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Abstract. In the Pacific Northwest, USA, the extraordi-
narily low snowpacks of winters 2013–2014 and 2014–
2015 stressed regional water resources and the social-
environmental system. We introduce two new approaches
to better understand how seasonal snow water storage dur-
ing these two winters would compare to snow water storage
under warmer climate conditions. The first approach calcu-
lates a spatial-probabilistic metric representing the likelihood
that the snow water storage of 2013–2014 and 2014–2015
would occur under +2 ◦C perturbed climate conditions. We
computed snow water storage (basin-wide and across ele-
vations) and the ratio of snow water equivalent to cumula-
tive precipitation (across elevations) for the McKenzie River
basin (3041 km2), a major tributary to the Willamette River
in Oregon, USA. We applied these computations to calcu-
late the occurrence probability for similarly low snow water
storage under climate warming. Results suggest that, rela-
tive to+2 ◦C conditions, basin-wide snow water storage dur-
ing winter 2013–2014 would be above average, while that of
winter 2014–2015 would be far below average. Snow water
storage on 1 April corresponds to a 42 % (2013–2014) and
92 % (2014–2015) probability of being met or exceeded in
any given year. The second approach introduces the concept
of snow analogs to improve the anticipatory capacity of cli-
mate change impacts on snow-derived water resources. The
use of a spatial-probabilistic approach and snow analogs pro-
vide new methods of assessing basin-wide snow water stor-
age in a non-stationary climate and are readily applicable in
other snow-dominated watersheds.

1 Introduction

In the Pacific Northwest (PNW), USA, mountain snowpacks
during the winters of 2013–2014 and 2014–2015 were at or
near record lows and well below 50 % of the historic median
value (Mote et al., 2016; National Resource Conservation
Service, 2014, 2015b). For several decades the Natural Re-
sources Conservation Service (NRCS) Snowpack Telemetry
(SNOTEL) network has provided measurements of snow wa-
ter equivalent (SWE; the amount of water contained within
the snowpack) and meteorological data. These station-based
measurements have historically served as a proxy for basin-
wide snow storage and provide an effective SWE index
for estimating streamflow; however under a shifting climate
these statistical relationships have also changed (Montoya et
al., 2014). The PNW’s extremely low snowpacks and sub-
sequent snow water storage of 2013–2014 and 2014–2015
highlight the limitations of location-specific measurements
in a shifting climate.

On 1 March 2015, 47 % of snow monitoring sites in the
Willamette River basin (WRB, 29 730 km2, Fig. 1) registered
zero SWE, while snow was still present at higher elevations.
The absence of snow during the winter of 2014–2015 stands
in contrast to cumulative winter precipitation, which was
at 83 % of normal (778 mm) for November–February (de-
rived from PRISM (Parameter-elevation Relationships on In-
dependent Slopes Model) data (Daly et al., 2008). While the
concurrent drought in California received substantial atten-
tion, the economic and environmental impacts in the PNW
were also profound. These two extremely low snowpacks
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Figure 1. Context map of the McKenzie River basin and its geo-
graphic relationship to the Willamette River basin. The geographic
locations of the SNOTEL and other meteorological stations used as
model forcings show the altitudinal range of inputs. Inset (a) repre-
sents the area by elevation for the McKenzie River basin. Inset (b)
presents the cumulative distribution functions (CDFs) for the ele-
vation of the Willamette and McKenzie River basins for elevations
above 1000 m and is separated into 50 m bins.

in the PNW led to ski area closures, recreation restrictions,
municipal water limitations, severe wildfires, low stream-
flows, nearly dry reservoirs, harmful algal blooms, and high
fish mortality (Associated Press, 2015; Morical, 2015; Ore-
gon Department of Fish and Wildlife, 2015; Meunier, 2015;
Wang et al., 2015). These types of externalities highlight the
importance of mountain snow water storage and the implica-
tions of snow drought.

Mountain snow water storage in the western Oregon Cas-
cades and across the western United States serves as vital
inter-seasonal storage from cool, wet winters with low wa-
ter demand to hot, dry summers when demand peaks (Ore-
gon Water Supply & Conservation Initiative, 2008; United
States Army Corps of Engineers, 2001). The western Oregon
Cascades form the eastern boundary of the WRB (Fig. 1),
and abundant winter precipitation falling in these mountains
(up to 3000 mmyr−1) sustains the 13th-highest streamflow in
the conterminous United States (Hulse et al., 2002). Even in
such a wet place, snowmelt is critically important. Brooks et
al. (2012) estimated that over 60–80 % of summer base flow
in the Willamette River derives from the snow zone at ele-
vations over 1200 m, though this elevational zone represents
only 12 % of the land area and 15.6 % of the annual precipi-
tation in the basin.

The McKenzie River basin (MRB, 3041 km2) is a major
tributary to the WRB (Fig. 1) and is located in the main part
of the Willamette’s “at-risk” snow zone (Nolin and Daly,
2006). Snowmelt in the MRB is critical to meeting envi-
ronmental and societal demands of the WRB, supplying al-
most 25 % of the river’s summer discharge at its confluence
with the Columbia River near Portland, Oregon (Hulse et

al., 2002), despite only occupying 10 % of its area. The hyp-
sometry of the MRB and WRB is visually similar (Fig. 1b)
and statistically similar when tested using a two-parameter
Kolmogorov–Smirnov test for sample distribution (Young,
1977).

The maritime snowpacks of the MRB, WRB, and the
PNW are deep (> 1.5 m) and relatively warm (Sturm et
al., 1995), and SWE typically reaches its basin-wide maxi-
mum on approximately 1 April (Serreze et al., 1999; Stewart
et al., 2004). Nolin and Daly (2006) identified snow in the
WRB as climatologically “at-risk” since it typically accumu-
lates at close to 0 ◦C and can convert to rainfall with just a
slight increase in temperature. As a result of changes in circu-
lation patterns and warmer temperatures, there have been de-
clines on 1 April SWE in the PNW (Barnett et al., 2005; Kap-
nick and Hall, 2012; Luce and Holden, 2009; Mote, 2006;
Mote et al., 2005; Service, 2004; Stoelinga et al., 2010), and
peak streamflow has shifted to earlier in the year (Fritze et
al., 2011; Stewart, 2009).

These shifts in streamflow highlight the challenges of us-
ing location-specific measurements of SWE for prediction in
changing climate. While SNOTEL sites provide valuable and
robust data, they typically occupy a limited elevation range
that leads to an under-sampling of both the high-elevation
snow zone and the lower-elevation rain–snow transition zone
(Molotch and Bales, 2006; Montoya et al., 2014; Nolin,
2012). This limited range holds true in the MRB, where the
mean elevation is 1424 m and the elevational range between
the five stations is only 245 m.

Elevational shifts in snowpack accumulation due to ob-
served temperature increases make the past less representa-
tive of the future (Dozier, 2011; Milly et al., 2008). Addi-
tionally, patterns of snow accumulation and melt in the PNW
vary as nonlinear functions of elevation, slope, aspect, and
land cover (Tennant et al., 2015). Augmenting point-based
measurements of SWE with metrics that effectively estimate
snow water storage in a mountain landscape would include
calculations for normal and extreme years across elevations
and at the basin scale – especially under current climate
trends (Dozier, 2011).

The dimensionless ratio of SWE to precipitation
(SWE :P ) represents the proportion of snow water equiva-
lent relative to cumulative precipitation (snowfall plus rain-
fall) over a specified time interval (Serreze et al., 1999). This
ratio normalizes snow water storage by cumulative precipi-
tation, emphasizing the impacts of temperature on snowpack
accumulation and melt. When computed for 1 April, the time
of year when maximum basin-scale SWE is considered to
occur, this ratio can be an effective measure of the stages of
accumulation and melt (Clow, 2010).

Understanding how relationships between snowpack, pre-
cipitation, and temperature will be expressed at the basin
scale is particularly important in the maritime PNW. Phys-
ically based modeling studies of climate impacts in the PNW
describe reduced snow water storage and earlier streamflow
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across the region (Elsner et al., 2010; Hamlet, 2011; Sproles
et al., 2013). These deterministic approaches provide a range
of outputs of past and future conditions. However these ap-
proaches stop short of an analog approach that links an in-
dividual year from the past, particularly a low snow year, to
projected conditions.

Climate analogs serve as a useful device to examine po-
tential impacts on societally relevant predictands (e.g., for-
est health, environmental flows, municipal water supply) and
apply previous conditions to represent potential future con-
ditions (Hallegatte et al., 2007; McLeman and Hunter, 2010;
Ramírez-Villegas et al., 2011; Webb et al., 2013). For ex-
ample, Ramírez-Villegas et al. (2011) developed analogs of
climate and agricultural practices to identify prior climatic
events that may provide insights into the impacts of future
climate change in both time and space.

Incorporating an analog approach allows planners and
managers to develop anticipatory capacity, the ability to bet-
ter anticipate changing scenarios as needs and context change
over time (Nelson et al., 2008; Rhodes and Ross, 2009). Us-
ing the extremely low snow water storage of 2014–2015 as
an example, residents of the Willamette Valley raised con-
cerns regarding the safety and taste of domestic drinking
water during the summer months. These changes in water
characteristics led public works departments to examine fu-
ture strategies and equipment to mitigate future water qual-
ity concerns (Hall, 2015). From a hydrological perspective,
this same analog approach is also used in describing stream-
flow and is most commonly framed using statistical metrics.
For example, the spatial extent for a previous 100-year flood
event serves as an analog of floodplain dynamics and pro-
vides anticipatory capacity for land use planners and water
managers.

Based on the premise that future snow water storage con-
ditions will resemble previous winters that were warm, Luce
et al. (2014) developed spatial and temporal analogs of snow
water storage sensitivity to temperature and precipitation
across the western United States using point-based SNOTEL
data. Similarly, Cooper et al. (2016) applied model-based
analyses to compare the winters of 2014 and 2015 to pro-
jected future conditions using individual metrics of snow-
pack (snow disappearance date, date of peak SWE, and du-
ration of snow cover) at SNOTEL locations in the Oregon
Cascades. This approach is informative, even though point-
based analysis in projected warmer conditions may not repre-
sent basin-wide conditions (Dozier, 2011; Milly et al., 2008),
specifically as the rain–snow transition shifts towards higher
elevations (Nolin et al., 2012; Nolin and Daly, 2006).

Developing statistically valid analogs for snow water stor-
age at the basin scale requires a spatially explicit, probabilis-
tic approach that calculates the statistical likelihood of SWE
across a topographically complex mountain basin. For ex-
ample, the question, “What is the likelihood that the snow
droughts of water years 2014 and 2015 will occur in the
future?”, can be addressed by developing statistical thresh-

olds of SWE and SWE :P with regards to time and location.
This spatial-probabilistic approach develops upper or lower
limits of predicted snow water storage conditions through-
out a watershed. While probabilistic approaches are common
to streamflow hydrology, spatial approaches to probabilistic
questions are less common. A notable application of a spa-
tially based, probabilistic approach was developed by Graf
(1984). This research applied 107 years of channel migration
records to calculate the probability of subsequent erosion in
a given parcel, creating a probabilistic map of river move-
ment. The map outlined the character of the river system that
identified areas where channel migration was more likely to
occur. Margulis et al. (2016) and Mote et al. (2016) charac-
terized the extreme snow deficits of 2015 across the western
United States, but they did not compare this snow drought
to potentially warmer climatic conditions. Snow hydrology
models can readily incorporate climate change projections
(Adam et al., 2009; Sproles et al., 2013), and model outputs
can be assessed using a spatial-probabilistic framework that
explicitly accounts for elevation.

This research introduces a physically based, spatial-
probabilistic modeling framework to compare the extraordi-
narily low snow winters of WYs 2014 and 2015 (WY: wa-
ter year, defined as 1 October–30 September in the west-
ern United States) in the context of warmer climatic condi-
tions. Our approach captures the spatial variability of moun-
tain snow water storage under warmer temperatures across
decades by simulating the variability of SWE and SWE :P
at the basin scale for 23 WYs using +2 ◦C conditions.
These outputs are used to frame the snow water storage of
WYs 2014 and 2015 in the context of future snow and snow
analogs. This approach is intended to build anticipatory ca-
pacity for climate change impacts in the PNW through snow
analogs. While limited to the McKenzie River basin (a well-
studied watershed that is characteristic for maritime snow in
the WRB (Nolin and Daly, 2006), regional sensitivity to cli-
mate warming makes PNW snowpack and snow water stor-
age, and those in similar maritime climates, acutely vulnera-
ble to snow drought (Leibowitz et al., 2014; Nolin and Daly,
2006).

Specifically, we ask:

– How does snow water storage from WYs 2014 and 2015
compare to snow water storage under+2 ◦C conditions?

– What is the probability that similar snowpacks and snow
water storage will occur in the future?

– How does snow water storage during WYs 2014
and 2015 vary by elevation?

2 Research methods

Our approach applies a spatially distributed and physically
based snow hydrology model to compute probabilities of
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SWE and SWE :P for 23 WYs under +2 ◦C winter con-
ditions. We then model snow water storage for WYs 2014
and 2015, which provide probabilistic context for snow water
storage during these two winters. Below we provide details
on the study area and specific methods used in this approach.

This study focuses on the McKenzie River basin. In addi-
tion to the MRB being a major tributary to the Willamette
River, it has a well-developed network of meteorological sta-
tions associated with the HJ Andrews Long Term Ecolog-
ical Research site, four SNOTEL stations, and four dams
for flood control and hydropower; serves as the primary
source of domestic water for approximately 200 000 peo-
ple; and is home to federally protected salmonids, amphib-
ians, and mussels. The MRB is characterized by wet winters
and dry summers, with average annual precipitation ranging
from 1000 to 3000 mm that follows the elevation gradient
(114–3147 m). Elevations between 1000 and 2000 m com-
prise 42 % of the MRB’s total area (Fig. 1a) and 93 % of the
total snow water storage in the MRB (Sproles et al., 2013).
While elevations above 2000 m accumulate the most SWE
per unit area, that zone comprises only 1 % of total area and
6 % of the total snow water storage for the MRB. In terms of
volume, snow is the primary seasonal water storage mecha-
nism in the MRB with historic mean basin-wide snow wa-
ter storage (SWE× area; 1989–2009) of 1.26 km3 on 1 April
(Sproles et al., 2013), compared with total reservoir storage
of 0.40 km3 (United States Army Corps of Engineers, 2016;
United States Department of Agriculture, 2016). By compar-
ison, groundwater storage for the MRB was estimated to be
roughly 4 km3, with a mean transit time of 7 years (Jefferson
et al., 2006).

Spatially distributed values of precipitation and SWE were
computed using SnowModel (Liston and Elder, 2006a, b)
for WYs 1989–2012. SnowModel is a spatially distributed,
process-based model that computes temperature, precipita-
tion, and the full winter season evolution of SWE includ-
ing accumulation, canopy interception, wind redistribution,
sublimation, evaporation, and melt. The model framework
applied in this study is the same as applied in Sproles et
al. (2013), with the addition of a multi-layer snowpack algo-
rithm. Because the modeling framework is physically based
and spatially distributed, perturbations to temperature inputs
will propagate throughout the model, including absolute hu-
midity and energy balance calculations; thus maintaining
the dependencies between snowpack and temperature. WY
2005 was excluded due to prolonged regional temperature
inversions that were not resolved in the model (Sproles et
al., 2013).

Model input data were derived from SNOTEL and sta-
tion data within the study area (six stations in total), nearly
spanning the full elevation range of the MRB (Fig. 1; Spro-
les et al., 2013). The 23-year set of model forcing data
includes winters with above-average, normal, and below-
average snowpack; positive, negative, and neutral El Niño–
Southern Oscillation (ENSO) climate patterns; and cool and

warm phases of the Pacific Decadal Oscillation (Brown and
Kipfmueller, 2012). The model was run at a daily time step
and 100 m grid resolution. In the calibration and validation
phase, the model was first calibrated to temperature and pre-
cipitation to ensure that the model results were representative
of these first-order inputs, with mean Nash–Sutcliffe efficien-
cies (Legates and McCabe, 1999; Nash and Sutcliffe, 1970)
of 0.80 and 0.97, respectively. The model was then calibrated
for physical snowpack conditions (mean Nash–Sutcliffe effi-
ciency of 0.83 for automated stations and 0.70 for field loca-
tions, and an overall spatial accuracy of 82 % compared with
Landsat fractional snow-covered area (fSCA) data). For a de-
tailed description of the model structure, calibration, valida-
tion, and performance, please refer to Sproles et al. (2013).

Using the validated model, we increased temperatures by
+2 ◦C and re-ran the model over the same time frame and
spatial domain. Projections for future precipitation in the
WRB and the PNW are highly uncertain (Safeeq et al., 2016),
and in the Oregon Cascades, temperature, not precipitation,
dominates the accumulation and melt cycles of snowpack
(Sproles, 2012; Sproles et al., 2013). Our delta increase in
temperature is intended to be straightforward and avoids the
uncertainties associated with projections for precipitation in
the WRB and the PNW.

We extracted SWE and precipitation (P ) data, and com-
puted 5-day averages for each centered on the first day of
each month for January–June, for every year in the model
run, and for each grid cell in the model domain. These 5-day
mean values were used to minimize any effects from indi-
vidual events (melt, snowfall) while still capturing the over-
all snow water storage characteristics at the beginning of the
month.

Exceedance probability (EP) is a widely used hydrologic
metric describing the statistical likelihood that a value of a
given magnitude or greater will occur in a specified time pe-
riod (e.g., annually) (Sadovský et al., 2012; Salas and Obey-
sekera, 2013). Expressed as a percentage, it is calculated as

EP=
(

m

n+ 1

)
× 100, (1)

wherem is the rank of the data value (ranked from highest to
lowest) and n is the total number of data values (Dingman,
2002).

For example, 20 % EP (a low annual exceedance probabil-
ity) is the statistical likelihood that a value could be met or
exceeded 20 % of the time, or a one-in-five chance of occur-
ring or being exceeded in any year. A 20 % EP represents a
relatively large value. A 90 % EP (a high annual exceedance
probability) describes the statistical likelihood of a measure-
ment that would be met or exceeded in 90 % of the time and
represents a relatively low value. EP is commonly applied to
point-based data such as a stream gage or SNOTEL station.
However, because mountain snow water storage varies by el-
evation, slope, aspect, and land cover (Tennant et al., 2015),
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we expanded point-based EP calculations to the watershed
scale to include normal and extreme years.

To accomplish a spatial perspective of exceedance proba-
bility, we applied 23 years of model output to compute the
EP for the first of the month (January–June) based upon the
5-day averaged SWE and SWE :P values for each grid cell
in the model domain. The dimensions of the model domain
is a grid of 759 rows× 1121 columns. In order to sort each
grid cell individually across the 23 data sets (years), the two-
dimensional data sets (759 rows× 1121 columns) were de-
composed into 23 one-dimensional vectors (1× 850 839) and
then combined to create a 23× 850 839 matrix. The location
information of each grid cell was retained for subsequent
mapping and analysis. For each year, the 23 values in each
row were sorted from highest to lowest. The 23× 850 839
data matrix was recomposed into 23 data matrices of di-
mension 759× 1121, creating a corresponding spatial ex-
ceedance probability matrix. This was completed for each
month (January–June).

To respond to the question, “How does snow water storage
from WYs 2014 and 2015 compare to snow water storage
under a warmer climate?,” we modeled SWE and SWE :P
using SnowModel with meteorological forcing data from
WYs 2014 and 2015 for the MRB, using the same stations
as from our previously validated model runs. These model
runs were validated using the same methods as described in
Sproles et al. (2013). We then compared the snowpack met-
rics from WYs 2014 and 2015 with model output from the
23 water years under a +2 ◦C climate scenario.

Elevation is the most important physiographic variable in
determining SWE in this basin (Nolin, 2012), so we aggre-
gated the data into 50 m elevation bands (Fig. 1a). In each
of these bands we computed snow water storage (km3) and
mean SWE :P (m /m). This allowed us to understand the
variation of snowpack properties by elevation, their spatial
probability of occurrence, and the statistical context for the
extraordinary snowpacks of WYs 2014 and 2015.

An important point to bear in mind is that the EP values
were computed using perturbed meteorological forcing data
(+2 ◦C), while values for WYs 2014 and 2015 were derived
from unperturbed meteorological forcing data.

3 Results

For context, historically in the MRB, 62 % of annual pre-
cipitation falls in the November–March (N–M) time period,
as calculated from 30-year PRISM gridded climate normals
of monthly precipitation (Daly et al., 2008). Within that pe-
riod, December–February (DJF) are historically the coldest
and wettest months (Daly et al., 2008). For N–M in WY
2014, precipitation was at 102 % of the 30-year normal (cal-
culated from PRISM data), and temperatures at SNOTEL
stations in the MRB were 0.9 ◦C warmer than normal (Na-
tional Resource Conservation Service, 2015a). For the DJF
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Figure 2. The total precipitation (a) and mean temperatures (b)
for the McKenzie River basin for water years 2014 and 2015, as
compared to the 30-year normal (from the PRISM data sets). The
lower figure (c) represents basin-wide snow water storage for the
McKenzie River basin for water years 2014 and 2015 and the nor-
mals (+2 ◦C) calculated from the 23 years used in this study. The
calculations for snowpack are 5-day averages centered on the first
day of each month.

period, WY 2014 monthly precipitation was 96 % of nor-
mal, and SNOTEL temperatures were 0.7 ◦C warmer than
normal. During WY 2015, N–M precipitation was 81 % of
the 30-year average, but temperatures in the snow zone were
2.7 ◦C warmer than average. For the DJF period of WY 2015,
monthly precipitation was 78 % of normal, and temperatures
in the snow zone were 3.3 ◦C warmer than normal (National
Resource Conservation Service, 2015a). To provide histori-
cal context, Fig. 2a and b graphically present the 30-year pre-
cipitation and temperature normals from the PRISM data sets
as compared to WYs 2014 and 2015. Figure 2c presents mod-
eled basin-wide snow water storage for WYs 2014 and 2015,
as compared to the 23-year mean from the +2 ◦C snowpack
simulations.
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Figure 3. The exceedance probability of basin-wide snow water storage under+2 ◦C conditions. During 2014, snow water storage increased
considerably in March to reach above-average conditions. The snowpack during the winter of 2015 was extremely low and never increased
beyond 0.21 km3. The calculations are 5-day averages centered on the first day of each month.

A warmer-than-normal January 2014 limited snowpack
accumulation during the early portion of the winter, and
wetter-than-normal conditions in February 2014 accompa-
nied by near normal mean temperatures increased basin-wide
snow water storage to near-average/above-average snowpack
conditions (as compared to a +2 ◦C perturbation) for the re-
mainder of the season (Fig. 2c). The warmer-than-normal
conditions that persisted throughout WY 2015 greatly inhib-
ited seasonal snowpack accumulation, despite above-average
precipitation in March 2015 (Fig. 2c). For a more detailed
long-term climate analysis please refer to Abatzoglou et
al. (2014) and Mote et al. (2016).

3.1 Snow water storage

In the context of our exceedance probability framework, we
see that the 1 April basin-wide snow water storage for WY
2014 falls between the 42 and 46 % EP, meaning that WY
2014 snow water storage is slightly above average for a
+2 ◦C model perturbation (Figs. 2, 3, 4, 5a, c). Snowfall oc-
curring after 1 April 2014 improved late-season snow water
storage, corresponding to 33 and 25 % EP for May and June,
respectively (Figs. 3, 4). In WY 2015 basin-wide snow wa-
ter storage was well below historical conditions, even when
compared with +2 ◦C conditions. 1 April snow water stor-
age for WY 2015 corresponds to 92 % EP (Figs. 3, 4, 5b, d).
In that year, there was little late-spring snowfall, so, unlike
WY 2014, basin-wide snow water storage did not increase
(Fig. 3). WY 2015 was also notable in that peak snow water
storage occurred in January and was only 0.21 km3, corre-
sponding to 79 % EP (Figs. 3, 4).
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Figure 4. Volumetric snow water storage binned by 50 m elevation
bands. The corresponding basin-wide snow water storage (km3)
for 2014 and 2015 is provided for each month. Larger snowpacks
(lower exceedance probability) have considerable contributions be-
tween 1000 and 1300 m. During 2014 and 2015, this elevation range
had minimal snowpack, despite close-to-normal precipitation. Note
that, on the vertical axes, snow water storage below 500 and above
2500 m is not included for visual clarity. These elevations contribute
minimally to basin-wide snow water storage. The calculations are
5-day averages centered on the first day of each month.

Figure 4 shows the spatial exceedance probabilities for
the +2 ◦C model runs, aggregated into 50 m elevation incre-
ments (WY 2014, 42 % EP; WY 2015, 92 % EP). For most
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Figure 5. The spatial distribution of SWE on 1 April from water
years 2014 and 2015 as compared to the corresponding EP. Both
the distribution and magnitude of SWE are strikingly similar. The
calculations are 5-day averages centered on the first day of each
month.

years, the total amount of 1 April snow water storage is great-
est within the elevation range of 1300–1800 m. However, in
WY 2015 this mid-elevation zone (1300–1800 m), represent-
ing 393 km2 (as calculated from the elevation data set), is es-
sentially snow-free (Fig. 4). Snow water storage in this eleva-
tion range is critical for late-season runoff, as 1200 m repre-
sents the elevation threshold for summer baseflow contribu-
tions (Brooks et al., 2012). From a spatial perspective, Fig. 5
presents the distribution of SWE in the MRB in WYs 2014
and 2015 on 1 April, as compared to the 46 and 92 % EP (as
compared to a +2 ◦C perturbation), respectively. These fig-
ures show that snow water storage is almost entirely limited
to the upper portions of the basin and that the more spatially
extensive mid-elevations where snow accumulates histori-
cally are snow-free. In other words, in WYs 2014 and 2015,
the zone where snowmelt has historically contributed most
to groundwater recharge (Jefferson et al., 2008; Tague and
Grant, 2009) shifted to rain. Jefferson et al. (2008) showed
that the recharge signal in the MRB varies spatially and tem-
porally, and that the location of the rain–snow transition is
the dominant control on recharge for at the watershed scale.

3.2 SWE : P

This elevation-dependent shift from rain to snow is evident
in Fig. 6, where, at an elevation of 1200 m, SWE :P is be-
low 0.06 for the period January to June in both WYs 2014
and 2015. This ratio does not exceed 0.20 until an eleva-
tion of 1500 m in WY 2014, which is still markedly lower
than the long-term mean SWE :P at the McKenzie SNOTEL
site (0.58, 1454 m). In WY 2015 this 0.20 threshold is not
reached until an elevation of 1750 m, approximately 300 m
above the highest-elevation SNOTEL site in the MRB, and
thus was not captured in the SNOTEL data. From Febru-
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Figure 6. The ratio of SWE :P binned by 50 m elevation bands.
The relationship between elevation and SWE :P is evident across
all exceedance probabilities. Under +2 ◦C simulations and in 2014
and 2015, roughly 1500 m is the elevation at which SWE :P be-
gins to increase substantially along the horizontal axis. Note that, on
the vertical axes, snow water storage below 500 and above 2500 m
is not included for visual clarity. These elevations contribute mini-
mally to basin-wide snow water storage. The calculations are 5-day
averages centered on the first day of each month.

ary to May in WY 2014, SWE :P increased due to late-
season storms that added snow water storage and remained
above 50 % EP when compared with+2 ◦C conditions. From
February to May in WY 2015, SWE :P never surpassed the
0.60 threshold and remained below 90 % EP when compared
with +2 ◦C conditions.

4 Discussion and conclusion

The winters of 2014 and 2015 had very low snowpacks
across the Pacific Northwest due to higher-than-normal win-
ter temperatures but average or near-average precipitation
(Fig. 2, Mote et al., 2016; National Resource Conservation
Service, 2014, 2015b), highlighting the sensitivity of the
region’s snowpack to increased temperature. In the MRB
snow zone, mean temperatures (N–M) were 0.9 ◦C above
the 30-year normal in WY 2014, while in WY 2015 they
were 2.7 ◦C above normal. These low snow years persisted
even under normal and slightly below normal N–M precip-
itation (WY 2014, 102 %; WY 2015, 81 %). The SWE :P
metric also identifies increased temperature, rather than re-
duced precipitation, as the primary reason for the dimin-
ished snow water storage of WYs 2014 and 2015, especially
at mid-elevations. At 1500 m, the April SWE :P values for
the 2 years are considerably different (Fig. 6; WY 2014,
SWE :P = 0.22, 60 % EP; WY 2015, SWE :P = 0.04, 95 %
EP).

As such, these two winters’ extraordinarily low snowpacks
offer an analog perspective for projected future snow con-
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ditions in the MRB and, potentially, the Willamette River
basin. WY 2014 serves as a snow analog for slightly warmer
conditions (+1 ◦C), with an EP between 42 and 46 %, while
WY 2015 serves as a snow analog for conditions increasing
beyond 2.5 ◦C with an EP of around 92 %. The volumetric
difference between the 2 years is considerable (0.56 km3),
representing 1.4 times more than the total reservoir storage
capacity of the MRB (United States Army Corps of Engi-
neers, 2016; United States Department of Agriculture, 2016).

The SWE :P metrics across elevation bands provide a
simple yet telling description of precipitation phase (rain-
fall vs. snowfall) and the seasonal evolution of snow wa-
ter storage (accumulation and ablation). The shifts from
rain to snow seen in the modeled results highlight the lim-
itations of a monitoring network that occupies a limited
range. In the MRB, the SNOTEL stations occupy a mean
elevation of 1424 m, with a range of only 245 m. During
WYs 2014 and 2015, this limited range did not capture zones
with maximum snow water volume and were essentially be-
low the rain–snow transition (Figs. 4, 6). This same under-
representation of snowpack was found throughout the greater
WRB, with 47 % of snow monitoring sites registering zero
SWE while snow was still present at higher elevations on
1 March 2015.

As precipitation shifts from snow to rain, the SWE :P
metric can augment individual values of SWE and P to pro-
vide key information on shifts in water storage throughout
the course of a winter and valuable insights to water re-
source managers in a non-stationary climate. For example,
on 1 March, when basin-wide SWE is typically approaching
its maximum, both years are essentially snow-free at 1200 m.
A low SWE :P ratio in March under normal winter precipita-
tion conditions could indicate peak streamflow has occurred
or most likely would occur earlier in the year, which has im-
portant implications for water resource management in sub-
sequent months.

Low snow water storage and shifts in streamflow neg-
atively impact water quantity, water quality, hydropower
operations, winter snow sports, and summer recreation. In
WY 2015, record low snow water storage led to summer
drought declarations, extreme fire danger, and modified hy-
dropower operations in the MRB. The typical consistent
flow of the groundwater-fed McKenzie River was at 63 %
of August–September median flow (United States Geolog-
ical Survey, 2015). Hoodoo Ski Area, located at Santiam
Pass, was open for only a few weekends in WY 2014, and
in WY 2015 they suspended operations in mid-January, the
shortest season in their 77-year history. In the adjacent San-
tiam River basin (north of the MRB), diminished snow water
storage and less-than-anticipated spring rains in WY 2015
pushed the Detroit Reservoir (storage capacity 0.35 km3) to
historically low levels. In May, harmful blue-green algae
concentrations were above acceptable amounts by a factor
of 7, and July reservoir levels were approximately 21 m be-
low capacity. Concerns over the taste and safety of domestic

drinking water in the Willamette Valley prompted municipal
water managers to explore options for upgrading water treat-
ment facilities.

At more broad timescales, the shift from snow to rain
at mid-elevations could also potentially impact groundwater
recharge. The rain–snow transition is the dominant control
on recharge in the MRB and varies spatially and temporally
(Jefferson et al., 2008). Because groundwater storage is large
and transit times in the MRB are approximately 7 years (Jef-
ferson et al., 2008), the full impacts of WYs 2014 and 2015
on ground and surface water resources are not yet known.

Water quality, energy production, and recreation exter-
nalities are not well represented in deterministic models
but become challenging realities that the public faces in
years with low snow. Intervention strategies can fail because
they lack adequate information about the impacts of climate
change and are not incorporated into deterministic physical
models that play out at the human scale (Ramírez-Villegas
et al., 2011). Transitioning from purely deterministic ap-
proaches (i.e., snow water storage is reduced by a certain
percentage) to ones that link climate and snow conditions
with real-world impacts provides a complementary perspec-
tive for mitigation and adaptation. Our analog approach com-
bines projected climate impacts with the extremely low snow
years of 2013–2014 and 2014–2015 for insights into im-
proved management in shifting conditions. Such an analog
approach allows planners and managers to develop adapta-
tion and mitigation strategies that use the past to demonstrate
what did or did not work under climate stress and help build
a more informed understanding of ways to improve future
planning efforts (Ramírez-Villegas et al., 2011).

Climate change impacts are often expressed in probabilis-
tic terms (Randall et al., 2007), and so it is logically consis-
tent to estimate snowpacks and snow water storage in this
manner. This research does not assume that the probabili-
ties presented here are based upon a precise representation
of future conditions, nor that future climates will be +2 ◦C
warmer every winter. We present these results as a way to
frame the likelihood of future basin-wide snow water stor-
age in the context of our current understanding of climate
change. These probabilistic insights are then used to iden-
tify WYs 2014 and 2015 as analog years for managers and
decision makers. Snow water storage in WY 2014 would be
slightly above average for +2 ◦C conditions, and snow water
storage in WY 2015 would be very low for+2 ◦C conditions,
albeit not a record low. These analog years thus provide guid-
ance for adaptation strategies to mitigate potential failures of
existing management plans.

Our spatially explicit approach augments information
from the existing SNOTEL network. While SNOTEL data
continue to play a key role for seasonal streamflow fore-
casting under historic climatic conditions, these statistical
relationships have been changing (Montoya et al., 2014).
While providing modern scientific equipment, SNOTEL sites
in the MRB occupy a limited range (245 m) at the mid-
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elevations and may not capture basin-wide snow water stor-
age in warmer conditions. For example, in the MRB, all
SNOTEL sites in the MRB were snow-free for most of
February to March 2015 and were, therefore, incapable of
providing predictive skill for water resource management.
Our basin-scale probabilistic approach provides a more com-
plete picture of water storage and captures the elevation vari-
ability absent in point-based measurements.

The winters of WYs 2014 and 2015 demonstrate a consid-
erable departure from the stationary snow water storage con-
ditions on which present-day management plans are based.
With continued current warmer climates, the snow water
storage conditions represented by these two winters are more
likely to occur. In the meantime, the value of spatially ex-
plicit probabilistic calculations rests in the ability to better
define the range of statistical outcomes of subsequent win-
ters that are representative of basin-wide conditions. Fram-
ing the low snow water storage of WYs 2014 and 2015 as
analogs of future snow provides insights into potential cli-
mate impacts and externalities on social and environmental
systems. Together, probabilistic metrics and snow water stor-
age analogs can help build capacity to better anticipate hy-
drologic changes in a warming climate.

5 Data availability

The data used in this article are available at
doi:10.7267/N9V985ZN.
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