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Abstract The western United States (US) is a hotspot for snow drought. The Oregon Cascade Range is
highly sensitive to warming and as a result has experienced the largest mountain snowpack losses in the western
US since the mid-20th century, including a record-breaking snow drought in 2014-2015 that culminated

in a state of emergency. While Oregon Cascade snowpacks serve as the state's primary water supply, short
instrumental records limit water managers' ability to fully constrain long-term natural snowpack variability
prior to the influence of ongoing and projected anthropogenic climate change. Here, we use annually-resolved
tree-ring records to develop the first multi-century reconstruction of Oregon Cascade April 1st Snow Water
Equivalent (SWE). The model explains 58% of observed snowpack variability and extends back to 1688 AD,
nearly quintupling the length of the existing snowpack record. Our reconstruction suggests that only one other
multiyear event in the last three centuries was as severe as the 2014-2015 snow drought. The 2015 event alone
was more severe than nearly any other year in over three centuries. Extreme low-to-high snowpack “whiplash”
transitions are a consistent feature throughout the reconstructed record. Multi-decadal intervals of persistent
below-the-mean peak SWE are prominent features of pre-instrumental snowpack variability, but are generally
absent from the instrumental period and likely not fully accounted for in modern water management. In the face
of projected snow drought intensification and warming, our findings motivate adaptive management strategies
that address declining snowpack and increasingly variable precipitation regimes.

1. Introduction

The western United States (US) is a global snow drought hotspot (Huning & AghaKouchak, 2020b), and has
experienced significant mountain snowpack declines (~15%-30%) since the mid-1900s (Mote et al., 2018). In
particular, the Cascade Range (Cascades) in the US Pacific Northwest (PNW) has undergone the most dramatic
declines during the instrumental era (Mote et al., 2005, 2018), with the largest climate sensitivities and reduced
snowpack predictability (Livneh & Badger, 2020). Oregon has sustained the greatest reductions (Mote, 2003;
Mote et al., 2005) and contains approximately half of “at-risk”” Cascades snow (Nolin & Daly, 2006). Analysis of
observational data sets dating to the mid-20th century suggest a 16% loss in Cascades snowpack independent of
internal variability from 1930 to 2007 (Stoelinga et al., 2010).

Oregon Cascade snowpacks act as natural reservoirs for water supply that are slowly released in the spring and
summer months when demand is highest (Barnett et al., 2005; Siirila-Woodburn et al., 2021). Located adjacent
to the state's largest human population centers, they supply up to 75% of annual societal, economic, agricul-
ture, and ecosystem water demands (United States Department of Agriculture, Natural Resources Conservation
Service, 2022). The potential impacts of snow drought (Harpold et al., 2017) in Oregon were brought into sharp
focus during the 2014-2015 snow drought event (spanning the 2014 and 2015 water years) when near-average
winter precipitation was accompanied by exceptionally warm temperatures, resulting in precipitation primar-
ily falling as rain rather than snow (a “warm snow drought”) (Cooper et al., 2016; Harpold et al., 2017; Mote
et al., 2016). Along with much of the western US, 76% of Oregon's long-term snow monitoring sites reached
synchronous record-breaking low April 1 Snow Water Equivalent (SWE) measurements in 2015 (Mote
et al., 2016; Natural Resources Conservation Service, 2015). This produced severe and costly ecological, societal,
and economic consequences throughout the state (Northwest Interagency Coordination Center, 2016; Oregon
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Department of Fish and Wildlife, 2015; Oregon State University, 2018; The Washington Times, 2015). This
drought culminated in Oregon's Office of the Governor declaring a drought emergency and $2.5 million in agri-
cultural sector drought mitigation costs alone (Oregon Office of the Governor, 2015; Oregon Water Resources
Department, 2015; The Oregonian, 2015).

Relative to other western US mountain ranges, Oregon Cascade snowpacks are particularly susceptible to atmos-
pheric warming trends (Mote et al., 2005) due to mild mean winter air temperatures that are close to the freezing
level (Livneh & Badger, 2020; Mote et al., 2005). Warming winter and spring temperatures, particularly since the
1970s, are likely the primary driver of observed snowpack declines (Cayan et al., 2016; McCabe & Wolock, 2009),
despite increases in precipitation (Mote, 2003; Mote et al., 2005). Resulting changes in the amount, timing,
and phase of winter precipitation over the past several decades have led to earlier snowmelt and peak stream-
flow timing (Cayan et al., 2001; Dettinger & Cayan, 1995; Fritze et al., 2011; Kapnick & Hall, 2012; Regonda
et al., 2005; Stewart et al., 2005), decreases in annual streamflow (Luce & Holden, 2009), more severe forest pest
and pathogen outbreaks (J. M. Vose et al., 2012; Kolb et al., 2016), and increased frequency and severity of large
wildfires (Dennison et al., 2014; Littell et al., 2009; Westerling et al., 2006). The vulnerability of water supplies
and ecosystems to Oregon Cascade snow droughts is exacerbated by the steep and fast-draining watersheds that
characterize the range, paired with low reservoir storage capacity (as low as ~25% of annual streamflow runoff)
(Graf, 1999; Tague & Grant, 2004). Further, aging reservoir and dam infrastructure and operational guidance
are not adequately designed for recent shifts in the snow-to-rain ratio, earlier snowmelt timing, and unpredict-
able transitions from very dry to very wet years (climate “whiplash” events) (Li et al., 2017; Siirila-Woodburn
et al., 2021; Swain et al., 2018; Vicuna & Dracup, 2007). Projected declines in SWE will likely result in reduced
hydroelectric generation, which is currently used to offset non-renewable energy sources and supplement renewa-
ble sources, such as solar, in the peak demand season (mid-to-late summer) (A. Marshall & Chen, 2022).

Understanding long-term Oregon Cascade snow drought variability is critical to inform mitigation and adap-
tion strategies aimed at lessening statewide impacts of projected snowpack decline. Observational SWE data
sets are commonly leveraged to examine snow drought behavior across the western US since the 1950s (e.g.,
Mote, 2003, 2006; Mote et al., 2005, 2008, 2018; Fyfe et al., 2017; Harpold et al., 2012; Hatchett & McEvoy, 2018;
Kapnick & Hall, 2012; Pierce et al., 2008; Regonda et al., 2005). However, short instrumental data availability
makes it impossible to constrain the full range of natural snowpack variability prior to recent anthropogenic
climate change (B. I. Cook et al., 2018; Huning & AghaKouchak, 2020a) or to identify possible recent departures
from relatively stationary long-term hydroclimate (Milly et al., 2008). To address these challenges, we introduce
the first annually-resolved, multicentennial Oregon Cascade snowpack reconstruction using tree-ring records.
We leverage this new record to: (a) examine the magnitude and duration of snow droughts and snow “whiplash”
events, (b) quantify intervals of persistent below-average snowpack, and (c) assess the severity of the 2-year
2014-2015 snow drought in a multicentennial context.

1.1. Study Region

The Oregon Cascades extend from the Columbia River to the northern border of California, and encompasses three
arboreal Level III ecoregions: the Cascades, the Eastern Cascades Slopes and Foothills, and the Klamath Mountains
(Environmental Protection Agency, 2020) (Figure 1). The range is located approximately 120 km inland with eleva-
tions as low as 750 m asl and some major volcanic peaks exceeding 3,000 m asl including the highest, Mount Hood
(3,427 m asl) (Figure 1c). Winter snowpacks (Figure 1b) provide runoff that serves PNW communities' water and
energy supply needs throughout the year, especially during summer and autumn. In the Willamette Valley, where over
70% of Oregon's population lives, approximately 80% of the summer streamflow used to meet municipal, agricul-
tural, and ecosystem demands is derived from the >1,200 m asl snow zone (Brooks et al., 2012; Jaeger et al., 2017).

The hydroclimate of the Oregon Cascades (between ~121°-123° West and ~42°—45.5° North) is characterized
by mild and wet winters with temperatures averaging approximately —2°C, and dry but moderately warm summer
and fall temperatures averaging 23°C (University of California Merced Applied Climate Science Lab, 2022).
Orographic lifting of moisture-rich frontal air masses derived from the Pacific Ocean and transported by the
westerly midlatitude storm track, primarily during the cool-season, yields approximately 760-1,395 cm total
mean annual snowfall, and varies with elevation (Stoelinga et al., 2010; Western Regional Climate Center, 2022).
The dominant seasonal snowpack regime (Hatchett, 2021) is classified as maritime, with a relatively warm and
deep snow cover type, higher maximum snow accumulations with shorter accumulation periods (<220 days),
and an earlier onset of the snowmelt season compared to inter-mountain and continental western US snowpack
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regimes (Trujillo & Molotch, 2014). The Oregon Cascades were identified as highly sensitive (“at-risk”; (Nolin
& Daly, 2006)) in the transition from seasonal to ephemeral snowpacks during low-snow years, as seen in water
year 2015 (Hatchett, 2021). Regional April 1 snowpacks may accumulate and persist as low as 750 m asl (E.
Sproles et al., 2013). These snowpacks vary semi-independently both from those in Washington (Cayan, 1996;
Hatchett, Koshkin, et al., 2022; Mote et al., 2018) and also south of the Pacific dipole transition zone located
between 40 and 42°N in northern California (Wise, 2010). Oregon Cascade snowpack dynamics are also influ-
enced by internal large-scale ocean-atmosphere climate modes, as well as forced (external) mechanisms includ-
ing anthropogenically-driven warming (Barnett et al., 2008; Pierce et al., 2008). Shifts in tropical convection and
patterns of both tropical and midlatitude sea surface temperatures (SSTs) associated with low frequency modes of
Pacific climate variability (Intergovernmental Panel on Climate Change, 2022), such as the Interdecadal Pacific
Oscillation (Power et al., 1999) and the El Nifio Southern Oscillation (ENSO), influence large-scale North Pacific
atmospheric pressure and temperature gradients (Patricola et al., 2020). The resulting Rossby wave patterns,
manifesting as the Pacific-North-America Pattern, affects the position and strength of the Pacific stormtrack
and atmospheric river landfall frequencies, factors that ultimately influence the distribution and magnitude of
regional cool-season precipitation (Gibson et al., 2020; Hudson et al., 2019). While El Nifio (La Nifia) typically
results in low (high) PNW April 1 SWE and influences western North America by creating a north-south spatial
dipole pattern (Cayan, 1996), Pacific decadal variability further amplifies winter ENSO conditions when they
are in phase (e.g., negative phase of La Nifia) (Gershunov & Barnett, 1998). The spatial pattern of ENSO-related
SST anomalies (particularly during strong El Nifio events) also influences the ENSO-western US precipitation
teleconnection (Patricola et al., 2020). Together, these climate modes account for 61% of year-to-year varia-
tion in the western US snowpack regime (McCabe & Dettinger, 2002). Internal climate variability can offset
snowpack declines (Siler et al., 2019) and also introduce large uncertainties in both short- and long-term snow-
pack projections even though the loss of snowpack is expected to be strongly exacerbated by the influence of
anthropogenically-induced warming (Mankin et al., 2015, RCP8.5) (Rhoades et al., 2022, SSP585).

Along with much of the western US, the Oregon Cascades have experienced increases in winter tempera-
tures (Stewart et al., 2005), winter rain-to-snow ratios (Knowles et al., 2006; Lynn et al., 2020), rain-on-snow
event frequencies (McCabe et al., 2007), flood risk (Hamlet & Lettenmaier, 2007), and freezing elevations
(Abatzoglou, 2011), as well as earlier average peak snowpack dates (E. Sproles et al., 2013). Rising winter
and spring temperatures are primarily driving these shifts, with the greatest risk to low-elevation, ephemeral
snowpack (Hatchett, 2021; Nolin & Daly, 2006). Oregon Cascade April 1 SWE is strongly influenced by winter
and spring temperatures, rather than precipitation alone (Cayan, 1996). Furthermore, increasing wildfire size
and severity are substantially (>200%) increasing the solar radiation absorbed by snowpack in burned forests
by decreasing snow albedo and canopy interception (Gleason et al., 2013, 2019; Hatchett, Rhoades, et al., 2022;
Koshkin et al., 2022). Throughout the 20th to early-21st centuries, mean annual temperatures have increased
by approximately 0.8°C across the PNW, with a projected mean annual increase of 2.03°C (2.59°C) by the
mid-century (2036-2065) under the RCP4.5(RCP8.5) emission scenario (R. Vose et al., 2017). Model-based
projections for the Cascades estimate peak snowpack declines of 50%—70% (Siirila-Woodburn et al., 2021, incor-
porating RCP4.5, RCP8.5, and SRES A2 emission scenarios) with decreases in snow-derived runoff from 78%
to 44% by 2100 (Li et al., 2017, RCP8.5). Cooper et al. (2016) suggests that with each 1°C warming, peak
SWE declines may reach up to 30% in some Oregon Cascade watersheds, with a 28% shift in snow to rain; and
under 2°C warming, snow is virtually eliminated at low- and mid-elevations. Very high-end emissions scenarios
provide a signal that can help diagnose the sensitivity of the climate system to perturbations or to establish worse
case scenarios; however, at the moment these (e.g., RCP8.5) are unlikely to occur (Hausfather & Peters, 2020).

1.2. Tree-Ring Based Snowpack Reconstruction in Oregon

Tree-ring records have been successfully used to estimate pre-instrumental variability in temperature
(Anchukaitis & Smerdon, 2022; Esper et al., 2018), precipitation (Stahle & Cleaveland, 1994; A. Williams

Figure 1. (a) Map of the Oregon Cascade topography and tree-ring chronology network. Snow courses used in the Oregon Cascade Snow Water Equivalent (SWE)
record are shown as blue triangles. Chronologies included in the reconstruction model predictor pool are pink squares. Final selected model predictors are gold stars. (b)
As in (a) but showing 1982-2017 median peak snowpack based on a gridded 4 km horizontal resolution SWE product (Zeng et al., 2018). The black contour delineates
seasonal from non-seasonal snowpacks (Hatchett, 2021). (c) Cascade-specific context map (from panel a) of hillshade and topography, overlain with peak SWE as
contours, with 100, 200 and 800 mm threshold values. Photographs of the (d) Mt. Hood site, an energy-limited location, and (e) the Frederick Butte site, a moisture-
limited location.
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et al., 2021), soil moisture drought (E. R. Cook & Jacoby, 1977; E. R. Cook et al., 2004; Stockton & Meko, 1975),
glacier mass balance (Pederson et al., 2004), major climate modes (E. R. Cook et al., 1998; Fritts et al., 1979;
LaMarche, 1974; Lough & Fritts, 1985), and streamflow (Stockton & Jacoby, 1976; C. A. Woodhouse &
Lukas, 2006). High-resolution, precisely- and annually-dated dendrohydrological reconstructions are used
worldwide to supplement and extend instrumental hydroclimate data sets on timescales relevant to both water
resource management and climate change mitigation and adaptation (Galelli et al., 2021; Loaiciga et al., 1993;
D. M. Meko & Woodhouse, 2011; D. Meko et al., 2012; Sauchyn et al., 2015; C. Woodhouse & Lukas, 2006; C.
Woodhouse et al., 2016). Even ~50 years of additional hydroclimate data can significantly alter and better inform
water management-relevant statistical analyses, including more precise calculations of frequency and return
periods (Huning & AghaKouchak, 2020a), and refining predictions of future hydrologic changes (Coulthard
et al., 2016; Hart et al., 2010; Rodenhuis et al., 2009; Whitfield et al., 2010). A recognition of the urgent need for
extended snowpack records has resulted in several tree-ring derived reconstructions directly targeting snowpack
(Coulthard et al., 2021). These reconstructions exist throughout the western US (Anderson, 2010; Anderson
etal., 2012; Barandiaran et al., 2017; Belmecheri et al., 2016; Brice et al., 2021; Harley et al., 2020; Lepley, 2018;
Pederson et al., 2011; Timilsena & Piechota, 2008; Thornton, 2018; Touchan et al., 2021; Tunnicliff, 1975; C.
A. Woodhouse, 2003). In Oregon, tree-ring derived reconstructions document ongoing hydroclimate shifts in
Upper Klamath Basin water year precipitation (Malevich et al., 2013), Columbia River Basin streamflow (Littell
et al., 2016), Crater Lake water levels (D. L. Peterson et al., 1999), and Central Oregon soil moisture (Pohl
et al., 2002). Snowpack reconstructions for the adjacent North Cascades (Harley et al., 2020) and Sierra Nevada
(Belmecheri et al., 2016) both demonstrated the magnitude of the 2014—2015 snow drought was unprecedented
relative to the past several centuries. However, no such records exist for Oregon Cascade snowpacks. Thus, a
regional perspective on natural and forced interannual snowpack variability is missing.

Two distinct types of tree-ring chronologies sensitive to snowpack fluctuations exist in the Oregon Cascades,
allowing the development of snowpack reconstructions (Coulthard et al., 2021). Energy-limited chronologies are
derived from high-elevation conifer species that experience deep maritime snowpacks and whose ring widths are
often negatively correlated with annual maximum SWE as a result of snow truncating the length of the growing
(energy) season (Heikkinen, 1985; D. W. Peterson & Peterson, 1994, 2001; D. W. Peterson et al., 2002). These
late-melting snowpacks are thought to control soil temperature, the timing of soil moisture availability to tree
root systems, and cambium reactivation in a variety of conifer species including Silver fir (Abies alba), Subal-
pine larch (Larix lyallii), and Mountain hemlock (Tsuga mertensiana) (Coulthard et al., 2021; Emmingham &
Waring, 1977; Kirdyanov et al., 2003). Moisture-limited chronologies are derived from mid- to low-elevation coni-
fer species growing in semiarid and/or rainshadow environments that primarily depend upon snowmelt-derived
soil moisture for growth (Coulthard et al., 2021). In contrast with energy-limited snow proxies, annual radial
growth is positively correlated with annual maximum SWE (D. W. Peterson & Peterson, 2001; D. W. Peterson
et al., 2002). Responsive species include Western juniper (Juniperus occidentalis), Douglas-fir (Pseudotsuga
menziesii), and Ponderosa pine (Pinus ponderosa).

2. Materials and Methods
2.1. Development of an Oregon Cascade Composite SWE Record

Oregon April 1 snow course SWE records (based on manual snow surveys) located west of —121° and above
900 m asl were acquired from the United States Department of Agriculture Natural Resources Conservation
Service's (NRCS) National Water and Climate Center (United States Department of Agriculture, Natural
Resources Conservation Service, 2022). We elected to use snow course data sets due to their earlier (~1930s) start
dates, compared to NRCS' Snow Telemetry (SNOTEL) stations (records typically begin in the early ~1980s).
Additionally, snow course data sets are more regionally representative, correlate with one another over larger
distances, and have less short-scale variability than SNOTEL sites (Dressler et al., 2006). April 1 typically repre-
sents maximum annual snow accumulation in the Cascades (Cayan, 1996; Mote et al., 2005; Serreze et al., 1999)
and a 900 m asl elevation threshold was applied in order to account for lower-elevation SWE fluctuations while
not being strongly biased toward the ephemeral snow zone. The Oregon Cascades rain-snow transition zone
fluctuates around 400-1,200 m asl (Marks et al., 1998; Tague & Grant, 2004; E. Sproles et al., 2013) and low-
to mid-elevation stations may not accurately represent April 1 peak SWE accumulation in this region (Roth
& Nolin, 2017). Finally, SNOTEL station data sets were not of sufficient duration for robust tree-ring model
calibrations.
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Observational snow data presents many challenges. Given snow courses' still relatively short duration, a tendency
for substantial missing data, and potential dissimilarity even between neighboring locations, we applied a series
of tests to identify a robust and spatiotemporally representative SWE record for the Oregon Cascades. We retained
only those snow course records that were at least 50 years in length and extended through at least 2018, that did
not have any consecutive missing years, and that had no more than one missing year within any given 35 year
period. Missing values in the records that were retained were replaced with the corresponding station's long-term
record mean. Any record that failed a Shapiro-Wilk test for normality were omitted from further analysis (R Core
Team, 2019; Royston, 1982). The resulting pool of SWE records were truncated to the length of the shortest data
set and we calculated the simple arithmetic mean. This mean SWE time series (hereafter, the “Oregon Cascade
SWE record”) allows straightforward and quantitative interpretations, as opposed to composite SWE records
derived from alternative methods (e.g., Principal Components Analysis), which result in dimensionless indices
and is better suited for larger data sets.

2.2. Tree-Ring Data

The tree-ring data used in this study were derived from (a) existing and potentially energy- and moisture-limited
tree-ring measurements for the state of Oregon archived at the National Oceanic and Atmospheric Administra-
tion's International Tree-Ring Data Bank (ITRDB) (National Oceanic and Atmospheric Administration, 2020),
and (b) new and updated chronologies with established statistical correlations with SWE (Coulthard et al., 2021)
from Mt. Hood, Oregon (Tsuga mertensiana, sampled in 2019) and Frederick Butte, Oregon (Juniperus occiden-
talis, sampled in 2020). At these sites, two or three cores were extracted from a minimum of 20 trees at each site
using an increment borer. Cores were mounted on slotted boards and surfaced following standard dendrochron-
ological procedures (Stokes & Smiley, 1968). Each tree-ring sequence was visually and graphically dated and
then measured (including the early-wood (EW), late-wood (LW), and total ring width (RW)) to a resolution of
0.001 mm using a Velmex measuring stage and the Tellervo measurement software (Brewer, 2014). The bound-
ary between early- and late-wood was defined as the point where >50% of the xylem cells showed a reduction
of cell volume and increased lignification surrounding the cell walls (Crawford et al., 2015; Stahle et al., 2009).
Crossdating accuracy was confirmed statistically using the program COFECHA (Holmes, 1983). Where raw
measurement series already existed at the sample site, the updated series collected for this study were crossdated
with existing measurements from the ITRDB (National Oceanic and Atmospheric Administration, 2020).

Each tree-ring measurement series was detrended by fitting a negative exponential growth curve and dividing RW
measurements by the value of that curve to remove age-related (non-climatic) growth trends (E. R. Cook, 1985;
E. R. Cook & Kairiukstis, 1990; Fritts, 1976; Stokes, 1996) using the Dendrochronology Program Library (dpIR)
package (Bunn, 2008) in the R programming language (R Core Team, 2019). A negative exponential curve was
selected based on sensitivity tests (including considering stiff smoothing splines, Friedman's super smoother, and
Signal-free methods), since it best preserved medium- to high-frequency variability and conservatively removed
age-related growth trends without introducing any “end-effect” biases (E. R. Cook & Peters, 1997). Tree-ring
measurement series for each site were then standardized as dimensionless growth indices and an arithmetic mean
was used to estimate the final standard chronologies (E. R. Cook & Kairiukstis, 1990). Retaining the persistence
within tree-ring data provides invaluable information to accurately estimate annual SWE conditions, therefore we
used standard chronologies, rather than pre-whitened chronologies, which removes autocorrelation. Standard
tree-ring series statistics were used to examine chronology quality and common signal, including the expressed
population signal (EPS) (Wigley et al., 1984), series intercorrelation, average mean sensitivity, and the mean
correlation coefficient (RBAR) (E. R. Cook et al., 1990). The EPS statistic is used to assess the adequacy of the
sample size for capturing a hypothetical population growth signal (Wigley et al., 1984). Chronologies were trun-
cated where EPS fell below 0.80 (Wigley et al., 1984). Furthermore, chronologies which did not extend forward
in time to at least 2005 and backward in time to at least 1800 were omitted to maintain a minimum >40 years
calibration period and longer segment length.

To identify tree-ring chronologies that could be used as proxies for Oregon Cascade SWE, Pearson's product
moment cross-correlation tests were calculated to examine the strength of linear relationship between each
chronology (including time-lagged relationships, t — 1, £ + 1), and the Oregon Cascade SWE record (E. R.
Cook et al., 1999). We tested the lagged relationships since tree-ring chronologies often retain temporally auto-
correlated information about hydroclimate variability even after age-related growth trends are removed in the
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detrending process (E. R. Cook & Kairiukstis, 1990; Coulthard et al., 2020; Lepley et al., 2020). For example,
a forward-lagged tree ring (¢ + 1) from 1979 may inform on SWE in year 7 (1980) based on autocorrelation in
the climate system itself. That is, a high snowpack in 1980 may be more likely given a high snowpack in 1979
(E. R. Cook & Kairiukstis, 1990). A backward-lagged tree ring (r — 1) from 1981 may inform on SWE in year ¢
(1980) based on autocorrelation in the tree biology and metabolism (e.g., carbohydrate storage), such that snow-
pack conditions in 1980 pre-condition growth (via carryover soil moisture) in the following year (E. R. Cook
& Kairiukstis, 1990). Only chronologies that were significantly correlated (p < 0.05) with the Oregon Cascade
SWE record were retained in the candidate predictor pool for the reconstruction.

2.3. Reconstruction Model

The candidate predictor chronologies were entered into a forward stepwise multiple linear regression model to
calibrate the reconstruction model for the Oregon Cascade SWE record (E. R. Cook & Kairiukstis, 1990). We used
an initial calibration period from 1966 to 2010. The best model was selected based on a suite of statistical diag-
nostics including the model explanatory power (R? and adjusted R? statistic), assessment of model fit (analysis of
the model residuals, Durbin-Watson (DW), and variance inflation factor (VIF) statistics), the standard error (SE)
of the model estimate, and an estimate of the statistical significance of the regression equation (F-statistic). We
used a leave-one-out cross-validation procedure to verify that the model was statistically robust (Fritts, 1990; D.
Meko, 1997; Michaelsen, 1987; Snee, 1977). In this procedure, we calculated the average error of the reconstruc-
tion's predictions for the withheld observations (root means square error of the cross-validation (RMSEv)), and a
measurement of skill of the model's prediction (the reduction-of-error (RE) statistic) (Gordon, 1982). We also used
a split-sample cross-validation procedure to ensure that correlations were stationary over time, and not dominated
by a couple of decades. Based on this suite of diagnostics, the final model was then calibrated with the complete
Oregon Cascade SWE record and used to reconstruct historical SWE over the available length of the predictor
tree-ring data sets (E. R. Cook & Kairiukstis, 1990). We did not use a nesting approach, so the reconstruction is
constrained by the temporal extent of the youngest (shortest) tree-ring chronology. Lastly, in order to then compare
the reconstruction to the most recent observational SWE values, we used quantile mapping to correct for bias using
the overlapping period of observations and reconstruction (Gudmundsson et al., 2012; Robeson, 2015; Robeson
et al., 2020).

2.4. Runs Analysis and Snow “Whiplash”

To quantify the magnitudes and duration of Oregon Cascade snow droughts, we conducted a runs analysis
(Gonzélez & Valdés, 2003; Griffin & Anchukaitis, 2014; Salas, 1980). We first extended the bias corrected
reconstruction (hereafter, the reconstruction) out to 2018 using the observed Oregon Cascade SWE record for
the period 2012 to 2018 (Griffin & Anchukaitis, 2014; A. Williams et al., 2021; A. P. Williams et al., 2022).
We then converted the reconstruction to anomalies by removing the long-term mean. We calculated the 10th
and 90th percentiles relative to the period of record (1688-2018) to identify extreme snow droughts and pluvial
events. We also compared these bottom 10th percentile years over the reconstructed record's instrumental period
(1966-2018) to the Oregon Cascade SWE record's bottom 10th percentile years, over their period of common
overlap (1966-2018), as a check on the ability of the reconstruction to reliably identify and quantify observed
snow drought years. The magnitude and duration of every single- and multi-year run of April 1st SWE values
below the 10th percentile was calculated. Although multiyear snow droughts may be punctuated by one or more
near/above average snowpack years, we disallowed such interruptions by defining multi-year snow droughts as
consecutive back-to-back bottom 10th percentile values. We also identified and recorded the occurrence and
frequency of extreme snow “whiplash” events in our reconstruction following the method and terminology used
by Swain et al. (2018), identifying these as a <20th percentile SWE year followed by a >80th percentile SWE
year. Lastly, we evaluated our “whiplash” analysis using the more conservative definition used in the runs analy-
sis, setting the thresholds to a <10th percentile year followed by a >90th percentile year.

3. Results
3.1. SWE and Tree-Ring Records

From the screening process outlined in Section 2.1, a total of 154 snow course stations which fall within the
specific spatial and elevation parameters were downloaded from the NRCS (United States Department of
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Table 1
Oregon Cascade Snow Course Network (United States Department of Agriculture, Natural Resources Conservation
Service, 2022) Selected for the Composite Instrumental Snow Water Equivalent Record

Site ID Site name Elev. (m) Latitude Longitude Start year

21F03 Tangent 1,667 43.99N —121.54W 1952
22G32 Ski Bowl Road 1,850 42.07N —122.69W 1966
22G31 Mount Ashland Switchback 1,959 42.09N —122.69W 1966
22G05 Park H.Q. Rev 2,002 42.90N —122.14W 1943

Agriculture, Natural Resources Conservation Service, 2022). From these, only 15 stations which had lengthy and
consecutive records remained, and from those, four were normally distributed. Based on analysis of the avail-
able instrumental data from the Oregon Cascades, the Tangent (21F03), Mount Ashland Switchback (22G31),
Ski Bowl Road (22G32), and Park H.q. Rev (22G05) snow courses were retained for this study (Figure 1). Each
snow course was statistically significant to one another (p < 0.0001) and had a Pearson's correlation coefficient
r > 0.80 with every other record. Their elevations range from 1,667 to 2,002 m asl (Table 1; Figure 1) and they
cover a common data period of 1966-2018. It should be noted that the observed period of record does indeed
extend beyond 1966 (often as far back as the 1930s). However, we refer to the observed period as the 19662018
period derived from the steps outlined in Section 2.1, which still covers >50 years of instrumental data.

Relaxing the quality control criteria outlined in Section 2.1 (to allow stations with a record of at least 35 years, had
no more than two consecutive missing years, and no threshold for the number of missing years in any given 35 year
period) resulted in eight stations but with a shorter period spanned by all the records (1984—2018). Over their period
of overlap, our four station composite and the eight station record are highly correlated (p < 0.00001; r = 0.98).
Because the four station record spans a longer period with few missing data, we elected to use this record for our
reconstruction. Furthermore, the 20142015 snow drought is at least as severe in the eight-station record. Thus, the
inferences about that event relative to the paleoclimate record are not affected by the choice of quality control thresh-
olds. It is also important to recognize the differences in spatial scale. While this study examines snowpack trends,
interannual anomalies, and snow droughts over a large (state-wide) spatial scale, the finer-scale locations (i.e., indi-
vidual watersheds) have characteristics unique to them, and thus, are not entirely represented in this reconstruction.

Six updated tree-ring EW, LW, and RW chronologies were developed using new and existing samples collected at
Mount Hood (ITRDB or045) and Frederick Butte (ITRDB 0r093). Series intercorrelation values for the updated
chronologies used in this study ranged from 0.65 to 0.81, average mean sensitivity values from 0.33 to 0.47,
and RBAR values from 0.32 to 0.58 (Table 2). Combined with the ITRDB (National Oceanic and Atmospheric
Administration, 2020) tree-ring measurement data sets, the lengths of the final EPS-truncated chronologies
extend from 530 AD to 2019 AD. Chronology screenings (see Methods) resulted in 12 chronologies that are
significantly (p < 0.05) correlated with the Oregon Cascade SWE record, and make up the candidate predictor
pool membership for the reconstruction model (Figure 1 and Table Al).

Table 2
Chronology and Time Series Information for Updated Chronologies

Length truncated EPS Series Average mean Total
Chronology  Length (years) (years) # series intercorrelation sensitivity RBAR

MHDU RW 1706-2018 1706-2018 67 0.65 0.33 0.32
MHDU EW 1745-2018 1819-2018 36 0.67 0.39 0.37
MHDU LW 1745-2018 1844-2018 36 0.40 0.36 0.18
FBU RW 870-2019 870-2019 78 0.81 0.47 0.53
FBU EW 1763-2019 1763-2019 32 0.80 0.43 0.58
FBU LW 1763-2019 1895-1969 32 0.21 0.29 0.12
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Table 3
Oregon Cascade April 1 Snow Water Equivalent Reconstruction Model Statistics, Model Predictors, and Reconstruction
Period

R? R% F SE RE RMSEv RMSE  Predictors Calibration period Reconstruction period

058 054 1373 21.75 047 23.06 19.81  0r099 RW 1966-2010 1688-2011
FBU RW
orl01 RW t-1
orl03 RW

Note. The root means square error statistic of the bias corrected reconstruction is identified in bold.

3.2. Oregon Cascade Snowpack Reconstruction

The Llao Rock RW (0r099), Frederick Butte Update RW (FBU), Mount Scott RW (or101, t-1), and Pinnacle RW
(or103) entered the stepwise calibration model as predictors for the reconstruction (Figure 1, Table 3). The final
model explains 58% of regional Oregon Cascade snowpack variance (Table 3), and the final reconstruction spans
the period 1688 to 2011 and captures nearly the full range of variability of the instrumental SWE record (Figure 2).

Our reconstruction model is skillful and has reasonable regression statistics (Table 3). The adjusted R
statistic indicates minimal variance inflation from the number of predictors, the reconstruction displays no
significant trend or pattern in the residuals, and has acceptable DW, VIF, Portmanteau Q, and F test statis-
tics. Furthermore, the residuals are not autocorrelated (Figure Al), indicating that the final reconstruction
does not possess autocorrelation structure that is not also present in the instrumental target. The small SE
statistic suggests minimal uncertainty of the model's predictions in the calibration period. The positive RE
statistic (possible range from —oo to +1), suggests the reconstruction provides skillful estimates of Oregon
Cascade April 1 SWE beyond the mean value. The difference between the SE and RMSEVv statistics is small
(1.31), reflecting a minimal difference in the magnitude of model validation and calibration prediction error
(Table 3). Lastly, the RMSE (calculated from the entire period of overlap with the Oregon Cascade SWE
record) of the bias corrected reconstruction is 19.81, which is a minimal increase above the RMSE of the
raw reconstruction (19.22). The split-sample test yielded similar results and helped ensure correlations were
stationary over time.

200 T T 1

—— Oregon Cascades April T SWE reconstruction

180 || —— 10-year smoothing spline 95% Confidence Interval N

—— Observed April 1 SWE

Long-term reconstruction mean

(o)}
o
[

1

m
NI
o o

\ \
!

o
o
I

OR Cascades April 1 SWE (cm)
3
I
—

1700 1750 1800 1850 1900 1950 2000
Years

Figure 2. Time series plot of the Oregon Cascade April 1 Snow Water Equivalent (SWE) bias corrected reconstruction (blue
line, 1688-2011) and Oregon Cascade April 1 SWE observed record (black line, 1966-2018). The gray shaded envelope
represents 95% confidence intervals of the reconstruction, calculated from the root means square error. The reconstructed
long-term mean and a 10-year smoothing spline (1688-2011) is shown by the horizontal light gray line and bold blue line,
respectively. Persistent 19th-century below-the-mean SWE identified within the purple box.
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Figure 3. Runs analyses including reconstructed and observed snow drought
events, defined as consecutive years falling below the 10th percentile from
the long-term reconstructed mean. Snow drought event magnitudes (y-axis)
are calculated as the cumulative Snow Water Equivalent departure during the
duration of the event from the long-term reconstructed mean value, and snow
drought durations are shown on the x-axis. Event years for the most severe 1-
and 2-year events are listed next to their respective data point.

3.3. Runs Analysis and Snow “Whiplash”

The runs analysis identified 31 snow drought events from 1688 to 2018 in the
bottom 10th percentile (Figure 3). Single-year snow droughts, from most to
least severe, occurred in 1839, 1800, 2015, 1875, and 1889. Only two multi-
year snow droughts (consecutive bottom 10th percentile years) occurred,
one in 1888-1889 and the other in 2014-2015 (Figure 3). The reconstruc-
tion captures three out of six known snow drought years (1977, 2014, 2015)
within the instrumental period in the lowest 10th percentile. However, it fails
to capture the full severity of the 1992 (18th percentile reconstructed vs. 6th
percentile observed), 2001 (23rd percentile reconstructed vs. 4th percen-
tile observed), and 2018 (15th percentile reconstructed vs. 10th percentile
observed) snow drought years. We identified 22 low-to-high snow “whip-
lash” events in our reconstruction (Figure 4), with the frequency of events
varying between 0 and 5 per 30 year period. “Whiplash” events were absent
in the early/middle 1800s, and most common (5 per 30 year period) in the
late 1900s.

4. Discussion
4.1. Snowpack Reconstruction

Our final reconstruction model spans the period 1688-2011 and nearly
quintuples the length of existing SWE records for the Oregon Cascades. It

explains 58% of Oregon Cascade instrumental snowpack variance, which is comparable to other snow (Harley

et al., 2020; Mood et al., 2020)

and hydroclimate (Graumlich, 1987; Knapp et al., 2002, 2004; Littell et al., 2016;

Lutz et al., 2012; Malevich et al., 2013; Pohl et al., 2002) reconstructions in the region. While the raw (prior to
bias correction) reconstruction faithfully captured the direction (wet vs. dry) of observed extreme SWE values
and followed closely in magnitude, it still underestimated the full variance in observed SWE values. Indeed, most

O WHIPLASH WET EXTREMES

O WHIPLASH DRY EXTREMES

'g Fa e e A
S 50 A
@ P
‘,’_’100 f' hi .. “ l
F “’ I ﬂ My ] ] Il ]
o
o 50 I ll “ ‘ il I
< & ® |
0]
0"\‘ \““““““\““\““\‘
1700 1750 1800 1850 1900 1950 2000
YEAR
2o
a :B.
z |
= ]
o |
m
> 2r ]
o
QT
U)1, -
= 'L
Z
i
E 1 L L L N 1 L 1 L ] L . N L 1
1700 1750 1800 1850 1900 1950 2000

END YEAR(30 YEAR WINDOW)

Figure 4. Snow “whiplash” analysis following Swain et al. (2018). (a) The time series of reconstructed and instrumental
Snow Water Equivalent with dry-to-wet extreme events shown in red and blue circles. The dashed horizontal lines show the
20th and 80th percentile thresholds used for the analysis. (b) Frequency of “whiplash” events per 30 year window. The x-axis
indicate the last year of the 30 year window over which the frequency of events is calculated.
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tree-ring reconstructions using multiple linear regression will, by their nature, lack the full range of variance or
fail to capture extreme values (Esper et al., 2005). We therefore use quantile mapping for bias correction (see
Methods) in order to allow us to better compare the reconstruction directly with the observed SWE record and
importantly, the 2014-2015 snow drought event.

The nearly three-and-a-half century record is dominated by medium- (decadal) to high- (annual) frequency
interannual-scale shifts between high and low SWE years (Figure 2). These signals are characteristic of observed
(Cayan, 1996; Losleben & Pepin, 2004; Serreze et al., 1999) and projected (Lute et al., 2015, RCP8.5) Cascade
SWE dynamics and that remain most important for modern hazard management in the region. More specifically,
the steep terrain and limited reservoir storage capacity in the Oregon Cascades makes this region especially
vulnerable to snow droughts, such that reservoir capacity will be rapidly depleted and insufficient to supply peak
warm-season demand (Graf, 1999; Raymond et al., 2014).

While tree-ring reconstructions can suffer from asymmetries in their ability to capture extremes (Wise &
Dannenberg, 2019), our reconstruction reproduces the direction and general magnitude of both high and low
SWE values. This may be in part due to our use of incorporating both energy- and moisture-limited tree-ring
proxies in our reconstruction, rather than solely one or the other. For example, moisture-limited chronologies
more accurately reflect low extremes but may experience a “saturation effect” wherein they become insensitive to
additional moisture inputs in wet years (D. Meko & Graybill, 1995; Wise & Dannenberg, 2019; Yang et al., 2011).
On the other hand, energy-limited chronologies may record the timing of a “functional snow level” at which the
cambium activates in trees, allowing them to capture both high and low extremes (Coulthard et al., 2021). While
moisture-limited chronologies alone could misdiagnose cool-season rain as snow, energy-limited chronologies
should more faithfully record both warm and dry snow droughts and help overcome this potential source of error
(Coulthard et al., 2021). By utilizing these two proxy types in tandem, future work could begin to disentangle the
type of snow drought (warm vs. dry) in the pre-instrumental record. Given that the energy- (moisture-) limited
trees persist at relatively high- (low-) elevations, we are able to capture spatially-integrated snowpack information
across the varying elevations at which they were sampled. This is especially important for the Oregon Cascade
maritime snowpack, which is sensitive to temperature fluctuations as a function of elevation (Mote, 2003; Mote
et al., 2005; E. Sproles et al., 2013). In combination, our reconstruction suggests that the two proxies increase
the likelihood of capturing the full range of SWE extremes (Figure 2), and should be of special consideration in
future SWE reconstructions.

4.2. Snow Droughts

The multiyear 2014-2015 snow drought in the Oregon Cascades is indistinguishable within uncertainties from
the 1888-1889 snow drought as the most severe event in our 331-year reconstruction, based on their combined
magnitude and duration (Figure 3). The reconstructed 1888—1889 SWE value is slightly more negative than the
observed 20142015 value, but uncertainties in the reconstruction prevent us from ranking them. This suggests
that the 2014-2015 snow drought event was at the extreme negative margin of the range of natural variability of
Oregon Cascade SWE. The 2015 snow drought conditions in our record were third in severity, with only 1839 and
1800 being more severe (Figures 2 and 3). However, it is likely that temperature anomalies during 2014-2015 were
hotter than in the 19th century (Anchukaitis et al., 2017). This inference is strengthened by Graumlich (1987)'s
reconstruction of PNW annual precipitation, which identified 1889 as the most severe drought within the 1675—
1975 period. The 1888-1889 event in the Oregon Cascades was most likely caused by a deficit of snow, rather
than warm temperatures and precipitation falling as rain. Nonetheless, this further emphasizes the widespread
effects that warming temperatures will have on a low-to-no snow future (Rhoades et al., 2022; Siirila-Woodburn
et al., 2021), compounded by increased evaporative demand (Albano et al., 2022). In the McKenzie River Basin,
a major tributary to the Willamette River Basin, the 2014 and 2015 snow drought years serve as an analog for
projected snow conditions under +1°C and 4+2°C warming, respectively (E. A. Sproles et al., 2017).

While the neighboring North Cascades (Harley et al., 2020) and Sierra Nevada (Belmecheri et al., 2016) report
2014-2015 to be the most severe snow drought in over three centuries, this is not the case for our Oregon
Cascades reconstruction. Instead, the 2014-2015 Oregon Cascade snow drought is essentially tied with the only
other highly unusual compound event that has occurred since 1688 (1888—-1889, Figure 3). In fact, the 1888-1889
snow drought is not captured in the North Cascades at all (Harley et al., 2020) nor the Sierra Nevada (Belmecheri
et al., 2016) snowpack reconstructions. This may be due in part to the differences in reconstruction length and
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bias correction. Here, we opted to address limitations in the reconstruction in order to confidently compare to the
observed data. The Harley et al. (2020) and Belmecheri et al. (2016) reconstructions (which both extend to only
1980) rely on appending the instrumental period to the reconstruction without additional rescaling. Additionally,
compared with other North American snowpack reconstructions, recent (mid-20th century to present) Oregon
Cascade snowpack does not yet demonstrate a sustained or multi-decadal departure from the stationarity of
pre-industrial mean snowpack variability (Harley et al., 2020; Pederson et al., 2011). Rather, discrete annual and
multi-year snow droughts (Figure 2) differentiate modern Oregon snowpack variability from past centuries. Both
the magnitude and duration of future snow droughts in the Oregon Cascades are however expected to worsen due
to projected atmospheric warming and subsequent snowpack losses (Barnett et al., 2005; Collins et al., 2013;
Fyfe et al., 2017; Gergel et al., 2017; Li et al., 2017; Lute et al., 2015; A. M. Marshall et al., 2019; Mote &
Salathé, 2010; Siirila-Woodburn et al., 2021).

Other paleohydrological reconstructions indicate the severe 1839 snow drought evident in our record was
spatially widespread across the broader PNW region (Graumlich, 1987) and extended into the North Cascades
(Harley et al., 2020) and southwestern British Columbia (Mood et al., 2020). Pre-instrumental Oregon Cascade
snow drought years also correspond with those documented in the interior PNW in 1695, 1706, 1729, 1829, 1898,
1926, 1931, 1934, 1939, and 1955, as well as the second most severe single-year snow drought in our record:
1800 (Knapp et al., 2002). Some years fall within the range of multi-year snow drought events recorded by tree
rings in southwestern British Columbia (1816-1817, 1904-1905, and 1914-1915; (Mood et al., 2020)), periods
of cool-season precipitation deficit in the interior PNW (1793-1795 and 1833-1834; Knapp et al. (2004)), as
well as deficits in both of those respective regions during the widespread Dustbowl Drought in 1934—-1935 and
1934-1937. The fact that our record reflects only a single snow drought year during these multi-year intervals is
partially due to our very conservative definition of drought (10th percentile). If we instead apply a 30th percentile
threshold, following the regionally-relevant snow drought work of others (e.g., Hatchett, Rhoades, et al., 2022;
Huning & AghaKouchak, 2020b; Siirila-Woodburn et al., 2021), then there are 78 snow drought events over the
entire period of record (1688-2018) in the Oregon Cascades, including three 3-year events, but the 1888—1889
and 2014-2015 events remain the most severe on record.

4.3. Persistent Low-Snow Intervals

Multi-decadal periods of above-the-mean SWE occurred during the mid-1700s, early 1800s, and late 1900s
in the Oregon Cascades (Figure 2), consistent and coincident with high SWE periods in southwestern Brit-
ish Columbia (Mood et al., 2020) and high Columbia River annual streamflow (Littell et al., 2016). Relatively
higher snowpacks in the North Cascades (Harley et al., 2020) and Sierra Nevada (Belmecheri et al., 2016), as
well as increased precipitation in the upper Klamath basin (Malevich et al., 2013) and across the broader PNW
(Graumlich, 1987), also occurred in the early 1800s. In contrast, intervals of below-average SWE persisted in the
Oregon Cascades briefly during the early/mid-1700s and throughout much of the 1830s—1880s. This is consist-
ent with Harley et al. (2020), who estimated somewhat below-average SWE during the early-to-mid 1700s in
the North Cascades, which suggests regional snowpack synchronicity throughout the north and south Cascades
at that time. This is further supported by Mood et al. (2020) in southwestern British Columbia. Belmecheri
et al. (2016) notes above-average SWE in the Sierra Nevada during this time, which would be consistent with the
position of the Pacific dipole (Hudson et al., 2019; Wise, 2010).

The 1830s—-1880s were a particularly low-snow interval in the Oregon Cascades, which experienced the
longest-duration of below-average conditions in our reconstruction, encompasses the most severe snow
drought event (1888—1889; Figure 3) and two severe single-year snow droughts (Figure 3). This overlaps with
widely-documented warming temperatures in the mid- to late-19th century across the Northern Hemisphere
following the end of the Little Ice Age (Anchukaitis et al., 2017; Wilson et al., 2016). Perhaps more impor-
tantly, it coincides with sustained periods of low annual precipitation in southern and northern Oregon in the
first and latter halves of the 1800s, respectively (Graumlich, 1987). Interestingly, snowpack deficits during this
time are not reflected in any other major western US snowpack reconstructions (Belmecheri et al., 2016; Harley
et al., 2020; Pederson et al., 2011). In fact, Harley et al. (2020) and Pederson et al. (2011) estimate higher than
average snowpack during this time in the North Cascades and northern Rockies. Yet when compared with the
Steinman et al. (2012) lake sediment records in northern Washington, this period of sustained below-the-mean
Oregon Cascade SWE overlaps with periods of below-average winter precipitation across the PNW. Perhaps
this could be a result of our tree-ring proxies being imprinted by low-frequency internal modes of climate
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variability. Nonetheless, the incongruity of this feature of sustained low Oregon Cascade snowpack with other
tree-ring-derived snow paleorecords warrants further investigation.

4.4. Snow “Whiplash”

Snow “whiplash” events are a consistent feature of historical Oregon Cascade snowpack variability since 1688.
However, we find that their frequency is dependent on how they are defined and the time period over which their
frequency is evaluated. When using a 20th and 80th percentile threshold three nearly consecutive 1990-1991,
1992-1993, and 1994-1995 low-to-high “whiplash” events occur in the recent observed period, in part driv-
ing the highest frequency of events (5 per 30 years) in our record from approximately 1960 to 2000. However,
other periods of frequent “whiplash” are also seen in the early-to-mid 1700s, the late 1800s, and the early 20th
century. Using a more conservative threshold of 10th and 90th percentiles for defining these events reveals nine
occurrences since the 17th century, spread throughout the length of the reconstruction. This natural feature of
the Oregon Cascade hydroclimate can create unpredictable runoff timing and water storage scenarios (Vano
et al., 2019) that needs to be accounted for by modern water management paradigms and infrastructure. This
type of “whiplash” may also present a greater regional challenge to reservoir management than the opposite case
(wet-to-dry) by prompting aggressive water storage in response to a period of shortage, and priming reservoirs
for overtopping or requiring large releases in the event of extreme precipitation later. For example, in California,
severe, multi-year drought conditions preceding a record wet winter—coupled with limited and aging regional
dam and reservoir infrastructure (Doss-Gollin et al., 2020)—Iled to a combination of both severe water supply
shortages followed by a near-failure of the emergency spillway and potential dam collapse from overtopping
(White et al., 2019) within a single water year during the 2017 Oroville Dam Disaster.

Several other regional paleorecords have been interpreted to suggest a pattern of increased Pacific hydroclimate
variability in the latter 20th century (Black et al., 2014, 2018). Yet, in regions across the western US that are
sensitive in the transition from rain to snow, interannual peak SWE variability is actually expected to decline (A.
M. Marshall et al., 2019, RCP8.5). Natural variability may actually be slowing the decline in western US snow-
pack since the 1980s, which would otherwise have substantially greater losses (Siler et al., 2019). In the North
Cascades, one interpretation of tree-ring records suggest snow variability has intensified over the twentieth and
twenty-first centuries relative to the prior several centuries (Harley et al., 2020), while our findings here suggest
that apparent increases in frequency during the 20th century may be driven by a few events in the 1990s. Some
disparity in “whiplash” interpretations may be due to a difference in the manner in which these events have been
defined and calculated. For example, Harley et al. (2020) used a measure of year-to-year volatility while we adopt
the “whiplash” approach used by Swain et al. (2018). Nonetheless, our findings and those of Harley et al. (2020)
underscores that different modern snowpack dynamics characterize these regions of the Cascades. We emphasize
that while “whiplash” events are evident throughout the record, the quantitative analysis of these extreme events
is sensitive to how they are defined and tabulated, including the selection and calculation of percentile thresh-
olds. Our reconstruction is significantly correlated with that by Harley et al. (2020) (r = 0.42, p < 0.001), but the
magnitude of this correlation as well as the various distinct features discussed above across a range of temporal
scales emphasizes the importance of examining the local and regional patterns when considering the impact of
both forced and internal variability on snowpack dynamics (Mankin & Diffenbaugh, 2015).

5. Summary and Conclusions

We developed and analyzed the first multicentennial tree-ring snowpack reconstruction for the Oregon Cascades,
which extends the regional snowpack record back in time to 1688. Our record nearly quintuples the length of
existing snowpack records. Our reconstruction demonstrates that the cumulative severity of the 2014-2015 snow
drought is indistinguishable within uncertainty compared to the only other multi-year snow drought event in the
past 331 years: 1888—1889. The 2015 snow drought considered alone is more severe than nearly any other year
in the past ~3.5 centuries, with only two years (1839 and 1800) slightly surpassing it in magnitude, and within
the range of uncertainty.

We find that snow “whiplash” events are a common feature in the pre-instrumental Oregon Cascade snowpack
system, suggesting that modern water resource planning should continue to anticipate these events, especially in a
changing climate as occasional wet years remain possible amidst megadrought (Hatchett et al., 2016). These snow
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“whiplashes” are commonly characterized by the potentially problematic order of events wherein an extreme low
snow year is followed by an extreme high snow year. Combined with observed western US trends of earlier snow-
melt and peak streamflow timing (Fritze et al., 2011; Stewart et al., 2005), as well as increasing rain-on-snow and
rain-instead-of-snow event frequencies (Lynn et al., 2020; McCabe et al., 2007), our results highlight that water
management paradigms will benefit from changes aimed at increasing water availability and management flexi-
bility (Siirila-Woodburn et al., 2021). Finally, our reconstruction also demonstrates that persistent below-average
snow intervals that are not evident in instrumental records have in fact occurred in the past, including as recently
as the late 1800s.

Collectively our results indicate that while the recent 2014-2015 snow drought event was the most severe in the
observed period of record, it still falls within the extreme tails of the distribution of SWE reconstructed over the
last three centuries. This suggests that existing instrumental snowpack records do not capture the full range and
statistical distribution of natural Oregon Cascade snow drought variability. These include the variable frequency
of year-to-year snow “whiplash” events and persistent multi-decadal low-snow intervals. However, we empha-
size that the results presented here are indicative of large-scale, statewide snowpack trends, and will likely differ
for individual watersheds as there are distinct local-scale factors which would need to be considered. Nonethe-
less, these aspects of local hydroclimate may ultimately challenge existing water supply and storage strategies
that are based on the relatively brief instrumental record and assumptions of stationarity to inform long-term
planning (Milly et al., 2008; Siirila-Woodburn et al., 2021). Given that both the magnitude and duration of
PNW snow droughts are only expected to worsen in the face of a warming climate (A. M. Marshall et al., 2019;
Siirila-Woodburn et al., 2021), the new insights from our study can be incorporated into regional water resource
management and drought adaptation strategies to both improve water supply reliability and to mitigate flood risk.

Appendix A

See Table A1 and Figure Al.

Table A1
Candidate Predictor Pool for the Oregon Cascade Snowpack Reconstruction Model, and Their Respective Correlation
Coefficients With the Oregon Cascade April 1 Snow Water Equivalent Record

Site ID Site name Species r Length (years); EPS >0.80 Latitude Longitude

or092 Table Rock-Arrow Gap Update JuoC 0.38 530-2010 43.17N  —120.88W
or094 Horse Ridge Update JuoC 0.32 8862010 43.95N —-121.05W
or098 Castle Rock TSME  -0.50 1688-2012 42.92N —122.05W
or(099 Llao Rock TSME  -0.65 1638-2012 4297N —122.15W
or100 Lightning Springs TSME  -0.60 1513-2012 4293N  —122.17W
orl01 Mount Scott TSME  -0.52 1638-2012 4293N —-122.02W
orl01t—1 Mount Scott TSME 0.39 1637-2011 4293N —122.02W
orl02 Pumice TSME  -0.51 1613-2012 4298N —122.10W
or103 Pinnacle TSME  -0.61 1688-2012 429IN —-122.07W
MHDU* Mount Hood Update TSME  -0.38 1706-2018 4533N  —121.72W
FBU* Frederick Butte Update JuoC 0.48 870-2019 43.63N  —120.47W
FBUew* Frederick Butte Update; earlywood JUOC 0.49 1763-2019 43.63N —120.47W

Note. Predictors used in the final model are in bold. An * indicates chronologies developed by the University of Nevada, Las
Vegas Hydrology, Tree-Rings, and Climate Lab for this study.
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Figure Al. Lagged scatter plot of model residuals (left) and autocorrelation function plot (ACF) (right) to assess any
potential trend or autocorrelation in the model residuals.

Data Availability Statement

Previously developed tree-ring data are publicly available from the National Centers for Environmental Infor-
mation's International Tree-Ring Data Bank (ITRDB) repository (National Oceanic and Atmospheric Adminis-
tration, 2020) at https://www.ncei.noaa.gov/products/paleoclimatology/tree-ring. The updated Mount Hood and
Frederick Butte, Oregon raw ring width measurements (total, earlywood, latewood), correlation statistics, and
chronology data used for the Oregon Cascade snowpack reconstruction have been uploaded to the ITRDB, and are
available at https://www.ncei.noaa.gov/access/paleo-search/study/36471 for the Mt Hood Update (OR105), and
at https://www.ncei.noaa.gov/access/paleo-search/study/36472 for the Frederick Butte Update (OR106). The
SWE reconstruction will be archived at the time of publication at the NOAA World Data Service for Paleoclima-
tology at https://www.ncei.noaa.gov/products/paleoclimatology/climate-reconstruction.

References

Abatzoglou, J. T. (2011). Influence of the PNA on declining mountain snowpack in the western United States. International Journal of Climatol-
ogy, 31(8), 1135-1142. https://doi.org/10.1002/joc.2137

Albano, C. M., Abatzoglou, J. T., McEvoy, D. J., Huntington, J. L., Morton, C. G., Dettinger, M. D., & Ott, T.J. (2022). A multidataset assessment
of climatic drivers and uncertainties of recent trends in evaporative demand across the continental United States. Journal of Hydrometeorology,
23(4), 505-519. https://doi.org/10.1175/jhm-d-21-0163.1

Anchukaitis, K. J., & Smerdon, J. E. (2022). Progress and uncertainties in global and hemispheric temperature reconstructions of the Common
Era. Quaternary Science Reviews, 286, 107537. https://doi.org/10.1016/j.quascirev.2022.107537

Anchukaitis, K. J., Wilson, R., Briffa, K. R., Biintgen, U., Cook, E. R., D’Arrigo, R., et al. (2017). Last millennium northern hemisphere summer
temperatures from tree rings: Part II, spatially resolved reconstructions. Quaternary Science Reviews, 163, 1-22. https://doi.org/10.1016/.
quascirev.2017.02.020

Anderson, S. (2010). Wind River Range snowpack reconstruction using dendochronology and sea surface temperatures. (Unpublished master's
thesis). University of Tennessee.

Anderson, S., Moser, C. L., Tootle, G. A., Grissino-Mayer, H. D., Timilsena, J., & Piechota, T. (2012). Snowpack reconstructions incorporating
climate in the upper Green River Basin (Wyoming). Tree-Ring Research, 68(2), 105-114. https://doi.org/10.3959/2011-8.1

Barandiaran, D., Wang, S.-Y. S., & DeRose, R. J. (2017). Gridded snow water equivalent reconstruction for Utah using forest inventory and
analysis tree-ring data. Water, 9(6), 403. https://doi.org/10.3390/w9060403

Barnett, T. P., Adam, J. C., & Lettenmaier, D. P. (2005). Potential impacts of a warming climate on water availability in snow-dominated regions.
Nature, 438(7066), 303—-309. https://doi.org/10.1038/nature04141

Barnett, T. P., Pierce, D. W., Hidalgo, H. G., Bonfils, C., Santer, B. D., Das, T., et al. (2008). Human-induced changes in the hydrology of the
western United States. Science, 319(5866), 1080-1083. https://doi.org/10.1126/science.1152538

Belmecheri, S., Babst, F., Wahl, E. R., Stahle, D. W., & Trouet, V. (2016). Multi-century evaluation of Sierra Nevada snowpack. Nature Climate
Change, 6(1), 2-3. https://doi.org/10.1038/nclimate2809

Black, B. A., van der Sleen, P., Di Lorenzo, E., Griffin, D., Sydeman, W. J., Dunham, J. B., et al. (2018). Rising synchrony controls western North
American ecosystems. Global Change Biology, 24(6), 2305-2314. https://doi.org/10.1111/gcb.14128

Black, B. A., Sydeman, W. J., Frank, D. C., Griffin, D., Stahle, D. W., Garcia-Reyes, M., et al. (2014). Six centuries of variability and extremes
in a coupled marine-terrestrial ecosystem. Science, 345(6203), 1498—1502. https://doi.org/10.1126/science.1253209

Brewer, P. W. (2014). Data management in dendroarchaeology using Tellervo. Radiocarbon, 56(4), S79-S83. https://doi.org/10.2458/
azu_rc.56.18320

Brice, B., Guiterman, C. H., Woodhouse, C., McClellan, C., & Sheppard, P. (2021). Comparing tree-ring based reconstructions of snowpack
variability at different scales for the Navajo Nation. Climate Services, 22, 100213. https://doi.org/10.1016/j.cliser.2021.100213

Brooks, J. R., Wigington, P.J., Jr., Phillips, D. L., Comeleo, R., & Coulombe, R. (2012). Willamette River Basin surface water isoscape (6180 and
62h): Temporal changes of source water within the river. Ecosphere, 3(5), 1-21. https://doi.org/10.1890/es11-00338.1

Bunn, A. G. (2008). A dendrochronology program library in R (dpIR). Dendrochronologia, 26(2), 115-124. https://doi.org/10.1016/j.
dendro.2008.01.002

Cayan, D. R. (1996). Interannual climate variability and snowpack in the western United States. Journal of Climate, 9(5), 928-948. https://doi.
org/10.1175/1520-0442(1996)009<0928:icvasi>2.0.co;2

DYE ET AL.

15 of 21

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[one YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIA)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oy 39S [€707/60/40] uo Areiqi aurjuQ Lo[IA ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod S ‘€207 ‘€L6LPY61


https://www.ncei.noaa.gov/products/paleoclimatology/tree-ring
https://www.ncei.noaa.gov/access/paleo-search/study/36471
https://www.ncei.noaa.gov/access/paleo-search/study/36472
https://www.ncei.noaa.gov/products/paleoclimatology/climate-reconstruction
https://doi.org/10.1002/joc.2137
https://doi.org/10.1175/jhm-d-21-0163.1
https://doi.org/10.1016/j.quascirev.2022.107537
https://doi.org/10.1016/j.quascirev.2017.02.020
https://doi.org/10.1016/j.quascirev.2017.02.020
https://doi.org/10.3959/2011-8.1
https://doi.org/10.3390/w9060403
https://doi.org/10.1038/nature04141
https://doi.org/10.1126/science.1152538
https://doi.org/10.1038/nclimate2809
https://doi.org/10.1111/gcb.14128
https://doi.org/10.1126/science.1253209
https://doi.org/10.2458/azu_rc.56.18320
https://doi.org/10.2458/azu_rc.56.18320
https://doi.org/10.1016/j.cliser.2021.100213
https://doi.org/10.1890/es11-00338.1
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1175/1520-0442(1996)009%3C0928:icvasi%3E2.0.co;2
https://doi.org/10.1175/1520-0442(1996)009%3C0928:icvasi%3E2.0.co;2

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032875

Cayan, D. R., Dettinger, M. D., Pierce, D., Das, T., Knowles, N., Ralph, F. M., & Sumargo, E. (2016). Natural variability, anthropogenic climate
change, and impacts on water availability and flood extremes in the western United States. In Water policy and planning in a variable and
changing climate (p. 17).

Cayan, D. R., Kammerdiener, S. A., Dettinger, M. D., Caprio, J. M., & Peterson, D. H. (2001). Changes in the onset of spring in the western United
States. Bulletin of the American Meteorological Society, 82(3), 399-416. https://doi.org/10.1175/1520-0477(2001)082<0399:citoos>2.3.co;2

Collins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T., Friedlingstein, P., et al. (2013). Long-term climate change: Projections, commit-
ments and irreversibility. In Climate change 2013-The physical science basis: Contribution of working Group I to the fifth assessment report
of the intergovernmental panel on climate change (pp. 1029-1136). Cambridge University Press.

Cook, B. I, Mankin, J. S., & Anchukaitis, K. J. (2018). Climate change and drought: From past to future. Current Climate Change Reports, 4(2),
164—-179. https://doi.org/10.1007/s40641-018-0093-2

Cook, E. R. (1985). A time series analysis approach to tree ring standardization. (Unpublished doctoral dissertation). University of Arizona.

Cook, E. R., Briffa, K., Shiyatov, S., & Mazepa, V. (1990). Tree-ring standardization and growth-trend estimation. In E. R. Cook & L. Kairiukstis
(Eds.), Methods of dendrochronology: Applications in the environmental sciences (pp. 104-123). Kluwer Academic Publishers.

Cook, E. R., D’Arrigo, R. D., & Briffa, K. R. (1998). A reconstruction of the North Atlantic Oscillation using tree-ring chronologies from North
America and Europe. The Holocene, 8(1), 9—17. https://doi.org/10.1191/095968398677793725

Cook, E. R., & Jacoby, G. C. (1977). Tree-ring-drought relationships in the hudson valley, New York. Science, 198(4315), 399-401. https://doi.
org/10.1126/science.198.4315.399

Cook, E. R., & Kairiukstis, L. A. (1990). Methods of dendrochronology: Applications in the environmental sciences. Springer Science & Business
Media.

Cook, E. R., Meko, D. M., Stahle, D. W., & Cleaveland, M. K. (1999). Drought reconstructions for the continental United States. Journal of
Climate, 12(4), 1145-1162. https://doi.org/10.1175/1520-0442(1999)012<1145:drftcu>2.0.co;2

Cook, E. R., & Peters, K. (1997). Calculating unbiased tree-ring indices for the study of climatic and environmental change. The Holocene, 7(3),
361-370. https://doi.org/10.1177/095968369700700314

Cook, E. R., Woodhouse, C. A., Eakin, C. M., Meko, D. M., & Stahle, D. W. (2004). Long-term aridity changes in the western United States.
Science, 306(5698), 1015-1018. https://doi.org/10.1126/science.1102586

Cooper, M. G., Nolin, A. W., & Safeeq, M. (2016). Testing the recent snow drought as an analog for climate warming sensitivity of cascades
snowpacks. Environmental Research Letters, 11(8), 084009. https://doi.org/10.1088/1748-9326/11/8/084009

Coulthard, B. L., Anchukaitis, K. J., Pederson, G. T., Cook, E. R., Littell, J., & Smith, D. J. (2021). Snowpack signals in North American tree
rings. Environmental Research Letters, 16(3), 034037. https://doi.org/10.1088/1748-9326/abd5de

Coulthard, B. L., Smith, D. J., & Meko, D. M. (2016). Is worst-case scenario streamflow drought underestimated in British Columbia? A
multi-century perspective for the south coast, derived from tree-rings. Journal of Hydrology, 534, 205-218. https://doi.org/10.1016/j.
jhydrol.2015.12.030

Coulthard, B. L., St George, S., & Meko, D. M. (2020). The limits of freely-available tree-ring chronologies. Quaternary Science Reviews,
234(C), 106264. https://doi.org/10.1016/j.quascirev.2020.106264

Crawford, C. J., Griffin, D., & Kipfmueller, K. F. (2015). Capturing season-specific precipitation signals in the northern Rocky Moun-
tains, USA, using earlywood and latewood tree rings. Journal of Geophysical Research: Biogeosciences, 120(3), 428-440. https://doi.
org/10.1002/2014jg002740

Dennison, P. E., Brewer, S. C., Arnold, J. D., & Moritz, M. A. (2014). Large wildfire trends in the western United States, 1984-2011. Geophysical
Research Letters, 41(8), 2928-2933. https://doi.org/10.1002/2014g1059576

Dettinger, M. D., & Cayan, D. R. (1995). Large-scale atmospheric forcing of recent trends toward early snowmelt runoff in California. Journal of
Climate, 8(3), 606—623. https://doi.org/10.1175/1520-0442(1995)008 <0606:1safor>2.0.co;2

Doss-Gollin, J., Farnham, D. J., Ho, M., & Lall, U. (2020). Adaptation over fatalism: Leveraging high-impact climate disasters to boost societal
resilience. Journal of Water Resources Planning and Management, 146(4), 01820001. https://doi.org/10.1061/(asce)wr.1943-5452.0001190

Dressler, K., Fassnacht, S., & Bales, R. (2006). A comparison of snow telemetry and snow course measurements in the Colorado River basin.
Journal of Hydrometeorology, 7(4), 705-712. https://doi.org/10.1175/jhm506.1

Emmingham, W. H., & Waring, R. H. (1977). An index of photosynthesis for comparing forest sites in western Oregon. Canadian Journal of
Forest Research, 7(1), 165-174. https://doi.org/10.1139/x77-023

Environmental Protection Agency (2020). Ecoregions of North America. Retrieved from https://www.epa.gov/eco-research/
ecoregions-north-america

Esper, J., Frank, D. C., Wilson, R. J., & Briffa, K. R. (2005). Effect of scaling and regression on reconstructed temperature amplitude for the past
millennium. Geophysical Research Letters, 32(7). https://doi.org/10.1029/2004g1021236

Esper, J., George, S. S., Anchukaitis, K., D’Arrigo, R., Ljungqvist, F. C., Luterbacher, J., et al. (2018). Large-scale, millennial-length temperature
reconstructions from tree-rings. Dendrochronologia, 50, 81-90. https://doi.org/10.1016/j.dendro.2018.06.001

Fritts, H. C. (1976). Tree rings and climate. Blackburn Press.

Fritts, H. C. (1990). Process modeling of forest growth responses to environmental stress. In R. Dixon, R. Meldahl, G. Ruark, & W. Warren (Eds.),
(pp. 368-382). Timber Press.

Fritts, H. C., Lofgren, G. R., & Gordon, G. A. (1979). Variations in climate since 1602 as reconstructed from tree rings. Quaternary Research,
12(1), 18-46. https://doi.org/10.1016/0033-5894(79)90090-5

Fritze, H., Stewart, I. T., & Pebesma, E. (2011). Shifts in western North American snowmelt runoff regimes for the recent warm decades. Journal
of Hydrometeorology, 12(5), 989-1006. https://doi.org/10.1175/2011jhm1360.1

Fyfe, J. C., Derksen, C., Mudryk, L., Flato, G. M., Santer, B. D., Swart, N. C., et al. (2017). Large near-term projected snowpack loss over the
western United States. Nature Communications, 8(1), 1-7. https://doi.org/10.1038/ncomms 14996

Galelli, S., Nguyen, H. T., Turner, S. W., & Buckley, B. M. (2021). Time to use dendrohydrological data in water resources management? Amer-
ican Society of Civil Engineers, 147(No. 8). https://doi.org/10.1061/(asce)wr.1943-5452.0001422

Gergel, D. R., Nijssen, B., Abatzoglou, J. T., Lettenmaier, D. P., & Stumbaugh, M. R. (2017). Effects of climate change on snowpack and fire
potential in the western USA. Climatic Change, 141(2), 287-299. https://doi.org/10.1007/s10584-017-1899-y

Gershunov, A., & Barnett, T. P. (1998). Interdecadal modulation of ENSO teleconnections. Bulletin of the American Meteorological Society,
79(12), 2715-2726. https://doi.org/10.1175/1520-0477(1998)079<2715:imoet>2.0.c0;2

Gibson, P. B., Waliser, D. E., Guan, B., DeFlorio, M. J., Ralph, F. M., & Swain, D. L. (2020). Ridging associated with drought across the west-
ern and southwestern United States: Characteristics, trends, and predictability sources. Journal of Climate, 33(7), 2485-2508. https://doi.
org/10.1175/jcli-d-19-0439.1

DYE ET AL.

16 of 21

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[one YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIA)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oy 39S [€707/60/40] uo Areiqi aurjuQ Lo[IA ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod S ‘€207 ‘€L6LPY61


https://doi.org/10.1175/1520-0477(2001)082%3C0399:citoos%3E2.3.co;2
https://doi.org/10.1007/s40641-018-0093-2
https://doi.org/10.1191/095968398677793725
https://doi.org/10.1126/science.198.4315.399
https://doi.org/10.1126/science.198.4315.399
https://doi.org/10.1175/1520-0442(1999)012%3C1145:drftcu%3E2.0.co;2
https://doi.org/10.1177/095968369700700314
https://doi.org/10.1126/science.1102586
https://doi.org/10.1088/1748-9326/11/8/084009
https://doi.org/10.1088/1748-9326/abd5de
https://doi.org/10.1016/j.jhydrol.2015.12.030
https://doi.org/10.1016/j.jhydrol.2015.12.030
https://doi.org/10.1016/j.quascirev.2020.106264
https://doi.org/10.1002/2014jg002740
https://doi.org/10.1002/2014jg002740
https://doi.org/10.1002/2014gl059576
https://doi.org/10.1175/1520-0442(1995)008%3C0606:lsafor%3E2.0.co;2
https://doi.org/10.1061/(asce)wr.1943-5452.0001190
https://doi.org/10.1175/jhm506.1
https://doi.org/10.1139/x77-023
https://www.epa.gov/eco-research/ecoregions-north-america
https://www.epa.gov/eco-research/ecoregions-north-america
https://doi.org/10.1029/2004gl021236
https://doi.org/10.1016/j.dendro.2018.06.001
https://doi.org/10.1016/0033-5894(79)90090-5
https://doi.org/10.1175/2011jhm1360.1
https://doi.org/10.1038/ncomms14996
https://doi.org/10.1061/(asce)wr.1943-5452.0001422
https://doi.org/10.1007/s10584-017-1899-y
https://doi.org/10.1175/1520-0477(1998)079%3C2715:imoet%3E2.0.co;2
https://doi.org/10.1175/jcli-d-19-0439.1
https://doi.org/10.1175/jcli-d-19-0439.1

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032875

Gleason, K. E., McConnell, J. R., Arienzo, M. M., Chellman, N., & Calvin, W. M. (2019). Four-fold increase in solar forcing on snow in western
US burned forests since 1999. Nature Communications, 10(1), 1-8. https://doi.org/10.1038/s41467-019-09935-y

Gleason, K. E., Nolin, A. W., & Roth, T. R. (2013). Charred forests increase snowmelt: Effects of burned woody debris and incoming solar radi-
ation on snow ablation. Geophysical Research Letters, 40(17), 4654—4661. https://doi.org/10.1002/grl.50896

Gonzélez, J., & Valdés, J. B. (2003). Bivariate drought recurrence analysis using tree ring reconstructions. Journal of Hydrologic Engineering,
8(5), 247-258. https://doi.org/10.1061/(asce)1084-0699(2003)8:5(247)

Gordon, G. (1982). Verification of dendroclimatic reconstructions. In M. K. Hughes, P. M. Kelly, J. R. Pilcher, & V. C. Lamarchelr. (Eds.),
Climate from tree rings. Cambridge University Press.

Graf, W. L. (1999). Dam nation: A geographic census of American dams and their large-scale hydrologic impacts. Water Resources Research,
35(4), 1305-1311. https://doi.org/10.1029/1999wr900016

Graumlich, L. J. (1987). Precipitation variation in the Pacific northwest (1675—-1975) as reconstructed from tree rings. Annals of the Association
of American Geographers, 77(1), 19-29. https://doi.org/10.1111/j.1467-8306.1987.tb00142.x

Griffin, D., & Anchukaitis, K. J. (2014). How unusual is the 2012-2014 California drought? Geophysical Research Letters, 41(24), 9017-9023.
https://doi.org/10.1002/2014g1062433

Gudmundsson, L., Bremnes, J. B., Haugen, J. E., & Engen-Skaugen, T. (2012). Downscaling RCM precipitation to the station scale using
statistical transformations—A comparison of methods. Hydrology and Earth System Sciences, 16(9), 3383-3390. https://doi.org/10.5194/
hess-16-3383-2012

Hamlet, A. F., & Lettenmaier, D. P. (2007). Effects of 20th century warming and climate variability on flood risk in the western us. Water
Resources Research, 43(6). https://doi.org/10.1029/2006wr005099

Harley, G. L., Maxwell, R. S., Black, B. A., & Bekker, M. F. (2020). A multi-century, tree-ring-derived perspective of the north cascades (USA)
2014-2016 snow drought. Climatic Change, 162(1), 127-143. https://doi.org/10.1007/s10584-020-02719-0

Harpold, A. A., Brooks, P., Rajagopal, S., Heidbuchel, L., Jardine, A., & Stielstra, C. (2012). Changes in snowpack accumulation and ablation in
the intermountain west. Water Resources Research, 48(11). https://doi.org/10.1029/2012wr011949

Harpold, A. A., Dettinger, M. D., & Rajagopal, S. (2017). Defining snow drought and why it matters. Eos, Earth and Space Science News, 98.
https://doi.org/10.1029/2017e0068775

Hart, S. J., Smith, D. J., & Clague, J. J. (2010). A multi-species dendroclimatic reconstruction of Chilko River streamflow, British Columbia,
Canada. Hydrological Processes, 24(19), 2752-2761. https://doi.org/10.1002/hyp.7674

Hatchett, B. J. (2021). Seasonal and ephemeral snowpacks of the conterminous United States. Hydrology, 2020110545. https://doi.org/10.20944/
preprints202011.0545.v1

Hatchett, B. J., Boyle, D. P., Garner, C. B., Kaplan, M. L., Putnam, A. E., & Bassett, S. D. (2016). Magnitude and frequency of wet years
under a megadrought climate in the western great basin, USA. Quaternary Science Reviews, 152, 197-202. https://doi.org/10.1016/j.
quascirev.2016.09.017

Hatchett, B. J., Koshkin, A. L., Guirguis, K., Rittger, K., Nolin, A. W., Heggli, A., et al. (2022). Midwinter dry spells amplify post-fire snowpack
decline. Geophysical Research Letters, 50(3), €2022GL101235. https://doi.org/10.1029/2022GL101235

Hatchett, B. J., & McEvoy, D. J. (2018). Exploring the origins of snow drought in the northern Sierra Nevada, California. Earth Interactions,
22(2), 1-13. https://doi.org/10.1175/ei-d-17-0027.1

Hatchett, B. J., Rhoades, A. M., & McEvoy, D. J. (2022). Monitoring the daily evolution and extent of snow drought. Natural Hazards and Earth
System Sciences, 22(3), 869-890. https://doi.org/10.5194/nhess-22-869-2022

Hausfather, Z., & Peters, G. P. (2020). RCPS8. 5 is a problematic scenario for near-term emissions. Proceedings of the National Academy of
Sciences, 117(45), 27791-27792. https://doi.org/10.1073/pnas.2017124117

Heikkinen, O. (1985). Relationships between tree growth and climate in the subalpine cascade range of Washington, USA. In Annales botanici
fennici (pp. 1-14).

Holmes, R. (1983). Program COFECHA user’s manual. Laboratory of Tree-Ring Research, The University of Arizona.

Hudson, A. M., Hatchett, B. J., Quade, J., Boyle, D. P., Bassett, S. D., Ali, G., & Marie, G. (2019). North-south dipole in winter hydroclimate in
the western United States during the last deglaciation. Scientific Reports, 9(1), 1-12. https://doi.org/10.1038/s41598-019-41197-y

Huning, L. S., & AghaKouchak, A. (2020b). Approaching 80 years of snow water equivalent information by merging different data streams.
Scientific Data, 7(1), 1-11. https://doi.org/10.1038/s41597-020-00649- 1

Huning, L. S., & AghaKouchak, A. (2020a). Global snow drought hot spots and characteristics. Proceedings of the National Academy of Sciences,
117(33), 19753-19759. https://doi.org/10.1073/pnas.1915921117

Intergovernmental Panel on Climate Change. (2022). Climate change 2007: Working Group I: The physical science basis. 8.4.2 Pacific decadal
variability. Retrieved from https://archive.ipcc.ch/publications_and_data/ar4/wg1/en/ch8s8-4-2.html

Jaeger, W. K., Amos, A., Bigelow, D. P., Chang, H., Conklin, D. R., Haggerty, R., et al. (2017). Finding water scarcity amid abundance using human—
natural system models. Proceedings of the National Academy of Sciences, 114(45), 11884—11889. https://doi.org/10.1073/pnas.1706847114

Kapnick, S., & Hall, A. (2012). Causes of recent changes in western North American snowpack. Climate Dynamics, 38(9-10), 1885-1899.
https://doi.org/10.1007/s00382-011-1089-y

Kirdyanov, A., Hughes, M., Vaganov, E., Schweingruber, F., & Silkin, P. (2003). The importance of early summer temperature and date of snow
melt for tree growth in the Siberian Subarctic. Trees, 17(1), 61-69. https://doi.org/10.1007/s00468-002-0209-z

Knapp, P. A., Grissino-Mayer, H. D., & Soulé, P. T. (2002). Climatic regionalization and the spatio-temporal occurrence of extreme single-
year drought events (1500-1998) in the interior Pacific Northwest, USA. Quaternary Research, 58(3), 226-233. https://doi.org/10.1006/
qres.2002.2376

Knapp, P. A, Soulé, P. T., & Grissino-Mayer, H. D. (2004). Occurrence of sustained droughts in the interior Pacific Northwest (AD 1733-1980)
inferred from tree-ring data. Journal of Climate, 17(1), 140-150. https://doi.org/10.1175/1520-0442(2004)017<0140:00sdit>2.0.co;2

Knowles, N., Dettinger, M. D., & Cayan, D. R. (2006). Trends in snowfall versus rainfall in the western United States. Journal of Climate, 19(18),
4545-4559. https://doi.org/10.1175/jcli3850.1

Kolb, T. E., Fettig, C. J., Ayres, M. P., Bentz, B. J., Hicke, J. A., Mathiasen, R., et al. (2016). Observed and anticipated impacts of drought on
forest insects and diseases in the United States. Forest Ecology and Management, 380, 321-334. https://doi.org/10.1016/j.foreco.2016.04.051

Koshkin, A. L., Hatchett, B. J., & Nolin, A. W. (2022). Wildfire impacts on western United States snowpacks. Frontiers in Water, 4. https://doi.
org/10.3389/frwa.2022.971271

LaMarche, V. C. (1974). Paleoclimatic inferences from long tree-ring records: Intersite comparison shows climatic anomalies that may be linked
to features of the general circulation. Science, 183(4129), 1043-1048. https://doi.org/10.1126/science.183.4129.1043

Lepley, K. (2018). Reconstructing snowpack using sierra Nevada conifer tree rings in the midst of changing climate. (Unpublished master's
thesis). The University of Arizona.

DYE ET AL.

17 of 21

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[one YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIA)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oy 39S [€707/60/40] uo Areiqi aurjuQ Lo[IA ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod S ‘€207 ‘€L6LPY61


https://doi.org/10.1038/s41467-019-09935-y
https://doi.org/10.1002/grl.50896
https://doi.org/10.1061/(asce)1084-0699(2003)8:5(247)
https://doi.org/10.1029/1999wr900016
https://doi.org/10.1111/j.1467-8306.1987.tb00142.x
https://doi.org/10.1002/2014gl062433
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.1029/2006wr005099
https://doi.org/10.1007/s10584-020-02719-0
https://doi.org/10.1029/2012wr011949
https://doi.org/10.1029/2017eo068775
https://doi.org/10.1002/hyp.7674
https://doi.org/10.20944/preprints202011.0545.v1
https://doi.org/10.20944/preprints202011.0545.v1
https://doi.org/10.1016/j.quascirev.2016.09.017
https://doi.org/10.1016/j.quascirev.2016.09.017
https://doi.org/10.1029/2022GL101235
https://doi.org/10.1175/ei-d-17-0027.1
https://doi.org/10.5194/nhess-22-869-2022
https://doi.org/10.1073/pnas.2017124117
https://doi.org/10.1038/s41598-019-41197-y
https://doi.org/10.1038/s41597-020-00649-1
https://doi.org/10.1073/pnas.1915921117
https://archive.ipcc.ch/publications_and_data/ar4/wg1/en/ch8s8-4-2.html
https://doi.org/10.1073/pnas.1706847114
https://doi.org/10.1007/s00382-011-1089-y
https://doi.org/10.1007/s00468-002-0209-z
https://doi.org/10.1006/qres.2002.2376
https://doi.org/10.1006/qres.2002.2376
https://doi.org/10.1175/1520-0442(2004)017%3C0140:oosdit%3E2.0.co;2
https://doi.org/10.1175/jcli3850.1
https://doi.org/10.1016/j.foreco.2016.04.051
https://doi.org/10.3389/frwa.2022.971271
https://doi.org/10.3389/frwa.2022.971271
https://doi.org/10.1126/science.183.4129.1043

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032875

Lepley, K., Touchan, R., Meko, D., Shamir, E., Graham, R., & Falk, D. (2020). A multi-century Sierra Nevada snowpack reconstruction modeled
using upper-elevation coniferous tree rings (California, USA). The Holocene, 30(9), 1266—1278. https://doi.org/10.1177/0959683620919972

Li, D., Wrzesien, M. L., Durand, M., Adam, J., & Lettenmaier, D. P. (2017). How much runoff originates as snow in the western United States,
and how will that change in the future? Geophysical Research Letters, 44(12), 6163-6172. https://doi.org/10.1002/2017g1073551

Littell, J. S., McKenzie, D., Peterson, D. L., & Westerling, A. L. (2009). Climate and wildfire area burned in western us ecoprovinces, 1916-2003.
Ecological Applications, 19(4), 1003—1021. https://doi.org/10.1890/07-1183.1

Littell, J. S., Pederson, G. T., Gray, S. T., Tjoelker, M., Hamlet, A. F., & Woodhouse, C. A. (2016). Reconstructions of Columbia River streamflow
from tree-ring chronologies in the Pacific Northwest, USA. JAWRA Journal of the American Water Resources Association, 52(5), 1121-1141.
https://doi.org/10.1111/1752-1688.12442

Livneh, B., & Badger, A. M. (2020). Drought less predictable under declining future snowpack. Nature Climate Change, 10(5), 452—458. https://
doi.org/10.1038/s41558-020-0754-8

Loaiciga, H. A., Haston, L., & Michaelsen, J. (1993). Dendrohydrology and long-term hydrologic phenomena. Reviews of Geophysics, 31(2),
151-171. https://doi.org/10.1029/93rg00056

Losleben, M., & Pepin, N. (2004). Mountain snowpack, lowland winter precipitation, and variability in three western us mountain ranges. In AGU
fall meeting abstracts (Vol. 2004, pp. US3A-0714).

Lough, J., & Fritts, H. C. (1985). The southern oscillation and tree rings: 1600-1961. Journal of Applied Meteorology and Climatology, 24(9),
952-966. https://doi.org/10.1175/1520-0450(1985)024<0952:tsoatr>2.0.co;2

Luce, C. H., & Holden, Z. A. (2009). Declining annual streamflow distributions in the Pacific Northwest United States, 1948-2006. Geophysical
Research Letters, 36(16), L16401. https://doi.org/10.1029/2009g1039407

Lute, A., Abatzoglou, J., & Hegewisch, K. (2015). Projected changes in snowfall extremes and interannual variability of snowfall in the western
United States. Water Resources Research, 51(2), 960-972. https://doi.org/10.1002/2014wr016267

Lutz, E. R., Hamlet, A. F., & Littell, J. S. (2012). Paleoreconstruction of cool season precipitation and warm season streamflow in the Pacific
Northwest with applications to climate change assessments. Water Resources Research, 48(1). https://doi.org/10.1029/2011wr010687

Lynn, E., Cuthbertson, A., He, M., Vasquez, J. P., Anderson, M., Abatzoglou, J. T., & Hatchett, B. J. (2020). Technical note: Precipitation-phase
partitioning at landscape scales to regional scales. Hydrology and Earth Systems Science, 24(11), 5317-5328. https://doi.org/10.5194/
hess-24-1-2020

Malevich, S. B., Woodhouse, C. A., & Meko, D. M. (2013). Tree-ring reconstructed hydroclimate of the Upper Klamath basin. Journal of Hydrol-
0gy, 495, 13-22. https://doi.org/10.1016/j.jhydrol.2013.04.048

Mankin, J. S., & Diffenbaugh, N. S. (2015). Influence of temperature and precipitation variability on near-term snow trends. Climate Dynamics,
45(3), 1099-1116. https://doi.org/10.1007/s00382-014-2357-4

Mankin, J. S., Viviroli, D., Singh, D., Hoekstra, A. Y., & Diffenbaugh, N. S. (2015). The potential for snow to supply human water demand in the
present and future. Environmental Research Letters, 10(11), 114016. https://doi.org/10.1088/1748-9326/10/11/114016

Marks, D., Kimball, J., Tingey, D., & Link, T. (1998). The sensitivity of snowmelt processes to climate conditions and forest cover during
rain-on-snow: A case study of the 1996 Pacific Northwest flood. Hydrological Processes, 12(10-11), 1569-1587. https://doi.org/10.1002/
(sici)1099-1085(199808/09)12:10/11<1569::aid-hyp682>3.0.co;2-1

Marshall, A., & Chen, J. M. (2022). Impacts of changing snowfall on seasonal complementarity of hydroelectric and solar power. Environmental
Research: Infrastructure and Sustainability, 2(2), 021001. https://doi.org/10.1088/2634-4505/ac668f

Marshall, A. M., Abatzoglou, J. T., Link, T. E., & Tennant, C. J. (2019). Projected changes in interannual variability of peak snowpack amount and
timing in the western United States. Geophysical Research Letters, 46(15), 8882-8892. https://doi.org/10.1029/2019g1083770

McCabe, G. J., Clark, M. P., & Hay, L. E. (2007). Rain-on-snow events in the western United States. Bulletin of the American Meteorological
Society, 88(3), 319-328. https://doi.org/10.1175/bams-88-3-319

McCabe, G. J., & Dettinger, M. D. (2002). Primary modes and predictability of year-to-year snowpack variations in the west-
ern United States from teleconnections with Pacific Ocean climate. Journal of Hydrometeorology, 3(1), 13-25. https:/doi.
org/10.1175/1525-7541(2002)003<0013:pmapoy>2.0.co;2

McCabe, G. J., & Wolock, D. M. (2009). Recent declines in western us snowpack in the context of twentieth-century climate variability. Earth
Interactions, 13(12), 1-15. https://doi.org/10.1175/2009¢i283.1

Meko, D. (1997). Dendroclimatic reconstruction with time varying predictor subsets of tree indices. Journal of Climate, 10(4), 687-696. https://
doi.org/10.1175/1520-0442(1997)010<0687:drwtvp>2.0.c0;2

Meko, D., & Graybill, D. A. (1995). Tree-ring reconstruction of upper gila rwer discharge 1. JAWRA Journal of the American Water Resources
Association, 31(4), 605-616. https://doi.org/10.1111/.1752-1688.1995.tb03388.x

Meko, D., Woodhouse, C., & Morino, K. (2012). Dendrochronology and links to streamflow. Journal of Hydrology, 412, 200-209. https://doi.
org/10.1016/j.jhydrol.2010.11.041

Meko, D. M., & Woodhouse, C. A. (2011). Application of streamflow reconstruction to water resources management. In M. K. Hughes (Ed.),
Dendroclimatology: Progress and prospects (pp. 231-261). Springer Netherlands.

Michaelsen, J. (1987). Cross-validation in statistical climate forecast models. Journal of Climate and Applied Meteorology, 26(11), 1589-1600.
https://doi.org/10.1175/1520-0450(1987)026<1589:cviscf>2.0.co;2

Milly, P. C., Betancourt, J., Falkenmark, M., Hirsch, R. M., Kundzewicz, Z. W., Lettenmaier, D. P., & Stouffer, R. J. (2008). Stationarity is dead:
‘Whither water management? Science, 319(5863), 573-574. https://doi.org/10.1126/science.1151915

Mood, B.J., Coulthard, B. L., & Smith, D. J. (2020). Three hundred years of snowpack variability in southwestern British Columbia reconstructed
from tree-rings. Hydrological Processes, 34(25), 5123-5133. https://doi.org/10.1002/hyp.13933

Mote, P. W. (2003). Trends in snow water equivalent in the Pacific Northwest and their climatic causes. Geophysical Research Letters, 30(12).
https://doi.org/10.1029/2003g1017258

Mote, P. W. (2006). Climate-driven variability and trends in mountain snowpack in western North America. Journal of Climate, 19(23), 6209—
6220. https://doi.org/10.1175/jcli3971.1

Mote, P. W., Hamlet, A., & Salathé, E. (2008). Has spring snowpack declined in the Washington cascades? Hydrology and earth system sciences
discussions (Vol. 4, pp. 2073-2110). European Geosciences Union.

Mote, P. W., Hamlet, A. F., Clark, M. P., & Lettenmaier, D. P. (2005). Declining mountain snowpack in western North America. Bulletin of the
American Meteorological Society, 86(1), 39-50. https://doi.org/10.1175/bams-86-1-39

Mote, P. W., Li, S., Lettenmaier, D. P., Xiao, M., & Engel, R. (2018). Dramatic declines in snowpack in the western US. Npj Climate and Atmos-
pheric Science, 1(1), 1-6. https://doi.org/10.1038/s41612-018-0012-1

Mote, P. W., Rupp, D. E., Li, S., Sharp, D. J., Otto, F., Uhe, P. F., et al. (2016). Perspectives on the causes of exceptionally low 2015 snowpack in
the western United States. Geophysical Research Letters, 43(20), 10-980. https://doi.org/10.1002/2016g1069965

DYE ET AL.

18 of 21

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[one YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIA)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oy 39S [€707/60/40] uo Areiqi aurjuQ Lo[IA ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod S ‘€207 ‘€L6LPY61


https://doi.org/10.1177/0959683620919972
https://doi.org/10.1002/2017gl073551
https://doi.org/10.1890/07-1183.1
https://doi.org/10.1111/1752-1688.12442
https://doi.org/10.1038/s41558-020-0754-8
https://doi.org/10.1038/s41558-020-0754-8
https://doi.org/10.1029/93rg00056
https://doi.org/10.1175/1520-0450(1985)024%3C0952:tsoatr%3E2.0.co;2
https://doi.org/10.1029/2009gl039407
https://doi.org/10.1002/2014wr016267
https://doi.org/10.1029/2011wr010687
https://doi.org/10.5194/hess-24-1-2020
https://doi.org/10.5194/hess-24-1-2020
https://doi.org/10.1016/j.jhydrol.2013.04.048
https://doi.org/10.1007/s00382-014-2357-4
https://doi.org/10.1088/1748-9326/10/11/114016
https://doi.org/10.1002/(sici)1099-1085(199808/09)12:10/11%3C1569::aid-hyp682%3E3.0.co;2-l
https://doi.org/10.1002/(sici)1099-1085(199808/09)12:10/11%3C1569::aid-hyp682%3E3.0.co;2-l
https://doi.org/10.1088/2634-4505/ac668f
https://doi.org/10.1029/2019gl083770
https://doi.org/10.1175/bams-88-3-319
https://doi.org/10.1175/1525-7541(2002)003%3C0013:pmapoy%3E2.0.co;2
https://doi.org/10.1175/1525-7541(2002)003%3C0013:pmapoy%3E2.0.co;2
https://doi.org/10.1175/2009ei283.1
https://doi.org/10.1175/1520-0442(1997)010%3C0687:drwtvp%3E2.0.co;2
https://doi.org/10.1175/1520-0442(1997)010%3C0687:drwtvp%3E2.0.co;2
https://doi.org/10.1111/j.1752-1688.1995.tb03388.x
https://doi.org/10.1016/j.jhydrol.2010.11.041
https://doi.org/10.1016/j.jhydrol.2010.11.041
https://doi.org/10.1175/1520-0450(1987)026%3C1589:cviscf%3E2.0.co;2
https://doi.org/10.1126/science.1151915
https://doi.org/10.1002/hyp.13933
https://doi.org/10.1029/2003gl017258
https://doi.org/10.1175/jcli3971.1
https://doi.org/10.1175/bams-86-1-39
https://doi.org/10.1038/s41612-018-0012-1
https://doi.org/10.1002/2016gl069965

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032875

Mote, P. W., & Salathé, E. P. (2010). Future climate in the Pacific Northwest. Climatic Change, 102(1), 29-50. https://doi.org/10.1007/
$10584-010-9848-z

National Oceanic and Atmospheric Administration. (2020). International tree-ring data bank. Retrieved from https://www.ncdc.noaa.gov/
data-access/paleoclimatology-data/datasets/tree-ring

Natural Resources Conservation Service. (2015). News release: Record low snow continues throughout Oregon, below normal streamflow fore-
casted this summer. Retrieved from https://www.nrcs.usda.gov/wps/portal/nrcs/detail/or/newsroom/releases/?cid=nrcseprd336808

Nolin, A. W., & Daly, C. (2006). Mapping “at risk” snow in the paPacificorthwest. Journal of Hydrometeorology, 7(5), 1164—1171. https://doi.
org/10.1175/jhm543.1

Northwest Interagency Coordination Center. (2016). Nwcc 2015 annual fire report. Retrieved from http://gacc.nifc.gov/nwee/

Oregon Department of Fish and Wildlife. (2015). Higher water temperatures primary cause of early spring chinook mortality. Retrieved from
https://www.dfw.state.or.us/news/2015/june/061815.asp

Oregon Office of the Governor. (2015). Executive order no. 15-09: Directing state agencies to plan for resiliency to drought, to meet the challenge
that a changing climate brings. Retrieved from https://www.oregon.gov/gov/eo/eo-15-09.pdf

Oregon State University. (2018). New federal report: Northwest climate could see more years like 2015. Retrieved from https://today.oregonstate.
edu/news/new-federal-report-northwest-climate-could-see-more-years-2015

Oregon Water Resources Department. (2015). Federal financial assistance programs for drought emergencies. Retrieved from https:/www.
oregon.gov/owrd/WRDPublications1/Fed_Drought_Finance_Final.pdf

Patricola, C. M., O’Brien, J. P, Risser, M. D., Rhoades, A. M., O’Brien, T. A., Ullrich, P. A, et al. (2020). Maximizing ENSO as a source of
western us hydroclimate predictability. Climate Dynamics, 54(1), 351-372. https://doi.org/10.1007/s00382-019-05004-8

Pederson, G. T., Fagre, D. B., Gray, S. T., & Graumlich, L. J. (2004). Decadal-scale climate drivers for glacial dynamics in Glacier National Park,
Montana, USA. Geophysical Research Letters, 31(12). https://doi.org/10.1029/2004g1019770

Pederson, G. T., Gray, S. T., Woodhouse, C. A., Betancourt, J. L., Fagre, D. B., Littell, J. S., et al. (2011). The unusual nature of recent snowpack
declines in the North American Cordillera. Science, 333(6040), 332-335. https://doi.org/10.1126/science.1201570

Peterson, D. L., Silsbee, D. G., & Redmond, K. T. (1999). Detecting long-term hydrological patterns at Crater Lake, Oregon.

Peterson, D. W., & Peterson, D. L. (1994). Effects of climate on radial growth of subalpine conifers in the North Cascade Mountains. Canadian
Journal of Forest Research, 24(9), 1921-1932. https://doi.org/10.1139/x94-247

Peterson, D. W., & Peterson, D. L. (2001). Mountain hemlock growth responds to climatic variability at annual and decadal time scales. Ecology,
82(12), 3330-3345. https://doi.org/10.1890/0012-9658(2001)082[3330:mhgrtc]2.0.co;2

Peterson, D. W., Peterson, D. L., & Ettl, G. J. (2002). Growth responses of subalpine fir to climatic variability in the Pacific Northwest. Canadian
Journal of Forest Research, 32(9), 1503—1517. https://doi.org/10.1139/x02-072

Pierce, D. W., Barnett, T. P., Hidalgo, H. G., Das, T., Bonfils, C., Santer, B. D., et al. (2008). Attribution of declining western US snowpack to
human effects. Journal of Climate, 21(23), 6425-6444. https://doi.org/10.1175/2008]cli2405.1

Pohl, K. A., Hadley, K. S., & Arabas, K. B. (2002). A 545-year drought reconstruction for central Oregon. Physical Geography, 23(4), 302-320.
https://doi.org/10.2747/0272-3646.23.4.302

Power, S., Casey, T., Folland, C., Colman, A., & Mehta, V. (1999). Inter-decadal modulation of the impact of ENSO on Australia. Climate
Dynamics, 15(5), 319-324. https://doi.org/10.1007/s003820050284

Raymond, C. L., Peterson, D. L., & Rochefort, R. M. (2014). Climate change vulnerability and adaptation in the north cascades region, Washing-
ton. Gen. Tech. Rep. PNW-GTR-892 (p. 279). US Department of Agriculture, Forest Service, Pacific Northwest Research Station.

R Core Team. (2019). R: A language and environment for statistical computing. Computer software manual. Retrieved from https://www.R-pro-
ject.org/

Regonda, S. K., Rajagopalan, B., Clark, M., & Pitlick, J. (2005). Seasonal cycle shifts in hydroclimatology over the western United States. Jour-
nal of Climate, 18(2), 372-384. https://doi.org/10.1175/jcli-3272.1

Rhoades, A., Hatchett, B., Risser, M., Collins, B., Bambach, N., Huning, L., et al. (2022). Asymmetric emergence of low-to-no snow in the
midlatitudes of the American Cordillera. Nature Climate Change, 12, 1151-1159. https://doi.org/10.1038/s41558-022-01518-y

Robeson, S. M. (2015). Revisiting the recent California drought as an extreme value. Geophysical Research Letters, 42(16), 6771-6779. https://
doi.org/10.1002/2015g1064593

Robeson, S. M., Maxwell, J. T., & Ficklin, D. L. (2020). Bias correction of paleoclimatic reconstructions: A new look at 1,200+ years of Upper
Colorado River flow. Geophysical Research Letters, 47(1), €2019GL086689. https://doi.org/10.1029/2019g1086689

Rodenhuis, D., Bennett, K., Werner, A., Murdock, T., & Bronaugh, D. (2009). Hydro-climatology and future climate impacts in British Colum-
bia, revised 2009. Pacific climate impacts consortium. University of Victoria. Retrieved from https://www.pacificclimate.org/resources/
publications

Roth, T. R., & Nolin, A. W. (2017). Forest impacts on snow accumulation and ablation across an elevation gradient in a temperate montane envi-
ronment. Hydrology and Earth System Sciences, 21(11), 5427-5442. https://doi.org/10.5194/hess-21-5427-2017

Royston, J. P. (1982). An extension of shapiro and wilk’s w test for normality to large samples. Journal of the Royal Statistical Society: Series C
(Applied Statistics), 31(2), 115-124. https://doi.org/10.2307/2347973

Salas, J. D. (1980). Applied modeling of hydrologic time series. Water Resources Publication.

Sauchyn, D., Vanstone, J., Jacques, J.-M. S., & Sauchyn, R. (2015). Dendrohydrology in Canada's western interior and applications to water
resource management. Journal of Hydrology, 529, 548-558. https://doi.org/10.1016/j.jhydrol.2014.11.049

Serreze, M. C., Clark, M. P., Armstrong, R. L., McGinnis, D. A., & Pulwarty, R. S. (1999). Characteristics of the western United States snowpack
from snowpack telemetry (SNOTEL) data. Water Resources Research, 35(7), 2145-2160. https://doi.org/10.1029/1999wr900090

Siirila-Woodburn, E. R., Rhoades, A. M., Hatchett, B. J., Huning, L. S., Szinai, J., Tague, C., et al. (2021). A low-to-no snow future and its
impacts on water resources in the western United States. Nature Reviews Earth & Environment, 2(11), 800-819. https://doi.org/10.1038/
s43017-021-00219-y

Siler, N., Proistosescu, C., & Po-Chedley, S. (2019). Natural variability has slowed the decline in western US snowpack since the 1980s. Geophys-
ical Research Letters, 46(1), 346-355. https://doi.org/10.1029/2018gl081080

Snee, R. D. (1977). Validation of regression models: Methods and examples. Technometrics, 19(4), 415-428. https://doi.org/10.1080/00401706.
1977.10489581

Sproles, E., Nolin, A., Rittger, K., & Painter, T. (2013). Climate change impacts on maritime mountain snowpack in the Oregon cascades. Hydrol-
ogy and Earth System Sciences, 17(7), 2581-2597. https://doi.org/10.5194/hess-17-2581-2013

Sproles, E. A., Roth, T. R., & Nolin, A. W. (2017). Future snow? A spatial-probabilistic assessment of the extraordinarily low snowpacks of 2014
and 2015 in the Oregon Cascades. The Cryosphere, 11(1), 331-341. https://doi.org/10.5194/tc-11-331-2017

DYE ET AL.

19 of 21

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[one YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIA)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oy 39S [€707/60/40] uo Areiqi aurjuQ Lo[IA ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod S ‘€207 ‘€L6LPY61


https://doi.org/10.1007/s10584-010-9848-z
https://doi.org/10.1007/s10584-010-9848-z
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/or/newsroom/releases/?cid=nrcseprd336808
https://doi.org/10.1175/jhm543.1
https://doi.org/10.1175/jhm543.1
http://gacc.nifc.gov/nwcc/
https://www.dfw.state.or.us/news/2015/june/061815.asp
https://www.oregon.gov/gov/eo/eo-15-09.pdf
https://today.oregonstate.edu/news/new-federal-report-northwest-climate-could-see-more-years-2015
https://today.oregonstate.edu/news/new-federal-report-northwest-climate-could-see-more-years-2015
https://www.oregon.gov/owrd/WRDPublications1/Fed_Drought_Finance_Final.pdf
https://www.oregon.gov/owrd/WRDPublications1/Fed_Drought_Finance_Final.pdf
https://doi.org/10.1007/s00382-019-05004-8
https://doi.org/10.1029/2004gl019770
https://doi.org/10.1126/science.1201570
https://doi.org/10.1139/x94-247
https://doi.org/10.1890/0012-9658(2001)082%5B3330:mhgrtc%5D2.0.co;2
https://doi.org/10.1139/x02-072
https://doi.org/10.1175/2008jcli2405.1
https://doi.org/10.2747/0272-3646.23.4.302
https://doi.org/10.1007/s003820050284
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1175/jcli-3272.1
https://doi.org/10.1038/s41558-022-01518-y
https://doi.org/10.1002/2015gl064593
https://doi.org/10.1002/2015gl064593
https://doi.org/10.1029/2019gl086689
https://www.pacificclimate.org/resources/publications
https://www.pacificclimate.org/resources/publications
https://doi.org/10.5194/hess-21-5427-2017
https://doi.org/10.2307/2347973
https://doi.org/10.1016/j.jhydrol.2014.11.049
https://doi.org/10.1029/1999wr900090
https://doi.org/10.1038/s43017-021-00219-y
https://doi.org/10.1038/s43017-021-00219-y
https://doi.org/10.1029/2018gl081080
https://doi.org/10.1080/00401706.1977.10489581
https://doi.org/10.1080/00401706.1977.10489581
https://doi.org/10.5194/hess-17-2581-2013
https://doi.org/10.5194/tc-11-331-2017

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032875

Stahle, D. W., & Cleaveland, M. K. (1994). Tree-ring reconstructed rainfall over the southeastern USA during the medieval warm period and little
ice age. In M. K. Hughes & H. F. Diaz (Eds.), The medieval warm period (pp. 199-212). Springer.

Stahle, D. W., Cleaveland, M. K., Grissino-Mayer, H. D., Griffin, R. D., Fye, F. K., Therrell, M. D, et al. (2009). Cool-and warm-season precipi-
tation reconstructions over western New Mexico. Journal of Climate, 22(13), 3729-3750. https://doi.org/10.1175/2008;jcli2752.1

Steinman, B. A., Abbott, M. B., Mann, M. E., Stansell, N. D., & Finney, B. P. (2012). 1,500 year quantitative reconstruction of winter precipitation
in the Pacific Northwest. Proceedings of the National Academy of Sciences, 109(29), 11619-11623. https://doi.org/10.1073/pnas.1201083109

Stewart, I. T., Cayan, D. R., & Dettinger, M. D. (2005). Changes toward earlier streamflow timing across western North America. Journal of
Climate, 18(8), 1136-1155. https://doi.org/10.1175/jcli3321.1

Stockton, C. W., & Jacoby, G. (1976). Long-term surface-water supply and streamflow trends in the upper Colorado river basin. National Tech-
nical Information Service, Springfield VA 22161 as PB-264 533, Price codes: A 05 in paper copy, A 01 in microfiche. Lake Powell Research
Project Bulletin (18).

Stockton, C. W., & Meko, D. M. (1975). A long-term history of drought occurrence in western United States as inferred from tree rings. Weath-
erwise, 28(6), 244-249. https://doi.org/10.1080/00431672.1975.9931775

Stoelinga, M. T., Albright, M. D., & Mass, C. F. (2010). A new look at snowpack trends in the Cascade Mountains. Journal of Climate, 23(10),
2473-2491. https://doi.org/10.1175/2009jcli2911.1

Stokes, M. A. (1996). An introduction to tree-ring dating. University of Arizona Press.

Stokes, M. A., & Smiley, T. (1968). An introduction to tree-ring dating. University of Chicago Press.

Swain, D. L., Langenbrunner, B., Neelin, J. D., & Hall, A. (2018). Increasing precipitation volatility in twenty-first-century California. Nature
Climate Change, 8(5), 427-433. https://doi.org/10.1038/s41558-018-0140-y

Tague, C., & Grant, G. E. (2004). A geological framework for interpreting the low-flow regimes of cascade streams, willamette river basin,
Oregon. Water Resources Research, 40(4). https://doi.org/10.1029/2003wr002629

The Washington Times (2015). Drought has city near eugene imposing water restrictions. Retrieved from https://www.washingtontimes.com/
news/2015/jul/29/drought-has-city-near-eugene-imposing-water-restri/

The Oregonian. (2015). $2.5 million available for Oregon farmers, ranchers, foresters in drought-stricken counties. Retrieved from https://www.
oregonlive.com/business/2015/05/25_million_available_for_orego.html

Thornton, M. (2018). 1300 years of snowpack change for the Sangre de Cristo mountian range. (Unpublished master’s thesis). The University
of Southern Mississippi.

Timilsena, J., & Piechota, T. (2008). Regionalization and reconstruction of snow water equivalent in the upper Colorado River basin. Journal of
Hydrology, 352(1-2), 94-106. https://doi.org/10.1016/j.jhydrol.2007.12.024

Touchan, R., Black, B., Shamir, E., Hughes, M., & Meko, D. (2021). A multimillennial snow water equivalent reconstruction from giant sequoia
tree rings. Climate Dynamics, 56(5), 1507-1518. https://doi.org/10.1007/s00382-020-05548-0

Trujillo, E., & Molotch, N. P. (2014). Snowpack regimes of the western United States. Water Resources Research, 50(7), 5611-5623. https://doi.
org/10.1002/2013wr014753

Tunnicliff, B. M. (1975). The historical potential of snowfall as a water resource in Arizona.

United States Department of Agriculture, Natural Resources Conservation Service. (2022). National water and climate center. Retrieved from
https://www.nrcs.usda.gov/wps/portal/wec/home/

University of California Merced Applied Climate Science Lab. (2022). Climate toolbox: Historical climograph. Retrieved from https://climate-
toolbox.org/tool/Historical-Climograph

Vano, J. A., Miller, K., Dettinger, M. D., Cifelli, R., Curtis, D., Dufour, A., et al. (2019). Hydroclimatic extremes as challenges for the water
management community: Lessons from Oroville Dam and Hurricane Harvey. Bulletin of the American Meteorological Society, 100(1), S9—
S14. https://doi.org/10.1175/bams-d-18-0219.1

Vicuna, S., & Dracup, J. (2007). The evolution of climate change impact studies on hydrology and water resources in California. Climatic Change,
82(3), 327-350. https://doi.org/10.1007/s10584-006-9207-2

Vose, J. M., Peterson, D. L., & Patel-Weynand, T. (2012). Effects of climatic variability and change on forest ecosystems: A comprehensive
science synthesis for the US. Gen. Tech. Rep. PNW-GTR-870 (p. 265). US Department of Agriculture, Forest Service, Pacific Northwest
Research Station.

Vose, R., Easterling, D. R., Kunkel, K., LeGrande, A., & Wehner, M. (2017). Temperature changes in the United States. In Climate science special
report: Fourth national climate assessment, 1(GSFC-E-DAA-TN49028).

Westerling, A. L., Hidalgo, H. G., Cayan, D. R., & Swetnam, T. W. (2006). Warming and earlier spring increase western us forest wildfire activity.
Science, 313(5789), 940-943. https://doi.org/10.1126/science.1128834

Western Regional Climate Center. (2022). Climate of Oregon. Retrieved from https://wrcc.dri.edu/Climate/narrative_or.php

White, A. B.,Moore, B.J., Gottas, D.J., & Neiman, P.J. (2019). Winter storm conditions leading to excessive runoff above California’s Oroville Dam
during January and February 2017. Bulletin of the American Meteorological Society, 100(1), 55-70. https://doi.org/10.1175/bams-d-18-0091.1

Whitfield, P. H., Moore, R., Fleming, S. W., & Zawadzki, A. (2010). Pacific decadal oscillation and the hydroclimatology of western Canada—
Review and prospects. Canadian Water Resources Journal, 35(1), 1-28. https://doi.org/10.4296/cwrj3501001

Wigley, T. M., Briffa, K. R., & Jones, P. D. (1984). On the average value of correlated time series, with applications in dendroclimatology
and hydrometeorology. Journal of Climate and Applied Meteorology, 23(2), 201-213. https://doi.org/10.1175/1520-0450(1984)023<0201
:otavoc>2.0.co;2

Williams, A., Anchukaitis, K., Woodhouse, C., Meko, D., Cook, B., Bolles, K., & Cook, E. (2021). Tree rings and observations suggest no stable
cycles in sierra Nevada cool-season precipitation. Water Resources Research, 57(3), e2020WR028599. https://doi.org/10.1029/2020wr028599

Williams, A. P., Cook, B. I, & Smerdon, J. E. (2022). Rapid intensification of the emerging southwestern North American megadrought in
2020-2021. Nature Climate Change, 12(3), 232-234. https://doi.org/10.1038/s41558-022-01290-z

Wilson, R., Anchukaitis, K., Briffa, K. R., Biintgen, U., Cook, E. R., D’arrigo, R., et al. (2016). Last millennium northern hemisphere
summer temperatures from tree rings: Part I: The long term context. Quaternary Science Reviews, 134, 1-18. https://doi.org/10.1016/j.
quascirev.2015.12.005

Wise, E. K., & Dannenberg, M. P. (2019). Climate factors leading to asymmetric extreme capture in the tree-ring record. Geophysical Research
Letters, 46(6), 3408-3416. https://doi.org/10.1029/2019g1082295

Wise, E. K. (2010). Spatiotemporal variability of the precipitation dipole transition zone in the western United States. Geophysical Research
Letters, 37(7), 1-5. https://doi.org/10.1029/2009g1042193

Woodhouse, C., & Lukas, J. (2006). Drought, tree rings and water resource management in Colorado. Canadian Water Resources Journal, 31(4),
297-310. https://doi.org/10.4296/cwrj3104297

DYE ET AL.

20 of 21

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[one YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIA)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oy 39S [€707/60/40] uo Areiqi aurjuQ Lo[IA ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod S ‘€207 ‘€L6LPY61


https://doi.org/10.1175/2008jcli2752.1
https://doi.org/10.1073/pnas.1201083109
https://doi.org/10.1175/jcli3321.1
https://doi.org/10.1080/00431672.1975.9931775
https://doi.org/10.1175/2009jcli2911.1
https://doi.org/10.1038/s41558-018-0140-y
https://doi.org/10.1029/2003wr002629
https://www.washingtontimes.com/news/2015/jul/29/drought-has-city-near-eugene-imposing-water-restri/
https://www.washingtontimes.com/news/2015/jul/29/drought-has-city-near-eugene-imposing-water-restri/
https://www.oregonlive.com/business/2015/05/25_million_available_for_orego.html
https://www.oregonlive.com/business/2015/05/25_million_available_for_orego.html
https://doi.org/10.1016/j.jhydrol.2007.12.024
https://doi.org/10.1007/s00382-020-05548-0
https://doi.org/10.1002/2013wr014753
https://doi.org/10.1002/2013wr014753
https://www.nrcs.usda.gov/wps/portal/wcc/home/
https://climatetoolbox.org/tool/Historical-Climograph
https://climatetoolbox.org/tool/Historical-Climograph
https://doi.org/10.1175/bams-d-18-0219.1
https://doi.org/10.1007/s10584-006-9207-2
https://doi.org/10.1126/science.1128834
https://wrcc.dri.edu/Climate/narrative_or.php
https://doi.org/10.1175/bams-d-18-0091.1
https://doi.org/10.4296/cwrj3501001
https://doi.org/10.1175/1520-0450(1984)023%3C0201:otavoc%3E2.0.co;2
https://doi.org/10.1175/1520-0450(1984)023%3C0201:otavoc%3E2.0.co;2
https://doi.org/10.1029/2020wr028599
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1016/j.quascirev.2015.12.005
https://doi.org/10.1016/j.quascirev.2015.12.005
https://doi.org/10.1029/2019gl082295
https://doi.org/10.1029/2009gl042193
https://doi.org/10.4296/cwrj3104297

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032875

Woodhouse, C., Lukas, J., Morino, K., Meko, D., & Hirschboeck, K. (2016). Water policy and planning in a variable and changing climate. In
K. A. Miller, A. F. Hamlet, D. S. Kenney, & K. T. Redmond (Eds.), (pp. 161-182). Taylor and Francis.

Woodhouse, C. A. (2003). A 431-yr reconstruction of western Colorado snowpack from tree rings. Journal of Climate, 16(10), 1551-1561.
https://doi.org/10.1175/1520-0442-16.10.1551

Woodhouse, C. A., & Lukas, J. J. (2006). Multi-century tree-ring reconstructions of Colorado streamflow for water resource planning. Climatic
Change, 78(2), 293-315. https://doi.org/10.1007/s10584-006-9055-0

Yang, B., Qin, C., Briuning, A., Burchardt, I., & Liu, J. (2011). Rainfall history for the Hexi Corridor in the arid northwest China during the past
620 years derived from tree rings. International Journal of Climatology, 31(8), 1166—1176. https://doi.org/10.1002/joc.2143

Zeng, X., Broxton, P., & Dawson, N. (2018). Snowpack change from 1982 to 2016 over conterminous United States. Geophysical Research
Letters, 45(23), 12940-12947. https://doi.org/10.1029/2018GL079621

DYE ET AL.

21 of 21

ASUAOIT suowwo)) daAnear) ajqeardde ay) £q pauroaod are sa[one VO asn Jo sajni 10j K1eiqi suijuQ A3[IA\ UO (SUOHIPUOD-PUE-SULIA)/W0d Ad[1M ATeIqiaul[uo//:sdny) suonIpuoy) pue suLd | oy 29§ [€707/60/40] uo Areiqi auruQ Lo[IM ‘SL8TE0UMTIOT/6T01 01/10p/wod Kafim Kreiqijourjuo sqndnSe//:sdyy woly papeojumo( s ‘€207 ‘€L6LPF61


https://doi.org/10.1175/1520-0442-16.10.1551
https://doi.org/10.1007/s10584-006-9055-0
https://doi.org/10.1002/joc.2143
https://doi.org/10.1029/2018GL079621

	The Severity of the 2014–2015 Snow Drought in the Oregon Cascades in a Multicentury Context
	Abstract
	1. Introduction
	1.1. Study Region
	1.2. 
          Tree-Ring Based Snowpack Reconstruction in Oregon

	2. Materials and Methods
	2.1. Development of an Oregon Cascade Composite SWE Record
	2.2. 
          Tree-Ring Data
	2.3. Reconstruction Model
	2.4. Runs Analysis and Snow “Whiplash”

	3. Results
	3.1. SWE and Tree-Ring Records
	3.2. Oregon Cascade Snowpack Reconstruction
	3.3. Runs Analysis and Snow “Whiplash”

	4. Discussion
	4.1. Snowpack Reconstruction
	4.2. Snow Droughts
	4.3. Persistent Low-Snow Intervals
	4.4. Snow “Whiplash”

	5. Summary and Conclusions
	Appendix A
	Data Availability Statement
	References


