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Abstract The ecohydrological effects of changing snowmelt are strongly mediated by soil moisture. We
utilize 259 Snow Telemetry stations across the western U.S. to address two questions: (1) how do relationships
between peak soil moisture (PSM) timing and the day of snow disappearance (DSD) vary across ecoregions and
(2) what is the regional sensitivity of PSM timing to earlier DSD associated with warming and drying scenarios?
All western U.S. ecoregions showed significant relationships between the timing of PSM and DSD. Changes in the
timing of PSM based on warming predicted for the middle and end of the 21st century ranged from 1 to 9days
and from 6 to 17days among ecoregions, respectively. The maritime ecoregions PSM timing were 2–3 times
more sensitive to warming and drying versus the interior mountain ecoregions. This work suggests that soil
hydrology modifies the effects of earlier snowmelt on regional streamflow response and vegetation water stress.

1. Introduction

Snowmelt is a principal control on water availability and runoff generation globally [Barnett et al., 2005].
Western U.S. snowpacks have generally been declining [Mote et al., 2005; Regonda et al., 2005; Harpold
et al., 2012], and snow disappearance has shifted earlier over the past 50+ years [Dye and Tucker, 2003], with
regional sensitivity arising from differences in elevation, climate, and warming temperatures [Bales et al.,
2006]. These decreases in snow accumulation have reduced the length of the snowmelt season by
1–5 days/decade over the last 30–50 years [Stewart et al., 2005; Harpold et al., 2012]. The hydrologic implica-
tions of these changes is significant as snowmelt partially controls groundwater recharge [Earman et al., 2006;
Jasechko et al., 2014], streamflow generation [Moore et al., 2011; Berghuijs et al., 2014], base flow [Godsey et al.,
2014], and transpiration [Hu et al., 2010; Trujillo et al., 2012]. Importantly, most snowmelt water infiltrates and
moves through the soil profile [Frisbee et al., 2011; Jasechko et al., 2014], and therefore, the coupling of snow-
melt and soil moisture partially dictates ecohydrologic sensitivity to climate change.

The importance of snowmelt and soil moisture is well established with regard to forest productivity [Hu et al.,
2010; Peng et al., 2010; Parida and Buermann, 2014] and disturbance [Westerling et al., 2006]. A consistent find-
ing among these previous works is that earlier snowmelt extends the length of the growing season and leads
to increased water stress late in the growing season, particularly in regions that receive little summer rainfall.
As a result, earlier snowmelt has been linked to decreased gross primary productivity [Hu et al., 2010; Trujillo
et al., 2012; Peng et al., 2010], earlier flowering phenology [Cayan et al., 2001; Inouye et al., 2002; Dunne et al.,
2003], and increased occurrence of high-intensity fire [Westerling et al., 2006]. Despite the consistent linkages
between snowmelt timing and ecosystem function, little work has connected snowmelt with soil moisture.
Consequently, soil moisture represents a missing link in our understanding of ecosystem response to chan-
ging snow water inputs.

In mountainous regions of the western U.S. and elsewhere, peak annual soil moisture often coincides with
snowmelt [Molotch et al., 2009; Williams et al., 2009; Bales et al., 2011; Harpold et al., 2015]. In these snow-
dominated areas, shifts to earlier snow disappearance could affect the timing of peak soil moisture.
However, site-specific interactions between climate and soil properties, vegetation water use and rooting
depth, and topography dictate the sensitivity of soil moisture dynamics to changing snowmelt magnitude
and timing [Bales et al., 2011]. In particular, the magnitude and timing of summer rainfall plays an important
role in determining the duration of water stress associated with a shift toward earlier snowmelt [Seyfried,
1998; Williams et al., 2009]. Earlier snowmelt has additional implications with regard to streamflow genera-
tion, as snowmelt strongly affects antecedent soil moisture conditions and modulates water table heights
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[Huntington and Niswonger, 2012; Godsey et al., 2014]. At the plot scale, soil depth, soil water retention, and
rooting depth provide a first-order control on the amount of soil water storage available for transpiration
[Smith et al., 2011]. While the larger-scale movement of water is strongly influenced by topography and lat-
eral redistribution [Western et al., 1999; McNamara et al., 2005; Williams et al., 2009; Tague and Peng, 2013], soil
water retention characteristics control the water accessible to vegetation at low-matric potential, and the
development of downward pressure gradients and drainage out of the soil profile at water contents above
field capacity [Seyfried et al., 2009; Williams et al., 2009]. Understanding how the interactions between soil
properties and variable snowmelt regimes control soil water availability across diverse western U.S. ecosys-
tems remains a critical research gap.

The installation of soil moisture sensors at numerous Snow Telemetry (SNOTEL) stations creates an opportu-
nity to evaluate regional-scale sensitivities of peak soil moisture timing to changes in the timing of snowmelt
[Harpold et al., 2015;Maurer and Bowling, 2014]. Using soil moisture, snowpack, and air temperature observa-
tions from this network, we address two questions: (1) how do relationships between peak soil moisture
(PSM) timing and the day of snow disappearance (DSD) vary across ecoregions and (2) what is the regional
sensitivity of PSM timing to earlier DSD associated with warming and drying?

2. Data and Methods

Observations of snowwater equivalent (SWE, made with a snow pillow), accumulated precipitation (weighing
gauge), air temperature (naturally aspirated enclosure), and soil moisture were obtained from the SNOTEL
network (U.S. National Resources Conservation Service). Soil moisture was measured based on soil dielectric
permittivity (Stevens Hydraprobe I and II, Stevens Water Monitoring Systems, Inc.) using a standard calibra-
tion for all soil types with a measurement uncertainty of 3.4% [Seyfried et al., 2005]. A total of 259 SNOTEL
stations were used that met the criteria of at least 5 years of daily soil moisture data through water year
(WY) 2013. Of the 259 stations, 197 were forested [Xian et al., 2009], with the remaining in grassland, shrub-
land, and alpine areas. A quality assurance/quality control (QA/QC) procedure was applied to the SNOTEL
data sets. First, unrealistic values were removed, including negative SWE values or soil moisture values below
zero or above unity. Second, all daily soil moisture data outside of three standard deviations from the mean
were removed. Third, a manual screening was performed on the soil moisture data to identify shifts, spurious
trends, and other artifacts not captured by the automated procedures. Following QA/QC, the station record
lengths ranged from 4 to 17 years with a total of 2159 station years.

To answer question 1, we regressed the timing of snow disappearance against the timing of peak soil moist-
ure. The DSD was estimated as the first snow-free day at the snow pillow following annual maximum SWE.
Ablation season air temperature was calculated as the average daily temperature from the day of maximum
SWE to DSD. Tominimize the effects of soil texture variability, we analyzed only the timing of PSM and not the
magnitude of volumetric water content (VWC). The timing of PSMwas determined at a resolution of 0.01 VWC
and evaluated between the dates of initial snowpack accumulation and 1 September of every station year at
10 cm (PSM10), 20 cm (PSM20), and 50 cm (PSM50) soil depths. Linear regressions were developed for the
entire domain and for individual ecoregions; based on the Level III North American Terrestrial Ecoregions
[Wiken et al., 2011] that had > 60 station years of data. The slopes of these regression equations were com-
pared to evaluate the sensitivity of PSM timing to DSD across the different ecoregions. The R2 values, relating
DSD and PSM, were computed as one minus the ratio of the error sum of squares to the total sum of squares;
p values were computed based on F statistics.

To answer question 2, we investigated the effects of changing DSD on PSM timing. Future predictions of DSD
were made using historical relationships between air temperature and maximum SWE magnitude and tim-
ing. From first principles, the timing of snow disappearance is dictated by the timing of peak SWE and the
length of the snowmelt period [Trujillo and Molotch, 2014]. The length of the snowmelt period is dictated
by the magnitude of peak SWE and the snowmelt rate. Hence, we developed a multiple linear regression
model (equation (1)) to predict the length of melt (days) as a function of maximum SWE (cm), date of max-
imum SWE (SWEdate), and the average daily number of positive degree days (DD) during the melt period:

Lengthof melt ¼ a
SWE
DD

þ b SWEdate þ c

� �
(1)
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where a, b, and c are fitted parameters for each ecoregion.
Equation (1) is supported by the literature in that melt
length will become shorter via reduced SWE [Trujillo and
Molotch, 2014], increased DD (i.e., melt rate), and later
SWEdate [Jepsen et al., 2012; Trujillo and Molotch, 2014]. It
should be noted that the use of DD in equation (1) is
analogous to a temperature index snowmelt model
without inclusion of the melt parameter that links DD (°C)
and melt rate (mmd�1). It should also be noted that the
melt parameter (a, in this case) can vary over small
distances [Kumar et al., 2013] and thus can be a source of
regional uncertainty. The utility of temperature index
models stems from the high correlation between
temperature and other energy balance components [Sato
et al., 1984], including both shortwave and longwave
radiation [Rango and Martinec, 1995; Ohmura, 2001]. By
including SWEdate as an independent variable, the
equation accounts for temporal variability in the
relationship between DD and melt rate associated with
differences in solar irradiance due to time of year. Thus,
the negative b parameter found in all regions (see
supporting information) suggests that the melt length is
shortened with later SWEdate. Using equation (1), we then
predicted length of melt in each ecoregion under
plausible future scenarios of 1, 2, 3, and 4°C warming and
10%, 20%, 30%, and 40% reduced maximum SWE;
warming and SWE reduction scenarios were evaluated
independently and not concurrently. DSD was then
determined for each scenario by adding the predicted
length of melt to the historical mean date of peak SWE;
hence, scenario estimates of DSD are conservative
because shifts to earlier timing of peak SWE are not
accounted for. The timing of PSM under these scenarios
was then predicted using the PSM-DSD relationships
described above.

3. Results

The timing and magnitude of seasonal precipitation and
soil moisture was variable among and within 10 western
U.S. ecoregions (Table 1). The maximum SWE was greatest
in the Sierra Nevada ecoregion (median of 57 cm across all
station years) and smallest (median of 30 cm) in the
Northern Basin and Range. The median postmelt rainfall
was 13 cm across all station years or 23% of maximum
SWE on average. The median DSD was 16 May, which
was earliest in the Eastern Cascades (26 April) and latest
in the Middle Rockies (1 June). Consistent with DSD, the
median date of PSM was 15 May, with earliest PSM in
the Eastern Cascades (26 April) and latest in the Middle
Rockies (1 June). A linear relationship based on DSD
explained 40% of the variability in PSM10, with 65% of sta-
tion years having PSM10-DSD deviations of <14 days
(Figure 1a). The best fit slope was 0.79 days PSM10 perTa
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DSD, indicating that a 5 day shift in DSD resulted in a 4 day shift in PSM10 (Figure 1a). The timing of PSM10 was
correlated to PSM20 and PSM50 (R

2 = 0.31, p< 0.001 and R2 = 0.21, p< 0.001, respectively) (Figures 1b and 1c).
Not surprisingly, however, the deviation of PSM and DSD increased at deeper depths, suggesting that PSM50

was lagged behind PSM10. We focus our analysis on 10 cm soil depths (PSM10) because of the larger number
of station years compared to 20 and 50 cm depths.

All western U.S. ecoregions showed significant relationships (p< 0.001) between PSM10 and DSD (Figures 2a–2j),
with R2 values ranging from 0.33 (Blue Mountains, Figure 2b) to 0.66 (Central Basin and Range, Figure 2d). The
corresponding slope of the best fit regression varied between 0.66 in the Blue Mountains (Figure 2b) to 0.99 in
the Southern Rockies (Figure 2g), indicating significant regional variation in the sensitivity of PSM10 timing to
DSD. The sensitivity of PSM10 to earlier DSD was a function of the best fit slope. For example, in the Sierra
Nevada the slope was 0.95 (Figure 2a) indicating that PSM timing was quite sensitive to DSD. Conversely, the
Middle Rockies had a slope of 0.75 indicating less sensitivity in PSM10 to DSD (Figure 2i).

Empirical relationships used to predict DSD under future conditions (equation (1)) were robust with R2 values
ranging from 0.91 to 0.97 and RMSE values of 6.1 to 11.8 days compared to historical DSD observations. While
challenges arise in extrapolating these relationships to warming outside of historical conditions, the warming
scenarios provided an unbiased comparison of ecoregion sensitivity. An increase of 1°C led to a 3 day earlier
PSM10 on average, with 4 °C warming leading to between 6 and 17 days earlier PSM among ecoregions
(Figure 3a). The DSD was on average 2 days earlier for each 10% reduction in maximum SWE, which resulted
in 5 to 15 days earlier PSM for a 40% decline in SWE among ecoregions (Figure 3b).

Warmer ecoregions with higher accumulated degree days and lower postmelt rainfall (i.e., Sierra Nevada,
Blue Mountains, and East Cascades) were most sensitive to warming and drying. These results are intuitive
in that warmer regions have less ability to buffer the effects of regional warming, and wetter postmelt regions
have an additional source of soil water after snowmelt. The regional sensitivity was modulated by the slope of
the relationship between DSD and PSM10 (Figure 2); i.e., ecoregions with lower slope values had reduced
sensitivity of PSM10 to earlier DSD. Hence, despite larger changes in DSD from 4°C warming in the Blue
Mountains versus the Sierra Nevada (22 and 17 days, respectively), changes in the timing of PSM10 were
smaller in the Blue Mountains versus the Sierra Nevada (14 and 17 days, respectively) because of the relatively
lower sensitivity of PSM10 timing to earlier DSD in the Blue Mountains.

The most sensitive ecoregions to warming and drying (i.e., Sierra Nevada and Blue Mountains) had shifts in
PSM10 timing that were 2–3 times larger than the least sensitive ecoregions (i.e., Northern Rockies and
Central and Northern Great Basins) (Figures 3a and 3b). Ecoregions most sensitive to warming were also most

Figure 1. The relationship between peak soil moisture timing (PSM) and date of snow disappearance (DSD) for each station year at (a, c, and e) 10, 20, and 50 cm
depths. The colors represent point density from 1 to >60 (black line is 1:1). (b, d, and f) The corresponding histogram of PSM-DSD deviations for the three depths
are shown below (black dashed line is 1:1 relationship).

Geophysical Research Letters 10.1002/2015GL065855

HARPOLD AND MOLOTCH SOIL MOISTURE AND CHANGING SNOWMELT 8014



Figure 2. Best fit linear relationship (dotted red line) between PSM and DSD in the 10 ecoregions. All stations show
significant relationships between PSM and DSD (p< 0.001). Solid line is a 1:1 relationship.
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sensitive to drying, which has the potential to accentuate regional differences. For example, warming of only
1°C in areas like the Sierra Nevada, Blue Mountains, and East Cascades would exacerbate changes in PSM10

associated with interannual variability or long-term declines in SWE accumulation (i.e., 10–40% less SWE).
Conversely, regions like the Northern Rockies and Great Basin would have negligible changes in PSM10 timing
from a 1°C warming. It is also likely that these estimates of earlier PSM10 may be conservative, as both
reduced maximum SWE and warmer temperatures are expected to shift the beginning of melt (i.e., date of
maximum SWE) earlier [Harpold et al., 2012; Kapnick and Hall, 2012], which was not considered here.

4. Discussion

The sensitivity of PSM to earlier DSD varied across western U.S. ecoregions (Figure 2), with regional differ-
ences becoming more accentuated under warming and drying scenarios (Figure 3). The warming scenarios
applied (i.e., 1–4°C) generally align with expected mid-21st century warming of 0.8–1.7°C [Barnett et al.,
2005] and end of century warming of 3–5°C in the western U.S. [Leung et al., 2004; Christensen et al., 2007].
The relatively high sensitivity of PSM10 timing to warming in the Sierra Nevada and Pacific Northwest, versus
other parts of the western U.S., corresponds with observed spatial changes in twentieth century snowmelt
[Kapnick and Hall, 2012] and streamflow timing [Cayan et al., 2001; Stewart et al., 2005]. The reduced
maximum SWE scenarios (i.e., 10–40% decreased SWE) are consistent with expected decreases in snow
accumulation across the western U.S. that have been estimated at 20–70% by midcentury [Leung et al.,
2004]. The combined effects of warming and reduced SWE on PSM timing were similar in magnitude and
spatial distribution to midcentury estimates of changes in streamflow timing from hydrological simulations;

Figure 3. Effects of (a) warming and (b) drying on peak soil moisture (PSM) timing using a multiple linear regression
relationship in each of 10 ecoregions. Both warming and drying resulted in earlier (negative) PSM relative to the baseline
(i.e., historical mean) in nearly all cases, but the magnitude of change varied substantially across ecoregions. The historical
mean PSM date is shown in Figure 3b.

Geophysical Research Letters 10.1002/2015GL065855

HARPOLD AND MOLOTCH SOIL MOISTURE AND CHANGING SNOWMELT 8016



i.e., 5–30 days earlier with the largest impacts in the maritime mountains [Hamlet et al., 2007; Rauscher et al.,
2008]. However, our results demonstrate that attributing earlier streamflow timing solely to shifts in
snowmelt timing [e.g., Cayan et al., 2001] neglects the role of regional-scale soil hydrology in modifying
streamflow response.

Our results represent the first broad-scale, observation-based study to document the sensitivity of the timing
of soil water availability to changes in climate. The observations indicate that warmer ecoregions with lower
summer rainfall will have heightened sensitivity to earlier snow disappearance. Evaluation of themechanisms
causing uneven regional sensitivity will require detailed vegetation, climate, and soil properties that are not
available at SNOTEL stations. In addition, the SNOTEL network is limited to relatively flat areas and does not
sample gradients in slope, aspect, and elevation [Molotch and Bales, 2006;Meromy et al., 2013]. The flat topo-
graphy and lack of soil moisture transects impeded investigations into the role of lateral redistribution of
water, which can have important impacts on streamflow and hydrological partitioning [McNamara et al.,
2005; Tague and Peng, 2013]. Moreover, variability in soil properties within the SNOTEL network makes an
explicit comparison of soil moisture magnitudes unwise given their sensitivity to soil properties (i.e., porosity
and soil water retention curves). Other locational biases in the SNOTEL network prevent analysis of areas with
intermittent snow cover which may become more widespread as the climate warms; changes in PSM-DSD
relationships should be expected as a consequence of multiple DSD during a given water year. The
SNOTEL stations also lack observations of radiative and turbulent heat fluxes that are needed to force more
complex snowmelt models (e.g., SNOWPACK; Lehning et al., 2006). As a result, the work presented here did
not include possible snowmelt sensitivities to light-absorbing impurities, such as dust, which strongly
influence snowmelt rates in some environments [Painter et al., 2007; Skiles et al., 2015]; it is important to note,
however, that snowmelt processes alone are not solely responsible for PSM-DSD relationships observed here.
Instead, differences in infiltration and soil water storage must partially explain uneven PSM-DSD coupling
across regions. This study provides an important phenomenological response to changing snowpack;
however, fully understanding the associated ecohydrological implications will require hillslope-scale soil
moisture and soil property observations and modeling across western U.S. ecoregions [Williams et al., 2009;
Bales et al., 2011]. Development of new soil moisture observations from emerging in situ networks [Larson
et al., 2008; Zreda et al., 2012] and remote sensing [Dubois et al., 1995; Entekhabi et al., 2010] hold promise
for identifying the mechanisms driving regional differences in PSM-DSD relationships.

In addition to providing new insights into soil moisture sensitivity to climate change, our findings elucidate
the processes delivering water to streams and forest ecosystems. We found stronger coupling (p< 0.10)
between the timing of PSM10 and DSD at individual stations (124 of 259 stations) relative to comparisons
of peak SWE and average summer soil moisture (16 of 254 stations) performed by Maurer and Bowling
[2014]. This suggests that the timing of soil water availability may be more predictable than the magnitude
of soil water availability with respect to future climate warming. Our results support the findings of Maurer
and Bowling [2014] that deep soil moisture exhibits significant sensitivity to snowmelt timing andmagnitude,
which was contrary to Blankinship et al. [2014] who found little sensitivity of deep soil moisture to variable
snowmelt. It is important to note that summer rainfall complicated these snowmelt-soil moisture relation-
ships, as 19% of station years analyzed here had PSM10 occurring >2weeks after DSD. We infer that earlier
DSD has the potential to reduce antecedent wetness conditions and thus alter the role of summer rainfall
in streamflow generation, e.g., reducing hydrological connectivity [McNamara et al., 2005; Tague and Peng,
2013] and groundwater recharge [Huntington and Niswonger, 2012; Godsey et al., 2014].

Our results have significant implications for how changes in climate will impact vegetation phenology, pro-
ductivity, and transpiration. Earlier snowmelt and associated alterations to the timing of soil water availability
will shift the onset of the growing season earlier in the year [Hu et al., 2010; Sacks et al., 2007; Cayan et al.,
2001]. The predictions that PSM10 timing will advance by 1.6–4.3 days per 1°C of warming were consistent
with observed earlier bloom dates of 4.5 days for lilac and honeysuckle and 5.5 days for subalpine meadow
species per 1°C of warming found during the later part of the twentieth century in the western U.S. [Cayan
et al., 2001; Dunne et al., 2003]. Vegetation phenology response to changing snowmelt timing is complex,
however, with species-level differences, elevation range, frost damage, magnitude of soil moisture, and soil
temperature all exerting some influence on the timing of flowering [Sparks and Carey, 1995; Inouye et al.,
2002; Dunne et al., 2003]. Both ground-based and remote sensing observations indicate that gross primary
productivity and greenness of mountain forest ecosystems increases during larger snowpack years,
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despite shorter growing seasons [Hu et al., 2010; Trujillo et al., 2012]. As a result, late summer forest transpiration
and productivity will likely be reduced unless water availability is maintained by soil water storage or summer
rainfall [Hu et al., 2010; Scott-Denton et al., 2013; Parida and Buermann, 2014]. Therefore, water limitations on
forest transpiration and productivity will be particularly acute in ecosystems with thin, well-drained soils,
shallow-rooted plants, and low summer precipitation.

Our results add mechanistic explanation to the growing body of literature suggesting regional warming
causes increased drought stress in forests [Allen et al., 2010; Williams et al., 2013] and vulnerability to distur-
bance [Lenihan et al., 2003; Westerling et al., 2006]. A shift toward earlier PSM has important implications for
species defenses to common tree pathogens [Kaiser et al., 2013; Hart et al., 2014] and increasing fuel for
severe forest fires [Lenihan et al., 2003;Westerling et al., 2006].Westerling et al. [2006] showed that years with
earlier snowmelt (e.g., 5 days earlier than average) had 3–10 times greater frequency of high-intensity forest
fires relative to years with late snowmelt at the elevations examined here. Our empirical model indicated that
a 1°C warming would shift PSM10 5 days earlier in the most sensitive ecoregions (i.e., the Sierra Nevada and
Blue Mountains), and a 3°C warming would lead to >5 days earlier PSM10 in all ecoregions (Figure 3a).
Consequently, the degree of soil moisture-snowmelt coupling represents an important mechanism to
identify high-elevation forests at risk for increased disturbance as a consequence of changes in
regional climate.

5. Conclusions

Using 2159 station years of paired soil moisture and snow observations from across the western U.S., we
showed that the DSD explains 40% of the variability in PSM10. On average, a 5 day earlier DSD led to a
4 day earlier PSM10. PSM10 shifted between 3.3 and 5.0 days earlier per 5 day change in DSD for the 10
western U.S. ecoregions considered. Empirical relationships used to estimate future DSD and PSM under
scenarios of 1–4°C air temperature increases showed that PSM timing occurs 1.6–4.3 days earlier for each
1°C of warming. Scenarios evaluating PSM timing with 10%–40% reductions in maximum SWE indicated that
PSM timing occurs 1.2–3.6 days earlier with each 10% reduction in maximum SWE. Estimated changes in the
timing of PSM based on warming estimated for the middle and end of the 21st century ranged from 1 to
9 days and from 6 to 17 days among ecoregions, respectively. Thus, warming temperatures could substan-
tially exacerbate peak soil moisture variations due to typical interannual snowpack variations, as well as
long-term changes in snow accumulation. Due to differences in winter air temperature and summer rainfall,
maritime ecoregions (e.g., the Sierra Nevada, Blue Mountains, and Eastern Cascades) were 2–3 times more
sensitive to warming and drying scenarios than interior mountain ranges (e.g., the Middle and Southern
Rockies). Our observations suggest that soil hydrological processes can both exacerbate and moderate
changes in snowmelt timing. This new information requires that mechanistic explanations for uneven
regional streamflow response to warming expand from only focusing on snowmelt variability [e.g., Cayan
et al., 2001] to more fully consider the role of soil hydrology [Hamlet et al., 2007; Koster et al., 2010].
Consequently, our predictions of future changes in PSM timing associated with warming and drying have
new and broad implications for runoff generation mechanisms, forest productivity and phenology, and vul-
nerability to disturbance.
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