (SN), 2.5 (CRB), 1.3
(GB), and 1.3 (PNW) times faster as compared with
the long-term trend. In terms of absolute magnitude, the
recent rate of warming in 7', ,,, has been higher by as
much as 1.0 °Cdecade™! (Figure 7(d)). The effect of this

© 2015 Royal Meteorological Society

recent rapid warming in T, ,,, was clearly reflected in
S; trends. An overall downward trend in S; was observed
during both long-term and recent periods (Figure 7(b)).
The long-term (1916-2003) downward trend in S; was
statistically significant for 37, 45, 76, and 63% of the grid
cells in SN, CRB, GB, and PNW, respectively. Regionally,
the average significant decreasing trend ranged from 1.3%
decade™! in SN to 1.9% decade™! in GB. The spatial
extent of the statistically significant trend during the
recent period (1960-2003) was reduced to 12, 42, 19,
and 23% of the grid cells in SN, CRB, GB, and PNW,
respectively. However, the regional average significant
decreasing trend ranged from 1.6% decade™' in PNW
to 3.9% decade™' in GB, showing a more rapid decline
during the recent period. This large decline in S; during
1960-2003 as compared to 1916—2003 was 2.1 and 2.3
times higher in CRB and GB, respectively (Figure 7(e)).
Similar to the trend analyses, the SNR analyses showed
a greater reduction in S; during the period 1960-2003
as compared with the period 1916-2003 (Figure 7(c)).
Trends in 16,27, 54, and 31% of the grid cells in SN, CRB,
GB, and PNW, respectively were detectable (ISNRI> 1)
during the period 1916-2003. During the more recent
period 1960-2003, the spatial extent of detectable trend
decreased to 7,21, and 16% of the grid cells in SN, GB, and
PNW, respectively, but increased to 40% of the grid cells in
CRB. This indicates that not only did a greater percentage
of CRB grid cells show a decreasing trend in S; during
the recent period but also that the magnitude of the trend
was exceeded by the natural annual variability. Also, in the
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Table 3. Watershed average snow fraction (S;) under historical climate (climatological mean), 10 warmest winters (warm winter),
and three future warming scenarios (i.e. 2020, 2040, and 2080).

HUC4 watershed Watershed average S; (%)

Climatological mean Warm winter 2020 2040 2080
Bear 79 (5) 69 (7) 72 (6) 67 (6) 59 (7)
Black Rock Desert-Humboldt 56 (8) 38 (8) 46 (7) 41 (7) 32 (6)
Central Lahontan 50 (7) 33 (7) 41 (7) 36 (6) 28 (6)
Central Nevada Desert Basins 52 (7) 35(8) 43 (7) 38 (6) 30 (6)
Colorado Headwaters 87 (3) 83 (4) 82 (4) 79 (4) 72 (5)
Escalante Desert-Sevier Lake 61 (7) 47 (8) 52 (7) 47 (7) 38 (6)
Great Divide-Upper Green 87 (4) 83 (5) 81 (5) 77 (5) 70 (6)
Great Salt Lake 54.(7) 39 (8) 46 (7) 40 (6) 32 (6)
Gunnison 88 (3) 83 (4) 83 (4) 80 (4) 74 (5)
Klamath-Northern California Coastal 30 (7) 19 (6) 23 (6) 19 (5) 13 (4)
Kootenai-Pend Oreille-Spokane 79 (6) 72 (6) 72 (6) 66 (7) 57 (7)
Little Colorado 42 (7) 30 (7) 33(7) 28 (6) 21 (5)
Lower Colorado-Lake Mead 31 (6) 19 (6) 24 (5) 20 (5) 14 (4)
Lower Columbia 27 (6) 18 (5) 20 (5) 16 (5) 11 (3)
Lower Green 73 (5) 65 (6) 67 (5) 62 (5) 55 (6)
Lower Snake 70 (5) 62 (6) 63 (6) 58 (6) 49 (6)
Middle Columbia 44 (7) 32 (7) 35(7) 30 (6) 23 (5)
Middle Snake 63 (7) 48 (8) 54(7) 48 (7) 39 (7)
North Lahontan 51 (9) 31(9) 40 (8) 34 (8) 25 (6)
Northern Mojave-Mono Lake 23 (4) 15 (3) 19 (3) 16 (3) 13 (2)
Oregon Closed Basins 58 (8) 40 (9) 48 (8) 42 (8) 32(7)
Oregon-Washington Coastal 14 (4) 8(3) 10 (3) 8(2) 502)
Puget Sound 32 (5) 26 (5) 26 (5) 23 (4) 17 (4)
Sacramento 27 (6) 18 (5) 21 (5) 17 (4) 12 (4)
Salt 24 (6) 15 (5) 18 (5) 15 (4) 10 (3)
San Joaquin 25 (2) 22 (2) 23 (2) 21 (2) 18 (2)
San Juan 54 (7) 43 (8) 45 (7) 40 (7) 31 (6)
Tulare-Buena Vista Lakes 22 (2) 18 (2) 19 (2) 18 (2) 15(2)
Upper Colorado-Dirty Devil 55 (7) 44 (7) 47 (6) 42 (6) 34 (6)
Upper Colorado-Dolores 64 (6) 54 (7) 56 (6) 52 (6) 43 (6)
Upper Columbia 72 (5) 64 (6) 65 (6) 60 (6) 52 (6)
Upper Gila 20 (5) 15 (4) 15 (4) 12 (3) 8(3)
Upper Snake 74 (5) 63 (7) 67 (6) 63 (6) 55 (6)
White-Yampa 80 (5) 74 (6) 73 (5) 69 (6) 61 (6)
Willamette 23 (5) 15 (5) 17 (5) 14 (4) 9(3)
Yakima 59 (7) 48 (8) 49 (8) 44 (8) 34 (7)

Parenthetical values are one standard deviation and express variability in the estimates due to the plausible range of TR (-1 to +4 °C) and TS (-2

to 0 °C) threshold values (n =49).

majority of the grid cells the detectable decreasing trends
(SNR < —1) during 1916-2003 and 1960-2003 did not
overlap, indicating a geographical shift towards a decline
in S; during recent time (Figure 7(f)).

3.3. Effects of climate warming on snow fraction

The projected S; for 2020 (Figure 4(f)), 2040 (Figure 4(g)),
and 2080 (Figure 4(h)) warming scenarios showed a
significant decline, particularly along the Cascade and
Olympic mountains in the PNW region. However, higher
elevations in southern SN, northern Rockies, and Wasatch
Range (Figure 1(a)) would continue to be dominated by
higher S;. Much of the southern Cascade and Olympic
Mountains in PNW and GB would experience more rain
than snow under the 2080 warming scenario. On average,
the decrease in Sy under warm winters and future warm-
ing scenarios in the SN, CRB, GB, and PNW regions
ranged from 7 to 16%, 4 to 9%, 6 to 14%, and 10 to
22%, respectively. The declines in S; under warm winters

© 2015 Royal Meteorological Society

place results from future warming scenarios in the con-
text of historical climate variability. GB and SN showed
the largest and smallest changes, respectively, under all
four scenarios. However, at mid-elevations, PNW and SN
showed the greatest decrease in S, followed by GB and
CRB (Figure 8). The difference in S; between the histor-
ical average and warmest winters most closely resembles
the 2040 warming scenario in all the four regions except
GB. In GB, the difference in S; under warm winters is
higher at lower elevations and lower at higher elevations
compared with the 2040 warming scenario. An increase
of temperature by 3 °C under the 2080 warming scenario
resulted in S; even lower than current extreme warm win-
ters across all the four regions. As expected, the warming
showed greater impact on S; at mid-elevations. However,
the zone of influenced elevation expands with increasing
temperature.

The comparison of average S; at the USGS Hydrologic
Unit Code sub-regional scale (HUC4) under historical

Int. J. Climatol. 36: 3175-3190 (2016)
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Figure 9. Average decline in snowfall dominated (a) S; >25% and (b) S; > 50% area under warm winter conditions (showing historical range) and
under three warming (2020, 2040, and 2080) scenarios. The error bars show + one standard deviation across the plausible range of TR (=1 to +4 °C)
and TS (-2 to 0 °C) threshold values (n =49).

climate, warm winter, and three future warming scenar-
ios showed significant declines across all the watersheds
(Table 3). The uncertainty in S; estimates (expressed in
terms of standard deviation) associated with the choice of
TR and TS was far smaller than projected changes in S;. By
2020, 8% of the watersheds showed S; lower than the aver-
age Sy during the 10 warmest winters, which increased to
58% by 2040 and 100% by 2080. This further confirms that
by 2080 S; may probably surpass the historical variability
associated with climatological extremes (i.e. 10 warmest
winters).

In terms of decline in areal extent of current S; regions
under each warming scenario, GB and SN were most
sensitive (Figure 9(a)). For example, spatial extent in
GB and SN where S; is currently greater than 25% may
decline under the 2080 warming scenario by 53 +9 and
37+11% of the historical mean, respectively. When
this threshold of S§; was increased to 50%, the reduc-
tion in spatial extent with respect to the historical mean
is even larger (Figure 9(b)). Analysis of areal extent
reduction at the regional watershed scale showed very
similar patterns (Table 4). By 2080, 35 and 64% of the
watersheds where S; is currently greater than 25 and
50%, respectively, would probably experience a 50-95%
reduction in proportional area. As expected, reduction
in proportional areal extent is inversely correlated with
the watershed average S;. As noted by Klos et al. (2014),
loss of currently snow-dominated areas occurred mainly
in watersheds with moderate relief and elevation. These
types of watersheds are typically warmer and received
most precipitation in the form of rain (i.e. lower S;). In 33

© 2015 Royal Meteorological Society

of our 36 study watersheds, reduction in proportional area
with Sy > 50% under the warm winter scenario was higher
than those under the 2020 warming scenario. However,
was reduced to only five watersheds by 2040, which
further confirms warming of 1.8°C and higher would
surpass the historical variability S;.

As the climate warms, one of the immediate implica-
tions from decreasing S is a potential increase in winter
flooding as the type of precipitation changes from snow
to rain. We illustrated this based on historical records that
showed flashier streamflow during low as compared with
high §; years (Figure 10). The Richard—Baker flashiness
index (Baker ef al., 2004) measures oscillations in daily
streamflow relative to total streamflow over a time period.
Based on 93 USGS stream gage stations (Figure 1(a)), the
flashiness index was higher by, on average, 17% during
low as compared with high S; years. These differences
are only from the recent period (1950-2003) and may not
necessarily reflect the range of stream flashiness over the
period of record (1916—2003) for which variability in S; is
presented. Nonetheless, this highlights the strong coupling
between the stream hydrograph and type of precipitation
(rain or snow) occurring in the entire study region.

4. Discussion and conclusions

This study provides new information on S; variability
and trends across the western United States in a spatially
explicit fashion using gridded meteorological data. Our
findings reveal underlying geographic patterns in S;, and
provide a foundation for anticipating changes in S; under
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Table 4. Current snow extent (% area with S; > 25% and S; > 50%) and reduction under historical 10 warmest winters (warm winter)
and three future warming scenarios (i.e. 2020, 2040, and 2080).

HUC4 watershed Current Reduction in Current Reduction in
proportional proportional area (%) proportional proportional area (%)
area (%) area (%)
Warm 2020 2040 2080 Warm 2020 2040 2080
winter winter
S; >25% S; >50%

Bear 100 (0) 8(4) 1(2) 3(3) 8(4) 91 (0) 12 (4) 6(12) 113 254
Black Rock 96 (7) 30(12) 10(6) 19(8) 38(13) 61 (7) 57(12) 34(6) 55(8) 80(13)

Desert-Humboldt
Central Lahontan 89 (14) 48 (10) 21 (11) 36(12) 57(9) 42 (14) 46 (10) 32(11) 48(12) 69 (9)
Central Nevada Desert 86 (5) 29 (11) 9(5) 17(8) 35(11) 56 (5) 52(11) 30(5) 49@®) 76(11)

Basins
Colorado Headwaters 100 (0) 2(2) 0(1) 1(2) 54) 94 (0) 7Q) 5(1) 9(2) 164
Escalante Desert-Sevier 99 (2) 23 (16) 5(8) 13(14) 33(17) 63 (2) 37(16) 27(8) 40(14) 60 (17)

Lake
Great Divide-Upper Green 100 (0) 0(0) 0(0) 0(0) 0(0) 100 (0) 0(0) 0(0) 1(0) 6 (0)
Great Salt Lake 95 (8) 34 (12) 12 (10) 24 (12) 43(10) 52 (8) 44 (12) 28 (10) 45(12) 69 (10)
Gunnison 100 (0) 3(3) 1(2) 2(3) 6(4) 93 (0) 6(3) 4(2) 73) 124
Klamath-Northern 53 (8) 41 (18) 22 (11) 38 (16) 66 (15) 26 (8) 62 (18) 50 (11) 70 (16) 89 (15)

California Coastal
Kootenai-Pend 99 (1) 3(3) 2(3) 5@) 124) 90 (1) 9(3) 103) 184 334

Oreille-Spokane
Little Colorado 75 (13) 33(8) 21(5) 34(8) 58(11) 35(13) 59@) 50(5) 72(8) 92(11)
Lower Colorado-Lake Mead 52.(10) 48(12) 25(7) 4109 63(7) 22.(10)  51(12) 39(7) 56(9) 78(7)
Lower Columbia 38 (9) 31 (6) 27(5) 41(5 64(8) 21 (9) 43(6) 36(5) 55(5) 82(8)
Lower Green 100 (1) 6(5) 2(3) 50@) 11(5) 83 (1) 23(5) 13(3) 23@) 37(5
Lower Snake 90 (5) 11 (3) 73) 134 234 73 (5) 133) 123) 184) 314
Middle Columbia 77(12) 30(11) 20(6) 349 58(12) 37(12) 56(11) 43(6) 64(9) 85(12)
Middle Snake 96 (5) 16 (7) 6(3) 114 24(10) 73 (5) 39(7) 243) 41(4) 65(10)
North Lahontan 91 (10) 41(15) 15(8) 29(12) 55(17) 51(10) 67(15) 47((8) 70(12) 91 (17)
Northern Mojave-Mono 31(5) 36(2) 19(2) 302) 452 18 (5) 28(2) 20(2) 30(2) 462

Lake
Oregon Closed Basins 100 (1) 20 (19) 3(6) 10(13) 31(24) 70 (1) 68 (19) 44(6) 66(13) 89 (24)
Oregon-Washington Coastal 17 (6) 40(5) 32@) 45(05) 633 8 (6) 37(5) 31¢4) 48() 733
Puget Sound 40 (5) 173) 16(3) 264) 424) 29 (5) 2003) 20(33) 324 5014
Sacramento 46 (6) 39 (16) 19 (10) 34 (14) 61 (15) 25 (6) 57 (16) 46 (10) 66 (14) 86 (15)
Salt 39 (12) 503) 33(05) 504) 69Q3) 15(12) 503) 39(5) 58@4) 8303
San Joaquin 29 (2) 12 (3) 72) 123) 2112 25(2) 123) 1012) 153) 25(Q)
San Juan 95 (7) 20 (14) 13 (10) 25(15) 50 (17) 49 (7) 39 (14) 38(10) 53(15) 69 (17)
Tulare-Buena Vista Lakes 27 (3) 192) 11 @2) 18(12) 28(2) 21 (3) 152) 11 2) 17(2) 28(Q)
Upper Colorado-Dirty Devil 89 (7) 25(12) 12(6) 22(10) 42(11) 52(7) 36 (12) 28(6) 40(10) 55(11)
Upper Colorado-Dolores 97 (5) 16 (7) 7(5) 13(6) 2609 69 (5) 26 (7) 20(5) 32(6) 5009
Upper Columbia 97 (2) 9 (6) 54) 9(6) 20(7) 77 (2) 150) 13@) 216) 35()
Upper Gila 30 (6) 29(7) 22(@2) 35(5 59(13) 14 (6) 57(7) 54(@2) 76(5) 95(13)
Upper Snake 98 (2) 9(4) 3(2) 6(2) 1303 85 (2) 24 (4) 12(2) 21 (2) 373
White- Yampa 100 (0) 0(0) 0(0) 0(0) 0(1) 98 (0) 9 (0) 6(0) 120) 29(1)
Willamette 33(7) 33(9) 25(7) 40(11) 66 (11) 18 (7) 53(9) 44(7) 65(11) 86(11)
Yakima 96 (6) 17 (11) 9(7) 18(10) 38 (14) 60 (6) 31 (11) 28(7) 45(10) 71(14)

Parenthetical values are one standard deviation and express variability in the estimates due to the plausible range of TR (-1 to +4 °C) and TS (-2

to 0°C) threshold values (n =49).

climate warming at a daily resolution. Consistent with pre-
vious analyses (i.e. Knowles et al., 2006; Das et al., 2009;
Serquet et al., 2011), we show that winter temperature, as
opposed to precipitation variability, is the primary con-
trol on S;. The difference in S; between cold and warm
winters during 1916—2003 at low- and mid-elevations has
ranged between 31% in the PNW to as much as 40% in
the SN. In contrast, the difference in S; between wet and
dry winters during 1916—2003 at all elevation ranges is not
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significantly different across all four regions. Interestingly,
the majority of the 10 wettest (at least 7 of 10) and warmest
(at least 8 of 10) winters during the period 1916—2003
occur post 1950s.

We illustrate a high sensitivity of S; under average wet
daily temperature values (November—March) between 5
and —5°C. In the Northern Sierra, Klamath Mountains,
and western slopes of the Cascade Mountain Range, a 1 °C
increase in winter temperature would result in a decrease
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Figure 10. Comparisons of January—March Richard—Baker flashiness index (Baker ef al., 2004) between low (10th percentile) and high (90th
percentile) S; years at 93 USGS gages during 1950-2003, with linear fit (solid line) and 1: I line (dashed line).

of 10-15% in S;. Although our results further confirm a
significant decline in S; across the entire region we show
that this reduction is more pronounced during the recent
decades (1960—-2003) as compared with the longer his-
torical period (1916—2003). There has also been a recent
(1960-2003) regional shift in S; trends and SNR. The
warming scenario analysis indicates that natural variabil-
ity in Sy over 1916-2003 most closely resembles the
2040 warming scenario, except for the GB region. This
suggests that under the future scenarios examined here,
the long-term trend in S; (with inter-annual variability
removed) would begin to exceed the historical range of S;
variability around 2040, corresponding here to a warming
of 1.8 °C relative to historical temperature. In addition, we
demonstrated a differential decline in S; across the four
geographic units SN, CRB, GB, and PNW indicating a
non-homogenous effect of the recent (1960—2003) warm-
ing climate across the region.

Our trend analysis approach yields S; sensitivities that
are in agreement with those reported by Nolin and Daly
(2006), and expands this sensitivity mapping to include
geographies with lower S; sensitivity. However, the high S;
sensitivity regions show a strong SNR indicating that the
trend in S; has already exceeded the historical variability.
Given that many of the high §; sensitivity regions fall
in the mid-elevation range, a continued warming climate
(Mote and Salathé, 2010) would push future S; even fur-
ther outside its historical variability. Our warming sce-
narios also show significant shifts in S; across the four
regions, some more than others. The actual magnitude
and changes in S; presented in this study are subjected to
uncertainties; especially at lower elevations where agree-
ment between empirically derived S; and those measured
at SNOTEL sites were poor. Uncertainties associated with

© 2015 Royal Meteorological Society

temperature threshold-based S; portioning, however, are
far smaller than the projected change in S; and correspond-
ing snow extent areal reduction; giving confidence in the
results. Also, uniform increases of 1.1, 1.8, and 3.0 °C may
not accurately represent the uncertainties associated with
future warming that could vary in both space and time.
Nonetheless, this simplistic approach provides a relative
comparison of future S; in terms of sensitivity to tempera-
ture across the region. Our findings also imply that uncer-
tainties associated with future changes in precipitation,
which show mixed trends across the domain (Dominguez
etal., 2012; Reclamation, 2013) and strong disagree-
ment between new-generation CMIP5 and old-generation
CMIP3 models (Reclamation, 2013), should not affect
temperature-driven S; sensitivity.

Runoff from mountain snowmelt is the primary source
of water in much of the western United States. A decline
in S; would increase winter runoff, reduce snowpack, and
subsequently reduce summer runoff, with widespread
implications for water management, including reservoir
operations (Barnett and Pierce, 2009; Brekke efal.,
2009; Danner, 2013) and irrigation regimes (Benson
and Williams, 2013; McDonald and Girvetz, 2013). In
addition to a seasonal shift in the timing and magnitude
of streamflow (Barnett et al., 2005; Regonda et al., 2005;
Stewart et al., 2005; Luce and Holden, 2009), decline in
S¢ 1s likely to reduce total annual streamflow. A recent
study by Berghuijs efal. (2014) reports a significant
linear increase in precipitation-normalized streamflow of
0.37/U~! increase in S;. We show that a warming of only
1.8 °C under the 2040 scenario would result in a S; lower
than the warm winters during the period 1916-2003,
and may require changing the way water infrastructure is
currently managed (Danner, 2013).
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