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Abstract

Cool-season precipitation is a critical component of western North American water sup-
plies. In recent decades, snow water equivalent (snowpack) has declined dramatically,
culminating in record lows along the northern Cascade Range, USA, during the winters
of 2014 and 2015. Given the brevity of observational records, the extent to which these
recent trends exceed historical ranges of variability remains poorly understood. Here, we
use a network of 30 tree-ring chronologies to reconstruct April 1 snowpack in the north-
ern Cascade Mountains (Washington, USA) over the past ca. 400 years that accounts for
62% of the instrumental period variability. The reconstruction is characterized by consid-
erable interannual- to interdecadal-scale variability. Yet, the most conspicuous feature is a
decline that began in the mid-1970s concurrent with a shift to above-average air temperature
which is accelerated through to the most recent years of the record. The 2014-2016 snow
drought, especially snow conditions during the 2015 winter, across the northern Cascades
is unprecedented within the context of the last 400 years. The reconstruction is character-
ized by considerable interannual- to interdecadal-scale variability, but a conspicuous decline
emerged in the mid-1970s and accelerated through to the most recent years of the record
to levels below the pre-industrial envelope of variability. This decline culminated in the
2014-2016 northern Cascade Mountains snow drought, which is unprecedented within the
context of the last 400 years. Not only is the twentieth—twenty-first century period char-
acterized by the rapid decline in snowpack conditions, it is also highly volatile. Extreme
flips in snowpack conditions (year-to-year changes between <5th and >95th percentiles)
during the twentieth and twenty-first centuries were anomalous within the context of the
record. These patterns described for the North Cascades are concurrent with anomalously
low snowpack in the Sierra Nevada Mountains of California, and thus part of a broader
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trend toward reduced snowpack in western North America. This decline will fundamentally
impact regional drought and hydrography in North Cascadia and is likely the combined
result of rising temperatures, weakening

Keywords Snow drought - Snowpack - Dendrochronology - Paleoclimatology - Climate
reconstruction

1 Introduction

Within montane environments of the western United States (US), snowpack influences
runoff regimes (Bales et al. 2006; Barnett et al. 2008), stream ecosystem structure and func-
tion (Hauer et al. 1997), wildfire frequency and intensity (Westerling et al. 2006; Littell
et al. 2009), and water and air temperatures (Flanner et al. 2011; Pederson et al. 2010).
Over recent decades, however, snowpack (snow water equivalent, SWE) has declined sub-
stantially throughout the western US (Mote 2003; Mote et al. 2005). Snowmelt and glacial
runoff along the North Cascades are critical for community water supply in the region (e.g.,
Seattle, Tacoma, Olympia, Everett), as well as hydropower, agriculture, and protected and
endangered native cold-water fish populations.

During the winters of 2014 and 2015, the North Cascades region (US States of Oregon
and Washington) experienced record-low snowpack levels within the context of the instru-
mental period (since ca. 1920-1930s). As a precursor to this event, sea surface temperatures
(SSTs) in the northeast Pacific were anomalously warm during the previous-year winter
(2013). Warming continued and expanded into the spring of 2014 coincident with anoma-
lously high sea level pressure. This warming pattern combined with warm air temperatures
and the amount and timing of winter precipitation culminated in record-low snowpack levels
in the winters of 2014 and 2015 (Mote et al. 2005; Cooper et al. 2016). The severity of this
event led the State of Washington to declare a drought emergency in May 2015, and fore-
casts suggest snowpack declines will continue through the twenty-first century with grave
implications for western North American water supplies (Mote et al. 2005).

Although recent snowpack declines in the US Pacific Northwest are unprecedented in
observational records, these baselines span only the past several decades. Longer histories
are needed to (1) more fully characterize snowpack range and variability and (2) provide
historical context to extreme events such as the 2014-2015 snow drought. In the western US,
moisture variability is the primary limiting factor of annual radial tree growth (Fritts 1976).
Tree-ring time series are commonly used to reconstruct precipitation (e.g., Graumlich 1987;
Salzer and Kipfmueller 2005; Meko et al. 2007; Stahle et al., 2009; Griffin et al. 2013),
drought (Stockton and Meko 1975; Cook et al. 1999, 2004; Woodhouse et al. 2010; Oliver
et al. 2019), and streamflow (Stockton and Jacoby 1976; Woodhouse et al. 2006, 2012;
Margolis et al. 2011; Bekker et al. 2014; Harley and Maxwell 2018). However, fewer studies
have used tree rings to assess historical snowpack variability (Woodhouse 2003; Pederson
et al. 2011; Belmecheri et al. 2016; Peterson and Peterson 1994; Perkins and Swetnam
1996; Watson and Luckman 2016), and no reconstructions are available for the Cascade
Mountains of the US Pacific Northwest. Here, we use a multi-species network of existing,
updated, and new tree-ring chronologies to reconstruct north Cascade Mountain snowpack
and thereby evaluate longer-term ranges of variability and provide context for twentieth and
twenty-first century trends.
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2 Data and methods
2.1 Instrumental snowpack data

We gathered instrumental snow water equivalent (SWE) data (April 1 1938-2018) from 18
Natural Resources Conservation Service (NRCS) SNOW/SNOTEL stations along the North
Cascades (Fig. 1). We initially screened the stations based on length and completeness of
the record, degree of inter-correlation among stations (e.g., principal component analysis
(PCA), correlation matrix), and normality of the data. Out of the total 18 stations initially
gathered, 10 were excluded from the network because of non-normality, incomplete/missing
data, or dissimilarity with other stations. The remaining 8 stations were well distributed
across a broad region of the northern Cascades, ranging in elevation between 742 m (Tun-
nel Avenue) and 1981 m (Cloudy Pass) and spanning from Mt. Rainier (Cayuse Pass; 46.87
°N) to Harts Pass (48.72 °N) near the Canadian border. These records included data from
the SNOW/SNOTEL networks and had a common period of overlap spanning 1938-2018
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Fig. 1 North Cascades snowpack study area map. Plotted are locations of the 8 SNOW/SNOTEL stations
used to compile the instrumental April 1 snow water equivalent (SWE) data during the period 1938-1980
shown with the network of tree-ring chronologies (n = 30) used for the reconstruction
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Table 1 Information for northern Cascade Mountain Range snow stations used for the April 1 SWE
reconstruction

Name ID Elevation (m) °N °W Installed (year)
Cloudy Pass 20A22 1981 48.21 —120.92 1927
Little Meadows 20A24 1593 48.20 —120.90 1927
Lyman Lake 20A23 1798 48.20 —120.92 1928
Park Creek Ridge 20A12 1402 48.44 —120.91 1928
Rainy Pass 20A09 1456 48.52 —120.74 1930
Cayuse Pass 21C06 1606 46.87 —121.53 1938
Tunnel Avenue 21B08 742 47.32 —121.34 1938
Harts Pass 20A05S 1978 48.72 —120.66 1938

(Table 1). All 8 stations shared common trends and variance (Fig. S1), strongly and posi-
tively correlated (all p <0.01) with each other (Fig. 2), and strongly and positively loaded
on PCy, which accounted for 84% of the variance (Fig. S2). Given the strong agreement
among retained SWE stations and the normal distribution of the data (Fig. 2), within each
station, we normalized mean April 1 SWE over the common interval and used the mean of
these anomalies as the predictand for the reconstruction.
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Fig. 2 Snow station agreement. Instrumental correlation matrix (*** denotes p<0.01) between the 8 snow
stations included in the April 1 SWE reconstruction plotted with distribution histograms and scatter plots.
CP, Cloudy Pass; LM, Little Meadows; LL, Lyman Lake; PCR, Park Creek Ridge; RP, Rainy Pass; CYP,
Cayuse Pass; HP, Harts Pass; TA, Tunnel Avenue. Both x- and y-axis limits differ
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2.2 Tree-ring network

Tree-ring data for the reconstruction came from (1) existing site collections from the states
of Washington and Oregon (US) on the International Tree-Ring Data Bank (ITRDB; https://
www.ncde.noaa.gov), and (2) new site/updated chronologies. To help define a spatial region
from which to pull initial chronologies for the candidate pool from the ITRDB, collections
were first screened as to whether they were located within the moisture-sensitive footprint
of the instrumental snowpack record. A field correlation analysis was conducted between
the instrumental snowpack data and the gridded CRU TS3.24 0.5 ° precipitation field during
the period 1901-2018 (c.f. Maxwell et al. 2017; Harley et al. 2017; Harley and Maxwell
2018), and chronologies were retained if they fell within the region for which correlations
were significant at the o« = 0.01 level.

After this first screening, 133 ITRDB chronologies were retained representing species
common to the Pacific Northwest region (e.g., Pseudotsuga menziesii Mirb. Franco; Tsuga
mertensiana Bong. Carriére; Larix lyallii Parl.) over the common period 1830-1980. This
pool of candidate chronologies included one new collection (Mary’s Peak) and one exist-
ing collection (Mt. Rainier High) that we updated (Table S1). At Mary’s Peak and Mount
Rainier, we extracted two cores from 15-20 trees with an increment borer. Tree cores
were prepared and crossdated using methods standard to the field of dendrochronology
(Speer 2010). We used the program COFECHA as a crossdating check on new and ITRDB
chronologies (Holmes 1983), and any obvious dating errors were cleaned by removing
problematic measurement time series or segments therein if near the start or end date. We
then used the RCSigFree program to standardize each tree-ring series interactively using
signal-free standardization (Melvin and Briffa 2008) in which the base curve was a %
smoothing spline (i.e., these splines had an amplitude response of 0.50 at periods associ-
ated with 67% of each series length (Cook and Peters 1981) and were chosen to retain as
much climate signal as possible while removing non-climatic signals related to disturbance
and age-related tree-ring growth trends). We chose signal-free standardization to reduce
trend distortion whereby medium-frequency variance (i.e., decadal-centennial) leveraged
the detrending function near the ends of the record (Melvin and Briffa 2008). To account
for the effect of diminishing sample size back through time, we truncated each chronology
where the expressed population signal (EPS) statistic fell below a threshold of 0.85 (Wigley
et al. 1984). As for the updated chronologies, Mary’s Peak is a P. menziesii collection that
spans the period 1566-2013, and the updated 7. mertensiana Mt. Rainier High (WA103)
chronology now spans 1652-2015.

2.3 Reconstruction model

To reconstruct April 1 SWE for the North Cascades, we chose a nested principal compo-
nents regression (PCR) model, which accounted for the decrease in the number of predictor
chronologies back through time (Cook et al. 1999, 2004, 2007, 2007). In an initial screening
phase, tree-ring predictors and snowpack data were pre-whitened to provide a conservative
estimate of climate-growth relationships that were not subject to inflation via autocorre-
lation. Chronologies were retained if they were significantly (p <0.01) related to April 1
SWE over the common period (1938-1980) in the Pearson, Robust Pearson, and Spearman
correlation tests. For those tree-ring sites that were significant, their original chronologies
(without pre-whitening) were included in the PCR at time ¢ and 7+1 because of known
preconditioning effects of previous-year water availability on current-year tree growth
(Fritts 1976). Following the Kaiser-Guttman rule (Guttman 1954; Kaiser 1960), the first n

@ Springer


https://www.ncdc.noaa.gov
https://www.ncdc.noaa.gov

132 Climatic Change (2020) 162:127-143

eigenvectors with eigenvalues >1 were retained for the multiple regression. The final subset
of PCs in the regression model was determined by using the minimum Akaike information
criterion (AIC), which includes a penalty term for increasing the number of predictors in
the model (Akaike 1974).

The common period (1938-1980) was split into two equal periods for calibration (1938—
1959) and verification (1960-1980) of the nested PCR models. Calibration models were
verified using two rigorous tests of fit, the reduction of error statistic (RE), and coefficient
of efficiency (CE) (Fritts 1976; Cook et al. 1999). Given that RE ranges from —oo to +
1, a positive RE denotes that the calibration model is more skillful than the mean of the
instrumental data during the calibration period. The CE has the same range and calculation,
yet it relies on the verification period mean for a baseline of predictive skill and is thus
more difficult to pass (value >0). We produced the final reconstruction by calibrating on the
full instrumental period (1938-1980). After each nest was calculated, SWE estimates along
with each set of calibration and verification statistics were spliced together for the entire
reconstruction length.

2.4 Model uncertainty

We assessed model uncertainty using maximum entropy bootstrapping (Vinod et al. 2009);
MEBoot) applied to the tree-ring predictors and SWE data with n = 300 replicates. MEBoot
estimates uncertainty by producing an empirical probability distribution for each year and
thus can generate values outside the boundaries of the input data to more effectively simulate
the underlying theoretical population (Cook et al. 2013). Other advantages of the MEBoot
process are that it does not assume stationarity, it maintains the autocorrelation structure
of the time series, and it calculates semiparametric uncertainty estimates for the calibration
and verification statistics (see Cook et al. 2013, for details).

2.5 Reconstruction analyses

In addition to calculating standardized anomalies (e.g., z-scores) to assess the long-term
trends in SWE, we calculated an index to quantify volatility. We characterized extreme SWE
“flips” during consecutive years in the reconstruction by calculating a flip index (i) (c.f.
Loecke et al. 2017) as

. SWE@+1) —1

"TSWEG + (t+ 1)
for which the SWE value of a given year () was subtracted from the value of the following
year (t+1), then divided by the total SWE over the 2-year period (#+(#+1)). Positive i values
indicated shifts from lower (dry) to higher (wet) SWE conditions, whereas negative values
indicated shifts from higher (wet) to lower (dry) snowpack. We defined extreme flips by
tallying i values that were <5th percentile (dry) and >95th percentile during the period
1580-2018.

3 Results/discussion
3.1 Tree-ring data

Screening via the moisture-sensitive footprint and then screening for correlation between
pre-whitened chronologies and snow data reduced the original candidate pool of 133
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chronologies to 30 retained for modeling (Table S1). All retained chronologies correlated
negatively with SWE, such that wide (narrow) growth rings were associated with low
(high) snowpack years. This negative relationship between tree rings and SWE has been
demonstrated previously in the Cascades (Graumlich and Brubaker 1986) and the Cana-
dian Cascades (Hart et al. 2010; Starheim et al. 2013; Coulthard et al. 2016; Watson and
Luckman 2016). At the start of the growing season, cambial reactivation and root hydraulic
conductance can be delayed by late-melting snow that persists on the landscape, lowering
soil temperature (e.g., Hansen-Bristow 1986; Graumlich and Brubaker 1986) and thereby
limiting the width of the annual growth ring. The correlation of retained chronologies to
SWE ranged from r = —0.62 (the updated Mt. Hood High and Mt Hood Medium) to —0.37
(Crater Lake Medium) during the period 1938-1980. Of the 30 chronologies retained for
modeling, 29 were downloaded from the ITRDB, with the one new collection of Mary’s
Peak (r = —0.39).

Table 2 Nested reconstruction model statistics. North Cascades April 1 SWE nested reconstruction model
statistics, including the common period model (CP) with backward (B) and forward (F) model nests for the
period 870-2013 CE

Nest  Period NTR  EVI ORD  CR? VR? VRE VCE RMSE
F5 1830-2013 1 1 0.10 035 0.17 0.11 29.5
F4 18302010 2 2 1 020 038 0.18 0.11 29.5
F3 1830-2005 4 2 2 026 036 035 0.32 252
F2 1830-1990 19 4 2 043 033 0.34 0.32 22.7
Fl 1830-1985 23 5 2 059 058 0.58 0.58 19.5
CP 1830-1980 30 5 2 062 071 0.71 0.72 19.1
B2 1820-1829 29 5 2 062 066  0.65 0.65 19.2
B3 1810-1819 28 5 2 062 067 0.66 0.67 19.2
B4 1790-1809 27 5 2 0.61 0.60 059 0.60 19.5
B5 1780-1789 24 4 2 057 051 0.50 0.51 20.7
B6 1770-1779 22 4 2 056 054 053 0.53 20.9
B7 1760-1769 21 4 2 057 053 0.52 0.53 20.8
BS 1740-1759 20 4 2 055 053 0.52 0.53 21.0
B9 1730-1729 18 4 2 057 053 0.52 0.52 20.9
BI10 1710-1729 17 4 2 057 054 053 0.54 20.8
Bl11 1680-1709 16 4 2 057 0.6 0.55 0.55 20.8
BI12 1670-1679 13 3 1 057 056 0.52 0.52 20.5
B13 1630-1769 12 3 1 058 054 053 0.53 20.5
B4 1610-1629 11 3 1 058 060 059 0.58 20.4
BI5 1590-1609 9 3 1 055 057 0.55 0.56 20.7
BI16 1580-1589 6 2 1 043 034 033 0.32 23.4
B17 1550-1569 4 2 1 040 030 029 0.27 24.0
BI18 1440-1549 3 1 1 0.21 0.16 0.16 0.13 27.3
B19 870-1439 1 1 1 0.15  0.05 0.007  0.006 283

NTR, number of tree-ring chronologies; EVI, number of eigenvectors with eigenvalues >1.0; ORD, eigen-
value order cutoff determined from AIC; CR?/VR? , calibration/verification period coefficient of determina-
tion; VRE/VCE, verification period reduction of error/coefficient of efficiency; RMSE, root mean-squared
error
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3.2 Model calibration and verification

The common period model spanned the period 1830-1980 and included 2 PCs (PC; and
PC,) that explained 62% of the instrumental SWE variance from 1938-1980 (Table 2).
Including the common period, the reconstruction comprised 19 backward nests extending
to the year 870. We also performed forward nests from 1981 to 2013 to demonstrate that
trees track the instrumental record over the snow drought and highlight the need for updated
chronologies in the region. Going backwards in time, the model nests remained robust,
explaining over 40% of the instrumental variance with strong and positive RE and CE values
until 1580. The reconstruction remained valid back to 870, however, as the number of tree-
ring chronologies (NTR) was reduced to <6 at 1580, the CR? and VR? dropped and the
models weakened. Although the 870-1439 nest passed validation tests (positive RE and
CE), the model was weak, explaining only 15% of the instrumental variance. Given that the
overarching objective of this paper was to compare the modern snow drought with a record
that extended beyond the instrumental period, we truncated the reconstruction at 1580, as
this was the last backward nest that explains >40% of the instrumental variance.

As expected, the forward model nests dropped rapidly with NTR and in conjunction with
all validation statistics (e.g., CR2, VR2, RE, CE, RMSE), though models were robust until
ca. 1990, after which the NTR dropped from 19 to 4. Yet even with low sample depth,
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(black) April 1 SWE values for the North Cascades reconstruction during the period 1938-1980 (R? = 0.61,
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SWE reconstruction
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forward nests corroborated that trees followed the most recent snowpack trends while high-
lighting the need to update these key chronologies through the most recent decades to better
reduce uncertainties.

3.3 Reconstructed North Cascades April 1 SWE

We provide a 400-year (1580-1980 CE) annual reconstruction of April 1 SWE that accounts
for 62% of the instrumental period variability (1938-1980) (Fig. 3). Snowpack during 2015
was also the lowest captured during the instrumental period 1938-2018 (Fig. S3). In agree-
ment with the instrumental data, the reconstruction indicates that the 2014-2018 snow
drought was unprecedented in magnitude, with 2015 witnessing the lowest snowpack since
the beginning of the record (Figs. S3, 3). The 2015 SWE value also exceeds the 5% (low)
MEBoot model uncertainty error envelope calculated over this 400-year period.

The 2014-2016 northern Cascades snow drought—especially snow conditions during
the 2015 winter—is unprecedented within the context of the last 400 years. This trend
is also consistent with anomalously low snowpack in the Sierra Nevada Mountains (e.g.,
Belmecheri et al. 2016), and thus part of a broader trend toward reduced snowpack in
western North America. A blue intensity-derived growing season (May—Aug) temperature
reconstruction from the Yukon Territory by Wilson et al. (2019) offers a regional com-
parison to our record. The spring-summer Yukon temperature record showed strong anti-
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correlation during the period 1580-2004 with snowpack anomalies from the North Cascades
(Fig. 4; r = —0.56, p <0.00001). The most noticeable correspondence between the records
was the rapid warming across the region beginning in ca. 1900 simultaneous with the rapid
decline in snowpack, especially since 1970 (dashed line Fig. 4). Within the context of single-
year extremes, 1944 and 1915 ranked as the 3rd and 4th warmest since 1337 CE. The years
1914 and 1944 ranked as the 8th and 10th lowest snowpack years. The year 1810 ranked as
the 2nd coldest year with the 3rd highest snowpack. Extreme SWE years occurred in 1697
(515.5 cm) and 1754 (505.4 cm), which were the 2nd and 5th highest on record (Table 3).
The top 5 highest SWE decades (average cm) were the 1750s (391.2), 1700s (387.2), 1690s
(377.2), 1840s (374.5), and 1810s (373.3), respectively. In conjunction with the Wilson et al.
(2019) record, Wilson et al. (2014) built on the Wilson and Luckman (2003) and Luckman
and Wilson (2005) studies and provide another proximal temperature record from interior,
southern British Columbia. This record showed the lowest temperature anomalies over the
last ca. 400 years (past 1000 years according to Luckman and Wilson 2005) centered on
1700, during which we demonstrated one of the highest SWE events in the North Cas-
cades. Conversely, their temperature record showed above-average temperature anomalies

Table 3 Top 10 single-year and decadal low and high April 1 SWE (cm) events in the North Cascades
reconstruction during the period 1580-2018

Year SWE Decade SWE
Low
1 2015 42.7 2010 182.0
2 2016 71.6 1940 272.4
3 2014 79.3 1980 279.5
4 2018 91.7 1770 280.4
5 2017 106.4 2000 284.2
6 1607 142.5 1590 294.7
7 1977 144.0 1990 296.8
8 1914 167.4 1600 296.9
9 1839 171.1 1790 301.1
10 1944 177.0 1970 309.1
High

1 1916 569.3 1750 391.2
2 1697 515.5 1700 387.2
3 1810 513.3 1690 377.2
4 1880 509.7 1840 374.5
5 1754 505.4 1810 3733
6 1991 503.8 1880 365.9
7 1672 498.1 1570 362.5
8 1862 488.1 1650 358.7
S9 1972 484.8 1860 351.8
10 1775 482.4 1890 351.5

Decade, e.g., 1940, defined as 1940-1949, except 2010-2018
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starting in the 1930s and continuing through the 1950s to the current period, concurrent
with below-average SWE anomalies and the recent snow drought.

Major periods of synchronous cool/high snowpack conditions included the 1690s—
1710s, 1800s—1820s, 1840s—1880s. However, after the 1880s, there was a marked shift to
synchronous periods of warm/low snowpack conditions. Because snowpack is a critical
component to the water resources of the western US, many studies have observed trends in
both temperature and precipitation during the twentieth century (e.g., McCabe and Wolock
2002; Mote 2003; Sheppard et al. 2002; Mote et al. 2016; Harpold and Brooks 2018) as well
as the influence of temperature on earlier spring snowmelt during this period of rapid warm-
ing (e.g., Dettinger and Cayan 1995; Stewart et al. 2005; Regonda et al. 2005; Cooper et al.
2016; Sproles et al. 2017). Mote et al. (2005) concluded that some of the long-term trends
in snowpack decline and short-term variability can be linked to Pacific climate forcing via
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Fig.5 North Cascades April 1 SWE volatility. Plotted are the annual flip index time series (bottom), shown
with the frequency distribution for the annual flip index (top left), and the number of positive (+), negative
(—), and total flips that exceed the 5th and 95th percentiles per century. The bottom panel shows the annual
flip index with positive (blue) and negative (red) Sth and 95th percentile lines
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El Nino-Southern Oscillation and Pacific Decadal Variability. Yet, climate variability over
the North Pacific Ocean only accounted for ca. 50% of the declining snowpack trends since
ca. 1950, whereas the remaining trend was explained by warming air temperatures across
the Pacific Northwest US. Mote et al. (2016) reached a similar conclusion for the causes of
the 2014-2015 snow drought across the North Cascades. They found that unusually high
air temperatures converged with anomalously warm sea surface temperatures in the North-
east Pacific directly off the US Pacific Northwest coast (i.e., Bond et al. 2015; coined the
“blob” by the media) to result in a warm winter and extremely low snowfall. We also found
a strong anti-correlations between Cascades snowpack and Dec—Feb Northeast Pacific SSTs
(r <—=0.60, p <0.10) during the period 1870-1999 (Fig. S4). Yet the April 1 SWE record
from the North Cascades in comparison with the Yukon Territory temperature record sug-
gests the influence of increased air temperature on anomalously low snowpack conditions
is unique to the twentieth-twenty-first centuries and unprecedented within the context of the
past 400 years.

Not only is the twentieth—twenty-firstcentury period characterized by the rapid decline
in snowpack conditions, it is also highly volatile (Fig. 5). The northern Cascades flip index
shows that, at least for the past 400 years, year-to-year changes in extreme snowpack condi-
tions did occur, but with varying intensity over time. Since 1580, negative flips (year-to-year
change from wet to dry) were more frequent than positive flips. When only considering flip
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Fig. 6 Ridgeplots of North Cascades April 1 SWE Reconstruction and Flip Index Distributions by Century.

Plotted are reconstruction and flip index values by century (sixteeth-twenty-first) with 2.5% (red) and 97.5%
(blue) tails indicated
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index values that exceeded the Sth and 95th percentiles, negative flips outnumber positive
flips as tallied per century except for the seventeenth century, but this is likely explained
by the influence of the Maunder Minimum (Lean 2000). More positive and negative flips
(<5th >95th percentiles) occurred during the twentieth century (n = 29) than any century
since the beginning of the record. Probability density functions calculated for the recon-
struction and the flip index for each century also demonstrate that extreme flips during the
twentieth and twenty-first centuries were anomalous within the context of the past ca. 430
years (Fig. 6). This finding is in line with multiple other studies that have shown that one
of the characteristics of recent climate change is increased volatility in weather across the
Pacific (Black et al. 2014; Black et al. 2018; Mantua 2015), American Southwest hydro-
climate (Oliver et al. 2019), California precipitation (Swain et al. 2018), and western US
wildfire activity (Abatzoglou and Williams 2016; Balch et al. 2017; Westerling et al. 2006).

Beyond the recent snow drought, the reconstruction identified other low snowpack events
during the periods 1585-1605, 1760-1795, and 1920-1940, all of which are concurrent
with anomalously warm decades identified by Wilson et al. (2019). Yet, these events were
not as severe nor prolonged as that during the most recent decades. Six of the top 10 lowest
SWE decades occurred during the twentieth-twenty-first centuries (1940, 1970, 1980, 1990,
2000, 2010; Table 3). The last 8 years of analysis, defined here as the 2010 decade (2010—
2018), was by far the decade with the lowest average snowpack (182.0 cm), followed by
the 1940s (272.4 cm). Rounding out the top 5 most extreme single-year (cm) low SWE
conditions were 2015 (42.7 cm), 2016 (71.6), 2014 (79.3), 2018 (91.7), and 2017 (106.4),
respectively. Furthermore, we note a large difference between the top 5 low SWE years and
those ranked 6th—10th, with 1607 at 142.5 cm.

During the period 1932-1938, the Dust Bowl was characterized by widespread, severe
drought conditions in the Great Plains and western North America (e.g., Cook et al. 2008).
Schubert et al. (2004) produced model results suggesting the 1930s’ Dust Bowl was caused
by anomalously cool tropical sea surface temperatures in the Pacific Ocean. While this
caused reduced precipitation over the Great Plains, it also produced wet anomalies in the
Pacific Northwest region. SST anomalies in the Gulf of Alaska were above average during
the Dust Bowl (Schubert et al. 2004) but do not compare to the extremely positive (warm)
SST anomalies in the northern Pacific that led to the most recent snow drought (Bond et al.
2015). Hence, we noted average SWE conditions during the 1932—-1938 period, which was
concurrent with a period of cool air temperatures (Fig. 4). Following the Dust Bowl event,
however, SWE conditions continued to decline heading into the 1940s, concurrent with
warmer than average air temperatures. Thus, our record suggests the imprint of the Dust
Bowl was minimal on northern Cascades winter precipitation, as Schubert et al. (2004) ulti-
mately conclude that summer and fall seasonal SST anomalies in the tropical Pacific are
likely key to better understanding the mechanisms of the event. Moreover, another severe
western drought occurred in the 1950s (Cook et al. 1999), but evidence of associated low
snowpack was not apparent in the instrumental record nor the tree-ring-based SWE recon-
struction (Fig. 3). The 1950s was the last period during which snowpack anomalies were
positive, after which began the rapid and unprecedented decline through to the present.

Pederson et al. (2011) documented the recent decline in western US snowpack and pro-
vided separate reconstructions for the Northern Rockies, Greater Yellowstone, and Upper
Colorado Basin regions. It should be noted that only two tree-ring chronologies—Hart’s
Pass N2 (WA073) and V2 (WAQ77)—are used in both the Northern Rockies SWE recon-
struction (total n=28, Pederson et al. 2011) and the record provided here; hence, the
two reconstructions are not fully independent. The Northern Rockies (HUC 6) April 1
SWE reconstruction from Pederson et al. (2011) shows significant and positive agreement
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with the northern Cascades record during the period of overlap (1580-1990; r = 0.30, p
<0.0001; Fig. S5a). Other than a few outliers, most values fall within the 95% prediction
bands (Fig. S5b). Despite diverging during the nineteenth century, the two records strongly
correspond from the late 1500s through the 1700s, then again starting at ca. 1900 to the
1990s. Since the 1580s, snowpack conditions between the Northern Rockies and the North
Cascade regions were in general synchrony. Yet, within the context of broader spatial het-
erogeneity across the western US, low snowpack conditions during the late sixteenth century
were concurrent with drought across the Upper Colorado Basin (Woodhouse 2003; Ped-
erson et al. 2011). However, snowpack conditions during this time were average in the
Northern Rockies/Upper Columbia River Basin and Greater Yellowstone Regions. Peder-
son et al. (2011) also note two event periods during which snowpack conditions were higher
than average across the northern American Cordillera ca. 1695-1735 and 1845-1895, and
these also are noted across the northern Cascades.

4 Conclusions

Across the North Cascades of Washington, snowpack in 2015 (42.7 cm) was the lowest in
at least the past 400 years, even when considering the 5% confidence interval estimates.
Not only was mean winter air temperature across the Cascades highest on record during the
middle 2010s, this event co-occurred with the appearance of extremely warm (positive) SST
anomalies manifested directly off the coast of the Pacific Northwest (Fig. S4), strengthened
by the stagnation of high pressure in the Gulf of Alaska (Bond et al. 2015). This extremely
strong ridge of high pressure increased temperatures in the region and led to record-level
snowpack reductions.

The increased volatility of Pacific climate forcing suggests that snowpack conditions will
likely not stabilize. Since 1580, more extreme snowpack flips have occurred since 1900
than in any previous century. Increased snowpack volatility has important implications for
current and future regional water allocation planning. The unprecedented decline in snow-
pack will fundamentally impact regional drought and hydrography in North Cascadia and
is likely the combined result of rising temperatures, weakening westerly winds, and the
magnitude and timing of winter precipitation events.
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