
Quaternary Science Advances 2 (2020) 100013
Contents lists available at ScienceDirect

Quaternary Science Advances

journal homepage: www.journals.elsevier.com/quaternary-science-advances
2,200-Year tree-ring and lake-sediment based snowpack reconstruction for
the northern Rocky Mountains highlights the historic magnitude of recent
snow drought

Spruce W. Schoenemann a,*, Justin T. Martin b, Gregory T. Pederson b, David B. McWethy c

a Environmental Sciences Department, The University of Montana Western, Dillon, MT, 59725, USA
b U.S. Geological Survey, Northern Rocky Mountain Science Center, Bozeman, MT, 59715, USA
c Earth Sciences Department, Montana State University, Bozeman, MT, 59717, USA
A R T I C L E I N F O

Keywords:
Holocene
Northern rocky mountains
Snowpack
Lake sediments
Tree-rings
Stable isotopes
Paleoclimatology
* Corresponding author.
E-mail address: spruce.schoenemann@umwester

https://doi.org/10.1016/j.qsa.2020.100013
Received 15 April 2020; Received in revised form
Available online 22 August 2020
2666-0334/© 2020 The Author(s). Published by Els
nc-nd/4.0/).
A B S T R A C T

In recent decades, Rocky Mountain accumulated snowpack levels have experienced rapid declines, yet long-term
records of snowpack prior to the installation of snowpack observation stations in the early and mid 20th century
are limited. To date, a small number of tree-ring based reconstructions of April 1 Snow Water Equivalent (SWE) in
the northern Rocky Mountains have extended modern records of snowpack variability to ~1200 C.E. Carbonate
isotope lake sediment records, provide an opportunity to further extend tree-ring based reconstructions through
the Holocene, providing a millennial-scale temporal record that allows for an evaluation of multi-scale drivers of
snowpack variability, from internal climate dynamics to orbital-scale forcings. Here we present a ~2200 year
preliminary reconstruction of northern Rockies snowpack based on δ18O measurements of sediment carbonates
collected from Foy Lake, Montana. We explore the statistical calibration of lake sediment δ18O to an annually
resolved snowpack reconstruction from tree rings, and develop an approach to assess and quantify potential
sources of error in this reconstruction approach. The sediment-based snowpack reconstruction shows strong low-
frequency variability in snowpack over the last two millennia with few snow droughts approaching the magnitude
of recent snowpack declines. Given the growing availability of high-resolution, carbonate-rich lake sediment
records, such reconstructions could help improve our understanding of how snowpack conditions varied under
previous climatic events (mid-Holocene climate optimum ca. 9�6 ka), providing critical insights for anticipating
future snowpack conditions.
1. Introduction

Snowpack in the western U.S. serves as an invaluable resource since it
acts as a natural reservoir, historically providing the majority of annual
runoff through consistent melt during the summer dry season (Bales
et al., 2006; Barnett et al., 2008). However, over recent decades, re-
ductions in the amount of total accumulated winter snowpack along with
earlier spring melt-out timing (Barnett et al., 2008; Lundquist et al.,
2008; Pederson et al., 2011b; Mote et al., 2018) has increasingly stressed
municipal and agricultural water systems, terrestrial and aquatic eco-
systems, and contributed to increased wildfire activity (Westerling et al.,
2006). Continued rapid changes in western U.S. snow dynamics chal-
lenges the management of water resources, threatening important soci-
etal services including the generation of hydroelectricity and the
maintenance of cold-water fisheries and winter recreation and tourism
n.edu (S.W. Schoenemann).
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(Bales et al., 2006; Pederson et al., 2011b; Harpold et al., 2012, 2017).
Measurements of Rocky Mountain snowpack have historically been

made on or around the first of April due to the generally strong rela-
tionship to total winter snowpack, and the utility for forecasting warm
season streamflow (Bohr and Aguado, 2001). Reflecting the measure-
ment's importance to water resources, snowpack has most commonly
been recorded in units of inches (or millimeters) of snow water equiva-
lence (the amount of water contained within the snowpack), or SWE.
Over the past ~80 years, measurements of April 1 SWE have been made
along repeat transects called snow courses, and from remote automated
stations (i.e., Snow Telemetry or SNOTEL) for a network of major water
contributing sites across the western U.S. by the Natural Resources
Conservation Service (NRCS). A handful of the earliest April 1 SWE
measurements began in the 1920s, but the majority of the historical snow
course stations came online around 1950, with SNOTEL station
gust 2020

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:spruce.schoenemann@umwestern.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.qsa.2020.100013&domain=pdf
www.sciencedirect.com/science/journal/26660334
www.journals.elsevier.com/quaternary-science-advances
https://doi.org/10.1016/j.qsa.2020.100013
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.qsa.2020.100013


S.W. Schoenemann et al. Quaternary Science Advances 2 (2020) 100013
installations beginning in the late 1960s. Despite the density of modern
SWE observations, most of these records are too short to evaluate key
low- and high-frequency climate system forcings (e.g., changes in inso-
lation as well as multi-decadal and inter-annual teleconnections
including the Pacific Decadal Oscillation (PDO), Atlantic Multi-decadal
Oscillation (AMO), and El Ni~no Southern Oscillation (ENSO) among
others) associated with snowpack variability (Pederson et al., 2011b;
Harpold et al., 2017).

Tree-rings have been successfully employed in reconstructing and
extending observational records of April 1 SWE in a number of studies
across the western U.S. (Woodhouse, 2003; Pederson et al., 2011b; Bel-
mecheri et al., 2015; Barandiaran et al., 2017). Using different combi-
nations of moisture-limited (i.e., low-elevation, cool season drought
sensitive� positively snowpack correlated chronologies) and
energy-limited (i.e., high-elevation, snow suppressed growth or spring
temperature sensitive� negatively snowpack correlated chronologies)
tree-ring chronologies, each of these prior studies demonstrated strong
interannual through multidecadal-scale fidelity between reconstructions
and modern-era snowpack data at spatial scales of medium to large wa-
tersheds (i.e., ~100–1000 km2). The exact calendar-year dating accuracy
combined with the seasonal to annual resolution of the tree-ring records
allows for the highest potential cross correlation and time-resolution of
any environmental proxy with hydroclimatic data. Indeed, tree-ring
based SWE reconstructions for the major watersheds of the intermoun-
tain West have extended our long-term understanding of spatiotemporal
variability in SWE to ~1200 C.E. (Pederson et al., 2011a). However, to
obtain a multi-millennial perspective with the potential of capturing
decadal to millennial-scale trends and variability in SWE requires the
Fig. 1. Study area map. (a) The location of Foy Lake, MT (red circle/cross) within
locator map of the domain of the Northern Rocky Mountains Snow Water Equival
sediment core position (star).
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integration of lower temporal resolution paleoclimate archives that have
the potential of spanning the mid-to-early Holocene (~8–12 ka).

Lake sediment cores are one of the few proxy archives that span
multiple millennia, and have been shown to record changes in hydro-
climate, fire, and vegetation (e.g., Whitlock et al., 2008, 2012; Brunelle
et al., 2013; Anderson et al., 2015a). Depending on the sedimentation
rate, quality of the depth-age model, and sampling frequency, lake sed-
iments are capable of recording environmental variations with
near-annual to decadal time resolution (Power et al., 2006; Stevens et al.,
2006; Stone and Fritz, 2006; Anderson, 2012). This common overlap in
the temporal resolution of dating accuracies and retained frequencies of
hydroclimatic variability between tree-ring and high-resolution lake
sediment records presents a unique opportunity to statistically calibrate,
estimate uncertainty, and extend tree-ring reconstructions of snowpack
that are anchored to modern conditions.

Additionally, in high-elevation locales, snowmelt is likely to be the
dominant influence on isotopic values recorded in lake archives, and
therefore may be suitable as a reconstruction target for carbonate-rich
lakes (Anderson et al., 2016a). In the Rocky Mountain region of west-
ern North America, the majority of precipitation (60–70%) falls as snow
during the months from October to May (Pederson et al., 2011b;
Anderson et al., 2016a). During the spring, this stored precipitation melts
yielding surface runoff, soil moisture, and groundwater recharge. The
isotope ratios of these snow-based water sources, rather than rainfall,
tend to be integrated into terrestrial climate proxies such as lake sedi-
ment δ18O (e.g., Anderson, 2012), stalagmites (e.g., Lundeen et al.,
2013), and even tree cellulose (e.g., Berkelhammer and Stott, 2012).

To improve our understanding of snowpack variability and its
the Pend Oreille Hydrologic Unit (HU) level-6 watershed (light blue), and (b)
ent (NRM-SWE) reconstruction, (c) inset of bathymetric map of Foy Lake and



Fig. 2. Northern Rockies snowpack and Foy Lake sediment δ18O. (a) The
observed and reconstructed April 1st snow water equivalent (SWE) anomaly for
the northern Rocky Mountains showing the period common to both records (b)
The observed (1936–2006) April 1st snow water equivalent (SWE) anomaly
overlaid on the 800-year long tree-ring based reconstruction of northern Rockies
SWE, (c) the 2200 year ~5yr resolution Foy Lake sediment δ18O record, (d) and
the last 400 years of the Foy Lake sediment δ18O record showing the adjustment
made to the δ18O values after 1890 to reflect human alteration of the lake
chemistry and the expected shift in δ18O values due to changes in northern
Rockies SWE during that time period.
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response to long-term climatic forcings, we develop methods for the
statistical calibration of high-resolution lake sediment records to tree-
ring based snowpack reconstructions. Specifically, we utilize the stable
water isotope ratios of precipitation that are preserved in the carbonates
of lake sediments from Foy Lake, Montana (Fig. 1) (Stevens et al., 2006;
Stone and Fritz, 2006), along with the tree-ring based reconstructions of
April 1 SWE for the northern Rockies (Pederson et al., 2011b) to: 1)
develop a multi-millennial snowpack reconstruction by; 2) improving the
accuracy of the lake sediment record depth-age model, 3) statistically
calibrating the lake snow signal to existing tree-ring records, and 4)
quantifying the dominant hydroclimate sensitivity of the carbonate ox-
ygen isotope ratios.

In doing so, this research provides a novel methodological approach
with potential broad application for the statistical calibration of high-
resolution lake sediment records to tree-ring based climate re-
constructions where they co-occur. Additionally, these methods help
improve our understanding and interpretation of the climate signal
recorded in the isotope proxy archives (e.g., Evans et al., 2013; Jones
et al., 2016a), while more than doubling the length of the existing
northern Rockies snowpack reconstructions from Pederson et al. (2011a).
The new April 1 SWE reconstructions provide an important long-term
context and understanding of drivers of snowpack variability over the
Common Era (C.E.).

2. Methods

2.1. Identifying potentially suitable snowpack-dominated lake sediment
cores

There are three key criteria for identifying candidate lakes for sedi-
ment coring and/or correlation-based dating and hydroclimatic analyses.
The first is that the lake is located within a region of considerable annual
snowfall. The greater the winter-season contribution of snowmelt to the
annual lake water-balance, the more likely that the δ18O signal preserved
in the carbonates will reflect variations in winter temperature, precipi-
tation, and/or the combined temperature and precipitation signal inte-
grated in accumulated snowpack. The second criterion is that the lakes
must have in-situ (i.e., authigenic) carbonate production to preserve an
oxygen and carbon isotope record. The third criterion is that the sedi-
ment record must have annual to decadal temporal resolution for com-
parison against tree-ring reconstructed climate or other annual to near-
annual resolution climate proxies. In this study we chose to test our
quantitative reconstruction approach on the Foy Lake sediment core from
northwestern Montana since it meets the above criteria and is an existing
high-resolution, carbonate-bearing sediment core located in the northern
Rocky Mountains (Stevens et al., 2006; Stone and Fritz, 2006) (Fig. 1).

2.2. Foy Lake sediment δ18O record

A 2200-year long record of δ18O in sediment carbonates from Foy
Lake in northwestern Montana was collected by Stone and Fritz (2006)
and further developed by Stevens et al. (2006) (Fig. 2). The resolution of
the record over this period is approximately five years. Settlement of the
region and the construction of a lumber mill that included impoundment
of the lake, is thought to have influenced the level of δ18O in Foy Lake
carbonates after 1890, resulting in a consistent shift to lower δ18O levels
on an annual basis due to greater through-flow. Stevens et al. (2006)
suggest the record is sensitive to both precipitation and temperature
dynamics based on significant correlations with both regional Palmer
Hydrologic Drought Index (PHDI), and a nearby tree-ring based recon-
struction of precipitation spanning 700 years.

2.3. Northern Rocky Mountains April 1 snow water equivalent (NRM-
SWE) reconstruction

An 800-year long record of April 1 SWE for the northern Rocky
3

Mountains was developed by Pederson et al. (2011b) using a network of
moisture and energy-limited tree-ring records from across the Western
U.S. and Canada (Fig. 1). The record is annually resolved and skillfully
captures the inter-annual to multi-decadal scale variability in snowpack
development for the watershed including Foy Lake. The record overlaps
the pre-settlement period (1252–1890 C.E.) of the Foy Lake δ18O record,
and the full lake record to 1992 C.E. The instrumental portion of the
record was comprised of NRCS snow course and SNOTEL records
aggregated across the 10 USGS level 6 hydrologic units (HU) including
HU 170102 – Pend-Oreille watershed which encompasses Foy Lake
(Fig. 1) (Pederson et al., 2011b).
2.4. Visually refining the dates of the Foy Lake δ18O record using the NRM-
SWE reconstruction

Unlike tree-ring records in which the formation dates of annual rings
can be correctly dated to calendar-year accuracy using the visual and
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statistical process of cross-dating (Stokes and Smiley, 1968), considerable
uncertainty exists in estimating the deposition date of particular layers
(or at specific depths) within a lake sediment core (Ramsey, 2008; Parnell
et al., 2011). In the case of the Foy Lake record, the most recent radio-
carbon estimated date from the core is for the year 1106 C.E. � 35 years,
based on 14C in wood at a depth of 87.3 cm. As a result, there are no
radiocarbon dates within the overlapping period between the lake sedi-
ment and tree ring records (1252–1992 C.E.) that could be useful for
aligning the two records in time. However, the observed correlations
between Foy Lake δ18O and PDHI (Stevens et al., 2006) suggests: 1) that
the dating of the Foy Lake record is generally robust over this time
period, and 2) that δ18O in Foy Lake sediment record may exhibit a snow
or moisture balance climate sensitivity similar enough to the tree-ring
reconstructions that it is possible to further correct the accuracy of the
dating using identified extreme event anomalies. This approach is similar
to methods used in visually cross-dating individual tree-ring series at a
site and builds directly on the approach used by Chellman et al. (2017) to
correct the dating of the Fremont Glacier ice core water isotope record
against a local tree-ring chronology.

Because snowpack δ18O and SWE are known to be negatively corre-
lated in the northern Rockies (Anderson et al., 2015b), it is possible to
align the Foy Lake δ18O record with the NRM-SWE record by matching
the patterns in the records themselves via approaches from Chellman
et al. (2017), rather than trying to align the records using radiocarbon
based depth-age model dating that contain considerable dating uncer-
tainty (Prell et al., 1986; Shackleton et al., 1995). To test this, we first
confirmed that the Foy Lake δ18O record was significantly negatively
correlated with NRM-SWE over the common undisturbed period of both
Fig. 3. Dating corrections of the Foy Lake isotope record. (a) The uncorrected a
Equivalent (NRM-SWE) reconstruction showing tie points used to match the δ18O rec
lake sediment date (tree year) and the 14C estimated sediment date (14C year) for the
algorithmically adjusted lake sediment δ18O anomaly records, (d) five year binned v
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records (1252–1890 C.E.). To match the resolution of the NRM-SWE
record to the sample resolution of the lake before correlating the re-
cords, values in the NRM-SWE reconstruction were first binned in 5-year
bins centered on the estimated formation year of each lake sediment
sample (each sample¼ 1 cm thick layer). NRM-SWE and the raw unad-
justed Lake δ18O values were significantly negatively correlated with
r¼�0.22 (p¼ 0.012) based on Pearson's product-moment correlation,
and rho¼�0.21 (p¼ 0.016) based on Spearman's rank correlation. Next,
to facilitate visual pattern matching of the extreme anomaly events, we
standardized both records by subtracting their means and dividing by
their standard deviation converting them to z-scores. Given the
NRM-SWE records negative correlation with lake δ18O, the sign of the
SWE record was reversed (i.e., multiplied by �1) to facilitate
comparison.

Since the temporal resolution of the Foy Lake δ18O record is
approximately five years while the NRM-SWE time series is annually
resolved (Fig. 1), we used a linear interpolation approach to infill missing
values in the δ18O record. Then to make the records directly comparable,
we smoothed them with a 20-year cubic smoothing spline to reduce the
complexity of the patterns in the time series for visual pattern matching
(Cook and Kairiukstis, 1990; Gray et al., 2017) (Fig. 2a).

This approach best increased the strength of the common signal in
both records relative to the noise that may be associated with more
localized climate or biophysical influences unique to each record. This is
because the climatic processes that control decadal to multi-decadal scale
variability in snowpack tend to operate at large spatial scales�meaning
that their influence should be consistently integrated into the regional
climate signal at Foy Lake and within the NRM-SWE record. Plotting the
nd corrected Foy Lake δ18O record and Northern Rocky Mountains Snow Water
ord to the NRM-SWE record, (b) the difference between the tree-ring corrected
tie points shown in panel a, (c) the twenty-year splines of manually-adjusted and
alues of NRM-SWE vs. corrected lake sediment δ18O anomalies.
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δ18O record beside the NRM-SWE record revealed obvious similarities in
the low-frequency dynamics and decadal anomalies (Fig. 3a). To visually
align these patterns in time, those points shown in the δ18O record in
Fig. 3a were assigned the tree-ring derived dates of the associated points
found in the NRM-SWE record. Minor high and low anomalies in the
records falling between these initial major tie points were then visually
aligned by assigning the NRM-SWE dates to highs and lows in the δ18O
record in chronological order.
2.5. Algorithmic dating adjustment of δ18O to NRM-SWE

The process of visually dating the climate-derived patterns in the
lake δ18O record to NRM-SWE is deeply rooted in the rigorously tested
dendrochronological process of cross-dating tree-ring data (Stokes and
Smiley, 1968) and is well supported by countless dendrochronological
studies (Douglass, 1935; Fritts, 1976; Briffa et al., 2002). Recently,
advances in automation of signal correlation using dynamic pro-
gramming techniques now make it possible to match common signals
in paleoclimate records algorithmically as well (Lisiecki and Lisiecki,
2002). We utilized the MATCH dynamic programming software for
automatic correlation of the lake δ18O to NRM-SWE to test whether an
automated signal correlation technique would arrive at the same so-
lution as that determined by visually “cross-dating” the records. The
MATCH algorithm has several useful characteristics in that it preserves
the sequence of events in each series by utilizing a monotonically
increasing mapping function, and it allows control of reasonable
accumulation rates in paleoclimate records by way of adjustable pa-
rameters (default parameters were used in this study) (Lisiecki and
Lisiecki, 2002).
2.6. Correcting for anthropogenic changes in Foy Lake δ18O

As noted by Stevens et al. (2006), the Foy Lake δ18O record spans
two distinct time periods. Prior to European settlement of the region
(200 B.C.E. to C.E. 1890), lake δ18O averaged �4.4‰ but dropped
abruptly after settlement to �6.2‰ (Fig. 2c and d). This change of
1.8‰ has been attributed to a reduced residence time of lake water
associated with sawmill activities at the lake outlet beginning as early
1884 (Stevens et al., 2006; Power et al., 2011). However, at nearly the
same time (~1905), average annual values of NRM-SWE also shifted
abruptly lower (Fig. 2b). Given our finding that decreased NRM-SWE
is associated with increased δ18O in Foy Lake, it is likely that the
1.8‰ estimate of anthropogenic change in oxygen isotope levels is
underestimated. This is because, in the absence of human modification
of the lake hydrology, lake δ18O post 1890 would have likely been
higher than the long-term average due to a persistent decrease in
NRM-SWE, the mean of which from 1890 CE to 1992 CE was 0.76
standard deviations (σ) lower than that of record prior to 1890 CE. Pre
vs. post settlement δ18O correlations with binned NRM-SWE (0.67 vs.
0.48 respectively) suggest lake δ18O remained closely linked to
snowpack development after settlement of the region. Considering
this, it is likely that the lake δ18O values after 1890 CE were propor-
tionally higher as well. However, assuming such a shift occurred, it
was clearly masked by anthropogenic changes to the lake hydrology
that drove isotope levels lower.

To account for these changes in the oxygen isotope record, we first
added the difference between the pre- and post-settlement δ18O means
(2.12 σ) to the δ18O anomaly record. We then added a further 0.76 σ to
the record to account for the negative shift in NRM-SWE over the same
time period that was not accounted for in the original estimate of the
anthropogenic influence on δ18O by Stevens et al. (2006) (Fig. 2d).
Doing so allows the most recent years of the δ18O record to be
included in calibrating the reconstruction model to the target
NRM-SWE time series over the period of time when the reconstruction
is most skillful.
5

2.7. Instrumental period correlations between snowpack, temperature,
precipitation, lake sediment δ18O, and atmospheric circulation

After refining the dates of the Foy Lake sediment record, we examined
the pairwise relationships between Foy Lake sediment δ18O, April 1 SWE,
and warm-season (Mar–Aug) average temperature and cool-season (prior
Nov–Mar) total precipitation records for the Pend-Oreille watershed (HU
170102) from the Parameter-elevation Regressions on Independent
Slopes Model (PRISM) (PRISM Climate Group, Oregon State University,
http://www.prism.oregonstate.edu). The period of analysis spanned
from 1900 to 1992 which is the most recent date of the Foy Lake δ18O
record. We obtained the April 1 SWE record from observational records
that spanned 1937–1992 and reconstructed from tree-rings over the
period 1900–1936 (Pederson et al., 2011b).

Twenty Foy Lake δ18O measurements from carbonate sediments span
the period from 1900–1992. In order to align the temporal resolution of
the isotope and climate data, annual values of temperature, precipitation,
and SWE were averaged into 5-year bins centered on the corrected for-
mation date of each of the δ18O values, resulting in twenty, roughly
evenly spaced, climate and lake measurements over the 20th century.
With the exception of 5 recent samples (containing a single overlapping
year each) in the more intensively sampled top portion of the core, 20th
century data in the 5-year bins do not overlap. Thus, we do not expect
correlations of binned values to be significantly affected by unwanted
autocorrelation associated with smoothed data. Rather, the correlations
reported should generally reflect the relationship between lower fre-
quency dynamics in regional hydroclimate and lake chemistry and
accordingly should not be assumed to represent higher frequency
hydroclimate and lake chemistry dynamics operating at interannual
timescales.

To examine the circulation patterns responsible for the modern re-
lationships between April 1 SWE and δ18O at Foy Lake, we utilized the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Stein et al., 2015) which is a proven tool for investigating re-
lationships between air parcel trajectories and resulting precipitation
isotopic compositions (e.g., Sinclair et al., 2011; Bershaw et al., 2012).
We used the NCEP/NCAR Reanalysis I climate data (http://www
.esrl.noaa.gov/psd/) for the HYSPLIT climatological input. For the Foy
Lake site, we calculated 5-day back trajectories at 6-hr intervals for the
1948–2019 analysis period. The 5-day duration is sufficient, in most
cases, to trace trajectories to their Pacific moisture source. We limited our
analysis to storm trajectories that precipitated (>20mm/day) above the
Foy Lake site and initiate the trajectory start height at 1500m, which is
representative of trajectory pathways over the 1–2 km altitude that in-
corporates the atmospheric level where most water vapor is advected
(Bershaw et al., 2012). Since the dominant precipitation period for
snowpack in northwest Montana is winter/early spring, we selected only
prior November–March trajectories for analysis rather than the entire
water year. To identify the spatial patterns of air parcel trajectory path-
ways we used the HYPSLIT clustering algorithm which calculates the
total spatial variance explained based on the number of clusters and then
bins all similar pathways into single trajectories along with its percentage
of the total. In the case of Foy Lake, a total of 5 clusters best captured the
spatial variance.

2.8. Reconstruction model development

NRM-SWE was modeled from Foy lake δ18O using simple linear
regression. We first examined the relationship between lake δ18O and
binned NRM-SWE via scatterplot (Fig. 3d) and found the relationship to
be slightly curvilinear. Further exploration revealed lake δ18O to be
slightly negatively skewed while NRM-SWE was normally distributed.
Considering this, we first transformed lake δ18O to be approximately
normally distributed using a maximum likelihood-estimated power
transformation (Box and Cox, 1964). This transformation produced a
linear relationship between lake δ18O and binned NRM-SWE, as well as

http://www.prism.oregonstate.edu
http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
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constant variance of model residuals. Because the bin width (5 years)
used to bin SWE values around lake samples was typically less than the
interval between lake samples ~5–7 years, autocorrelation within both
lake δ18O and binned NRM-SWE values is expected to be minimal except
for that which is a shared reflection of low frequency climate dynamics in
both variables intentionally retained in the model.

Because a simple regression reconstruction inherently underestimates
the variability of the past due to a certain amount of unexplained vari-
ance in each regression model, we followed the standard approach (Lutz
et al., 2012) to restoring the variance in the binned NRM-SWE record to
the reconstruction. Error bounds for each year of the reconstruction were
determined as the 95% prediction interval for modeled SWE using the
delta method (Dorfman, 1938) and were proportionally scaled to match
variance adjustments made to the reconstruction.

Finally, recall that the dating of the Foy lake δ18O record was refined
using the certain annual dating of the tree-ring based SWE reconstruc-
tion. Because this date refinement only extends back to 1252, any dating
errors inherent to the earlier Foy lake δ18O record also exist in the first
1400 years of the lake sediment based SWE reconstruction. Thus, being a
hybrid tree-lake SWE reconstruction, the record itself is also character-
ized by a mix of uncertainties reflecting the estimated dating and
reconstructed value accuracy of the original proxies used in its devel-
opment. On average, the dating of the Foy lake δ18O record was quite
accurate in the sequential sense except for a brief and rapid change in
sedimentation rates between 14C-based age estimates (e.g., present day to
ca 1106 C.E., the first radiocarbon date from the lake core). We have no
reason to expect the dating accuracy of the earlier (prior to 1252 C.E.)
Foy lake δ18O record to be significantly different from recent portion
where the average annual dating error was less than 40 years over the full
800-year record.

2.9. Cross-validation of reconstructed NRM-SWE

We performed cross-validation of model performance using a split-
sample approach with an initial calibration period consisting of the
earlier half of the NRM-SWE record and a verification period consisting
of the latter half. Cross-validation was then run in reverse by switching
the time periods used for calibration and verification. The statistics from
each run are provided. We calculated the coefficient of determination
(R2) for the NRM-SWE record explained by themodel parameterized only
on training data (VRSQ) and did the same for the predictions made using
all target data in the calibration of the model (CRSQ). Following standard
methods, we also calculated the reduction of error statistic (RE) (Fritts,
1976) and the coefficient of efficiency (CE) (Briffa et al., 1998) for the
reconstruction model.

3. Results

3.1. Visual and algorithmic dating corrections of the Foy Lake sediment
δ18O record

The visual and algorithmic cross-dating of the Foy Lake δ18O indi-
cated the need for an adjustment generally characterized by a simple shift
to the entire δ18O time series (Fig. 3a). This shift increased the strength of
the correlation between δ18O and SWE substantially from �0.21/�0.22
using the original 14C-based dating to�0.66/�0.68 (p< 0.001) based on
both Pearson and Spearman correlation measures respectively. This
suggests that the overall pattern generating such a high correlation to
SWE is inherent to the depth sequence of δ18O in the lake sediments and
is initially only obscured by a general offset in the 14C-based dating of the
original record. Assuming the δ18O based adjustments more accurately
estimate the dates in the Foy Lake record, then the original dates
underestimated the age of the sampled sediment layers by approximately
30–70 years from circa 1400–1900, with underestimation increasing
linearly with depth (Fig. 3b). An abrupt shift in the bias of the original
depth-age model is then suggested during the transition from the periods
6

associated with the Medieval Climatic Anomaly (MCA, ~800–1200 C.E.)
to the Little Ice Age (LIA, ~1400–1850 C.E.). This suggests that the age
model used to date the Foy Lake record from the top of the sediment core
to the first 14C date at 87.3 cm (ca 1106 C.E.) failed to capture changing
rates of sediment deposition in Foy Lake due to the lack of additional
dateable material present within the core within that time interval.
Consequently, over that time period a substantial increase in sedimen-
tation during the 14th century was not accounted for, which further
offset the dating errors in the δ18O record. Fig. 3a and c shows the 14th
century sedimentation event and other differences between the original
14C-based dates and those adjusted to the NRM-SWE record at each tie
point.

A comparison of the age model adjustments from the MATCH algo-
rithm to those made visually showed similar results, further supporting
the validity of the adjusted chronology. Importantly, visual adjustments
were first made to the Foy Lake δ18O record before employing the
automated technique because of the potential to bias corrections if the
algorithm-based adjustment was performed first. The result was a very
close match between the two adjusted time series showing a correlation
of 0.82 between the manually adjusted and algorithmically adjusted re-
cord (Fig. 3c). The period of overlap between the algorithmically
adjusted lake δ18O record and SWE (1252–1990) is similar to that of the
manually adjusted record (1252–1992) as is the maximum number of
years made in the adjustment (69 years for both methods). The post-
adjustment correlation of the lake δ18O record with binned NRM-SWE
using the MATCH algorithm was �0.67 (p< 0.001) while the manual
adjustment also resulted in a correlation of�0.67 (p< 0.001). It is worth
emphasizing the rather exceptionally high variance (0.45 R2) shared by
these two independent proxy records that are both recording fluctuations
in SWE, albeit with varying amplitudes. Fig. 4 shows the full date-
corrected lake δ18O record as well as the NRM-SWE record and depicts
both records in their original temporal resolutions along with the inter-
polated and/or smoothed timeseries.

3.2. Correlations between modern climate variables and δ18O

To establish the modern relationships between April 1 SWE, precip-
itation, temperature and lake δ18O, correlations between all variables
were performed using both Pearson and Spearman correlation methods
over the period of 1900–1992. As shown in Fig. 5, a statistically signif-
icant positive relationship exists between cool-season (prior Nov–Mar)
precipitation and April 1 SWE (r¼ 0.72/0.73), while δ18O-SWE show a
significant negative relationship (r¼�0.49/�0.59) for Pearson and
Spearman correlations, respectively. The cool-season temperature-SWE
relationship is also negative, as expected, but only weakly correlated
(r¼�0.17/�0.12) (Fig. 5). Correlations between warm-season
(Mar–Aug) temperature and SWE are somewhat higher though still not
significant at the 95% confidence level (r¼�0.40/�0.43). Correlations
between warm season temperature and lake δ18O are weak and insig-
nificant at (r¼ 0.25/0.16).

3.3. Air parcel back-trajectories inform circulation patterns for anomalous
SWE years

In order to better understand how regional circulation patterns
contributed to the lake δ18O and April 1 SWE relationship both spatially
and temporally we compared air-parcel trajectories with the lake δ18O
and April 1 SWE records. Years that exhibited anomalous (�1 σ) SWE
values based on the instrumental SWE record (1937–2011) from Peder-
son et al. (2011b) were selected for air-parcel back-trajectory. Over the
period of available re-analysis data (1948–2019 NCEP-NCAR Reanalysis
I, from (Kalnay et al., 1996)), individual years with low SWE (n¼ 10) and
high SWE (n¼ 14) were identified, and of these the 10 most recent high
SWE years were chosen to provide an even comparison of total number of
trajectories (Fig. 6). The air parcel back-trajectories show that in high
SWE years there are ~45 more snow days than the low SWE years, a 22%



Fig. 4. Climate and Lake records. The reconstructed annual time series of Northern Rocky Mountains Snow Water Equivalent (NRM-SWE) and Foy Lake sediment
δ18O (~5 year resolution) overlain by the 20-year splines of Foy Lake sediment δ18O and NRM-SWE. Both SWE timeseries are inverted. Note the high correlation of
these independently based paleo-records is �0.67 (or 0.45 R2).
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increase on average. Clustering of these same back-trajectories found that
high SWE years have moisture source origins in the far North Pacific
61–66% of the time, compared to only 35% of the time for low SWE years
(Fig. 6). Based on the air parcel trajectory positions above ground level
(a.g.l.), high SWE years tend to have lower-level moisture transport,
while for low SWE years the majority of the air is moving over Foy at
higher elevations (>1500m).

HYSPLIT 5-day air parcel back-trajectory analysis of anomalous SWE
values based on the instrumental SWE record (1937–2011) (Pederson
et al., 2011b). Individual years with (a) low SWE (n¼ 10) and (b) high
SWE (n¼ 14) were identified over the period of available re-analysis data
(1948–2019 NCEP-NCAR Reanalysis I (Kalnay et al., 1996)), and of these
the 10 most recent high SWE years were chosen to provide an even
comparison of total number of trajectories. The air parcel
back-trajectories show that in high SWE years there are ~45 more snow
days than the low SWE years, a 22% increase on average.
3.4. Preliminary 2200 year lake sediment δ18O SWE reconstruction

The extended ~2200-year April 1 SWE reconstruction from the lake
sediment δ18O record was successfully calibrated against the tree-ring
based NRM-SWE reconstruction, providing a long-term context in
which to interpret the 20th century northern Rocky Mountain SWE de-
clines (Fig. 7). The reconstruction model describes 32% of the variability
in the tree-ring based NRM-SWE reconstruction target over the time
period from 1252 to 1992 C.E. The reconstruction cross-validation sta-
tistics for the models calibrated on the first and second halves of the
NRM-SWE record respectively were; Verification R2¼ 0.24 and 0.39,
Reduction of Error (RE)¼ 0.16 and 0.34, and Coefficient of efficiency
(CE)¼ 0.16 and 0.33. Positive values for RE and CE suggest the models
calibrated on either half of the tree-ring NRM-SWE record provide skillful
predictions of SWE over the validation period and capture long-term
shifts in NRM-SWE means. The resolution of the δ18O-based April 1
SWE reconstruction matches that of the original lake δ18O record,
roughly 5–7 years. Fig. 7 shows the 20-year spline of the lake δ18O April 1
SWE reconstruction bounded by 95% prediction intervals and plotted
alongside the smoothed and binned tree-ring based NRM-SWE
reconstruction.

The new lake δ18O April 1 SWE reconstruction extends the tree-ring
based NRM-SWE reconstruction by ~1400 years, and captures first mil-
lennium decadal to centennial-scale variability in regional snowpack that
was perhaps greater in magnitude (i.e. spectral power) than second mil-
lennium SWE variability (Fig. 7a). With the exception of several severe
snow droughts occurring between ~400 and 700 C.E., the first millennium
was defined by generally sustained high SWE conditions of equal to greater
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magnitude than occurred during the Little Ice Age (LIA ~1400–1850 C.E.).
The Medieval Climate Anomaly (MCA ~800–1200 C.E.) is shown to be a
period of average to below average snowpack conditions punctuated by
several decadal-scale high and low snowpack anomalies. Numerous severe
SWE droughts are evident throughout the record, with decadal-scale snow
droughts becomingmore commonplace in the secondmillennia. Themajor
snow droughts occurring between approximately 400�650 C.E. and
1400 C.E rivaled modern snow droughts of the 1930s (i.e. the Dust Bowl
Drought) and after the 1980s (Fig. 7b).

4. Discussion

In this work, we have successfully developed and demonstrated
methods for the statistical calibration of a high-resolution lake sediment
record to a tree-ring based snowpack reconstruction. Our innovative
approach improved the accuracy of the lake sediment record depth-age
model (Fig. 3), quantitatively identified the dominant hydroclimate
sensitivity of the carbonate oxygen isotope ratios (Figs. 4–6), and allowed
for the calibration of a lake sediment isotope chronology to modern
snowpack variability, enabling the production of a multi-millennial δ18O-
based SWE reconstruction (Fig. 7b). These methods and robust results
show the potential for future quantitative paleoclimatic reconstructions
made possible by combining high-resolution sediment records with tree-
ring records where they co-occur. The quantitative approach presented
here also motivates a reexamination of existing δ18O lake records, and
the implementation of similar techniques for the future development of
robust sediment-derived paleoclimate reconstructions.

It is important to reiterate that the approach presented here requires
high-resolution lake records (annual to sub-decadal). This is because
processes of both dating correction and statistical calibration rely on the
common expression of climate-associated variability in tree-ring and lake
records. In western North America, characteristics of climate system
forcings responsible for variability in snowpack, streamflow, and drought
exhibit maximum power in 3–7 year and 14–20þ year periodicities
(Pederson et al., 2011b; Ault et al., 2013; Gangopadhyay et al., 2019),
which aligns well with the strongest decadal-scale common signals of
co-variability shown in the lake sediment and tree-ring snowpack re-
constructions (Fig. 7a). While variability defined by 3–7 year cycles
would be difficult to detect in the highest resolution lake records, even
variability occurring on decadal to bi-decadal cycles likely requires lake
records with roughly a 5-year resolution or higher to adequately capture
the total magnitudes of such modes of variability. Accordingly, identifi-
cation of lakes and implementation of sampling designs that allow for
high temporal resolution in lake proxy records is critical for the suc-
cessful implementation of this approach.



Fig. 5. Instrumental period climate correlations. (a) Correlations between 5-
year binned precipitation, temperature, snow water equivalent (SWE), and Foy
Lake sediment δ18O based on Pearson's correlation coefficient, and (b) Spear-
man's rank correlation coefficient. Correlation p-values are indicated by stars
such that for * p < 0.05, ** p < 0.01, and ***p < 0.001. Orange lines show the
best fit for the pairwise relationships determined by ordinary least squares
regression irrespective of correlation measure.
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4.1. Insights from modern relationships between northern Rocky Mountain
hydroclimate and Foy Lake δ18O

The novel methodological approaches used here improve the accu-
racy of the sediment age-dating by cross-correlating to the decadal-scale
variations of the tree-ring based SWE records and greatly improve the
potential for climatic interpretation of the Foy Lake sediment record. To
anchor our climatic interpretation to the modern era, we correlated the
lake δ18O to observation-based estimates of precipitation, temperature
8

and SWE over the period of overlap, which provided important insight
into the present-day climate controls on isotopic values in the sediment
record. These results then enabled an understanding of the mechanisms
driving the shared variability between records and underpinned the
statistical basis for reconstructing SWE from lake δ18O.

Based on the strong modern relationship between NRM-SWE and Foy
Lake δ18O, it is apparent that winter snowpack input into the lake system
strongly influences the observed variability in δ18O (Figs. 4 and 5). Some
degree of evaporative enrichment of lake waters is also evident in the
position of Foy Lake waters to the right of the global meteoric water line
(GMWL) in δ18O – δD space (see Fig. 2 in Anderson et al. (2016b)).
However, the relatively strong correlation between snowpack and lake
δ18O, and weaker relationship between air temperature and lake δ18O,
suggest that the effect of evaporation on lake δ18O is likely secondary to
the effect of snowpack over time.

These findings could be viewed as contrary to the typical inter-
pretation that enriched lake waters indicate a lake-system dominated
by evaporation (e.g., Shapley et al., 2009; Steinman et al., 2010, 2012;
Steinman and Abbott, 2013; Steinman et al., 2014; Anderson et al.,
2016b). However, it is important to recognize that, in order for even
highly enriched lake waters to serve as precipitation/snowpack iso-
meters, it is only necessary that the sensitivity of lake δ18O to vari-
ability in inflow characteristics (magnitude, timing, inflow chemistry)
is greater than the sensitivity of lake δ18O to variability in
evaporation-season temperature over time. At least in the case of the
Foy Lake δ18O record, we show that the sub-decadal through
centennial-scale variability in the lake water isotopic composition is
strongly controlled by temporal variability in snowpack (Figs. 4, 5 and
7). This signal is then preserved during the precipitation of carbonate
which typically occurs in early summer, prior to strong evaporative
enrichment during late summer months. The strong relationships
shown between precipitation, SWE, and δ18O in the Pend-Oreille
watershed demonstrates that cool-season precipitation is a primary
driver of SWE and lake δ18O, whereas temperature exerts a minor
secondary influence on both SWE and lake δ18O (Fig. 5). Considered
together, these findings demonstrate why the approach presented here
provides a robust reconstruction of snowpack using Foy Lake oxygen
isotopes. First, these findings show that air temperature is not a large
contributor to variability in the lake δ18O snowpack proxy over time
and; second, they show that the impact of air temperature on regional
snowpack variability is generally integrated into the lake chemistry as
snowpack melt drives variability in characteristics of lake inflow.
These new findings highlight the need for further study to refine our
understanding of lake δ18O as a climate proxy in snow-driven systems.
Our results also demonstrate that the improved dating accuracy
afforded by the use of tree rings for dating corrections provides new
opportunities for robust snowpack, lake δ18O comparisons.

The multi-millennial quantitative reconstruction of April 1 SWE
produced from the high-temporal resolution Foy Lake carbonate
isotope ratios is noteworthy in that without adjustment of the sedi-
ment depth-age scale via annually dated tree-ring records, the modern
calibration to historical climate variables would have been impossible.
Traditionally, most lake sediment records use the date of extraction as
the date for the top sample of the core and then select either bulk
sediments at evenly spaced intervals or terrestrial macrofossils where
available for radiocarbon dating. Due to the relatively high cost of
radiometric dating and the considerable length of records, sediments
are sampled at larger intervals (e.g., 25–30 cm) to obtain 3-4 ages per
meter. The resulting age-model is produced by fitting a linear, poly-
nomial, or Bayesian function to the depth-age data over spans of
thousands of years for the entire record. In some longer cores, there
may be only one date per thousand years, as is the case with the Foy
Lake core. The limitation of this approach is that less attention is paid
to the upper sediments spanning the historical period, which is
required for robust calibration to modern climate data.

Calibration to the modern climate data is possible if the sediment core



Fig. 6. Back-trajectory analysis of instrumental SWE record.

Fig. 7. Lake sediment-based northern Rockies
snowpack reconstruction and spectral analyses.
(a) Global average wavelet spectrum shows signifi-
cant and increasing power throughout the timeseries
between 10 and 128 year frequencies, and periods of
significant power at frequencies> 128 years. (b) The
2200-year reconstruction of Northern Rocky Moun-
tains Snow Water Equivalent (NRM-SWE) based on
Foy Lake sediment δ18O. Gray shading indicates the
95% prediction interval for the reconstruction. Values
shown are the 20-year spline of the ~5-year resolu-
tion reconstruction that has been interpolated to
annual resolution using a linear interpolation
approach.
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has a high-sedimentation rate and is sampled at high-frequency (e.g.,
0.5 cm for ~10–20 dates per century), but even so, if the upper age-
model is poorly constrained the data may result in weak correlation.
Radiogenic lead 210Pb dating of sediment has been used to improve
modern chronologies, but can be erroneous or less reliable due to large
scale disturbance of sediments and/or the watershed (Baskaran et al.,
2014). Using our approach, the signal matching between the upper
sediment δ18O and historical tree-ring based SWE allowed for fine-tuning
of the varve-counted age-model and therefore greatly improved the
correlations to observed climate records. The novelty of the methodo-
logical approach used here is the critical link that the tree-ring
9

chronologies provide between the observed SWE (i.e., snowcourse and
SNOTEL data) and long-term lake δ18O reconstructed SWE. Considering
these records in concert allows for the statistical calibration and verifi-
cation to modern climate variables over the much longer period of shared
overlap between the paleorecords (~750 years).

4.2. Atmospheric controls on northern Rocky Mountain hydroclimate and
Foy Lake δ18O

To better understand the broader atmospheric dynamics driving the
modern variability of SWE, and thus lake δ18O, we employed the
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HYSPLIT air parcel back-trajectory model. The air parcel back-trajectory
analysis of the modern reanalysis data for high/low SWE years identified
general atmospheric circulation patterns that are common in the north-
ern Rockies. Although the SWE reconstruction itself is derived from a
single location (Foy Lake), the spatial extent of the tree-ring calibration
covers the entire NRM region and therefore should be reasonably
representative of the region due to the spatial homogeneity of ocean-
atmosphere teleconnected climate dynamics (e.g., El Ni~no Southern
Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Aleutian Low
(AL)).

In high SWE years, moisture sources typically originated in the far
North Pacific (~65% of the time) (Fig. 6), which aligns with the negative
phase of the Pacific Decadal Oscillation (PDO�) flow from the North
Pacific high and British Columbia low, pulling moisture southward out of
the North Pacific and into a low pressure environment in the Pacific
Northwest (PNW), leading to greater winter storms and snowfall. In
contrast, the larger southerly flow component in the low SWE years
aligns more closely with the PDOþ and/or El Ni~no atmospheric patterns
and the associated blocking high over the PNW (Pederson et al., 2011b).
The height of trajectory pathways show that in low-SWE years, the ma-
jority of air masses are passing over Foy at higher atmospheric levels
(>1500m a.g.l) as compared with trajectory heights observed during
high-SWE years (<1500m a.g.l) (Fig. 6). Low SWE years are typically
characterized by warmer water off the west coast, lower surface albedo
on land, and persistent high pressure over the PNW, all of which generate
surface high pressure that displaces incoming moisture higher into the
atmosphere (Pederson et al., 2011b). The displacement of moisture
higher in the atmosphere over the Foy Lake region in general could be
indicative of lift that has already occurred to the west which would have
likely caused prior distillation and rainout of moisture bearing air
masses. This could also lead to lower precipitable water in colder air aloft
and a reduced orographic effect (Luce et al., 2013) resulting in reduced
precipitation in the mountains above Foy Lake during low SWE years.

In this first effort to combine lake- and tree-based proxy records, we
did not quantify the potential effect of dominant moisture source region
on lake sediment δ18O. However, it is possible that differences in domi-
nant storm trajectories from one year to the next may impart an isotopic
signal on regional snowpacks and lake sediments alike (Anderson, 2012).
Understanding if and how this process occurs would widen the applica-
tion of lake sediment isotope records as climate proxies in the future.
Nonetheless, the strong interannual correlation between SWE and lake
sediment δ18O despite changes in dominant storm trajectories from year
to year demonstrates that any such effect on the isotopic signal in the lake
record is likely strongly secondary to the simple volume of snow melt
water delivered to the lake each year.

4.3. Long-term context of current SWE declines

Snowpack reconstructions spanning the last 800 years have been
produced from tree-rings for the northern Rocky Mountains (Pederson
et al., 2011a), and have now been extended an additional 1400 years
through the first millennium by calibrating lake sediment δ18O to
tree-ring based April 1 SWE reconstructions (Fig. 7b). Differences in
snowpack variability are evident between millennia, with much of the
first millennium defined by generally high snowpack conditions apart
from a handful of notable severe and long-duration snow megadroughts
between ~400 and 650 C.E. To clarify, definitions of megadrought vary,
but here we use the term megadrought to refer to multidecade drought
events that are of long duration (>20 years) (e.g., Williams et al., 2020).
In contrast, the second millennium exhibits variability in high and low
snowpack anomalies that are generally shorter in duration (Fig. 7a). The
existing tree-ring based SWE reconstruction extends to 1250 C.E., which
captured the LIA period (~1400–1850 C.E.) of generally elevated SWE,
but ended just short of the MCA (~800–1200 C.E.). In Fig. 7b, the
δ18O-based reconstruction shows generally below average SWE condi-
tions throughout the MCA punctuated by only a few above average SWE
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anomalies. Remarkably, the period of positive SWE anomalies from
~-150 to 250 C.E. were likely longer in duration and potentially greater
in magnitude than the snowpack conditions during the LIA.

Regarding severe snow droughts and comparisons to recent snowpack
conditions, over the entire reconstruction there are only a few decadal
periods where negative SWE anomalies reach similar magnitudes as SWE
declines occurring in recent decades (Fig. 7b). A number of notable snow
megadroughts relative to modern conditions are evident in the record
including ~475–500 C.E., ~525–575 C.E., ~1100–1200 C.E.,
~1350–1400 C.E. and ~1550–1580 C.E (Fig. 7b). The major snow
droughts occurring between approximately 400�650 C.E. and around
1400 C.E exhibit magnitudes similar to modern snow drought intensities
of the Dust Bowl Drought (1930s) and the recent Turn-of-the-Century
Drought (2000s) (Pederson et al., 2011b; Mote et al., 2018). During
the MCA period, the negative SWE anomalies are generally relatively
modest but show a sustained period of snow drought from ~1100 to
1200 C.E. Of equal importance to snow drought events is that the 20th
century high SWE anomalies are considerably lower (approximately half)
on average than substantial portions of the entire two millennia SWE
reconstruction. The key conclusion here is that the 20th century baseline,
as well as the current 30-yr normal (1981–2010), likely represents a
highly negative departure from the long-term average snowpack condi-
tions of the northern Rocky Mountains. As such, continued declines in
snowpack beyond those observed during the 20th and early 21st century
would push future average snowpack conditions well outside the range of
variability experienced by Northern Rocky Mountain ecosystems over
the last two millennia.

4.4. New insights and future research using combined lake sediment – tree
ring paleoclimate reconstructions

The development of this novel method raises new questions. Here we
discuss some of the potential challenges with using this approach fol-
lowed by important research needs.

Results from the Foy Lake isotope record suggest it may not be
possible to predict a particular lake's climate sensitivity from in-situ
chemistry alone (e.g., conductivity, alkalinity, or water isotope compo-
sition), which is common practice in modern lake sediment paleoclimate
studies (e.g., Leng and Anderson, 2003; Leng and Marshall, 2004;
Steinman and Abbott, 2013; Jones et al., 2016b; Bowen et al., 2018).
Rather, researchers need well-dated, highly-resolved lake sediment
values (e.g., carbonate isotopes, diatom/pollen/charcoal concentrations,
etc.) that can be compared with appropriate climate records to determine
proxy-climate relationships. Thus, in order to more broadly apply these
methods, future research should target the development of
high-resolution lake records (i.e., high sedimentation rates and/or
high-frequency sampling) extending to present-day if possible. Addi-
tionally, high dating accuracies over the commonmulti-century period of
overlap with the tree-ring based climate reconstructions are necessary to
calibrate lake-sediment based climate reconstructions. In the case of the
Foy Lake record, the average resolution of ~5–7 years per sample was
sufficient, whereas records with less than 0.3mm/year (~15 years per ½
cm sample) may not provide a high enough resolution for statistical
analyses. Each of these aspects appear critical for establishing accurate
dating against tree-ring records and the calibration process to modern
climate variables.

Obvious major questions raised by these requirements include: 1)
how well will this approach work for other proxies with theoretical links
to lake sediment δ18O� like formation temperature or evaporation?; 2)
what lake sites and associated site characteristics should be targeted for
reconstruction of different climate variables?; and 3) what is the overall
potential for this work to be replicated? Much of the historical approach
of interpreting lake sediment isotope signals has been based on produc-
ing co-isotope plots of hydrogen and oxygen from lake-water samples
along the LMWL and comparing them to modern precipitation to deter-
mine the lake's hydrologic balance. However, limitations of this approach
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prevent the capture of information contained in the lake's decadal-to
centennial-scale isotopic variability, and the correlation (or lack
thereof) to relevant climate signals. The novel and quantitative findings
presented here represent a first and early step forward in this regard, and
rather than providing a definitive answer to these questions, calls for
renewed examination of the hydroclimatic drivers of both modern and
long-term sediment δ18O variability. Further research potential may
already exist in a number of existing or candidate sediment records from
lakes with sufficient in-situ carbonate concentration, elevated sedimen-
tation rates, reasonable residence times, and persistent lake levels over
time. In Montana alone, there are a number of lake sediment records
(~10–20) within the LacCore database (published& unpublished) where
the application of this approach may be feasible.

5. Conclusion

In this research, we have presented a novel approach for the devel-
opment of a quantitative, multi-millennial snowpack reconstruction
based upon the calibration of a high-resolution lake sediment record to a
tree-ring based April 1 SWE reconstruction. We also extend previous
reconstructions of SWE by ~1400 years. Matching decadal scale δ18O
signals with annually dated tree-ring based SWE signals greatly improved
the accuracy of the lake sediment record depth-age model. Statistical
correlation of the age-adjusted sediment δ18O record to modern climate
data then quantitatively identified the hydroclimate sensitivity of the
carbonate oxygen isotope ratios. These innovative methods and robust
preliminary results illustrate the potential for developing future quanti-
tative paleoclimatic reconstructions using high-resolution sediment re-
cords in combination with tree-ring records. Furthermore, the analytical
approach presented here motivates a closer look at how previous sedi-
ment δ18O-climate relationships have been inferred, underscoring the
need for implementing rigorous calibration of sediment proxy records to
modern climate records for the development of robust sediment-derived
paleoclimate reconstructions.

The long-term context afforded by the SWE reconstruction demon-
strates previously unseen multi-centennial snowpack dynamics and
provides a new perspective on the end-of-century (i.e., post-1980s) snow
drought. There is a remarkable low frequency signal in the reconstruction
showing strong trends and persistent anomalies in SWE of up to 500 years
(e.g. 100–600 C.E.) (Fig. 7a). Linking such observations in snowpack to
potential climate drivers will require new climate proxies of similar
resolution and temporal extent that have the ability to preserve signals
associated with slowly varying climate processes. The long-term record
presented here indicates that the northern Rockies have recently entered
a new low-snow phase around 1900 after ~300 years of fairly high-snow
conditions. Considering this shift, and the current trajectory of climate
warming impacts, it is plausible that low-snow conditions have indeed
become the new climatic norm.

The severe snow drought around 500–600 C.E. is similar to the pre-
vious acute declines in observed SWE, but is remarkable in that this event
lasted nearly 100 years, much longer than other extreme events. This
suggests there is an earlier precedent for the recent snowpack declines at
least through 2000 C.E. However, the magnitude of regional snowpack
declines over the last two decades of the 20th century may well have
surpassed the low SWE levels of the 500–600 C.E. megadrought (Mote
et al., 2018). Given this new long-term perspective and future projections
for continued warming-induced snowpack declines in the region (Larson
et al., 2011; MacDonald et al., 2011) it is reasonable to view the recent
snowpack declines as a ‘severe snow drought’. In terms of severity, the
most recent decades of the record are as dry as any in the last 2200 years,
with great ecological and social consequences. Future efforts to better
understand the relationship between recent changes in snowpack and
long-term climate variability will be critical for managing potentially
scarce water resources into the future.
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