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The Unusual Nature of Recent
Snowpack Declines in the North
American Cordillera
Gregory T. Pederson,1,2,3* Stephen T. Gray,3,4 Connie A. Woodhouse,3,5 Julio L. Betancourt,6

Daniel B. Fagre,1 Jeremy S. Littell,7 Emma Watson,8 Brian H. Luckman,8 Lisa J. Graumlich9

In western North America, snowpack has declined in recent decades, and further losses are
projected through the 21st century. Here, we evaluate the uniqueness of recent declines using
snowpack reconstructions from 66 tree-ring chronologies in key runoff-generating areas of the
Colorado, Columbia, and Missouri River drainages. Over the past millennium, late 20th century
snowpack reductions are almost unprecedented in magnitude across the northern Rocky Mountains
and in their north-south synchrony across the cordillera. Both the snowpack declines and their
synchrony result from unparalleled springtime warming that is due to positive reinforcement of the
anthropogenic warming by decadal variability. The increasing role of warming on large-scale
snowpack variability and trends foreshadows fundamental impacts on streamflow and water
supplies across the western United States.

In the mountains of western North America,
snowpack controls the amount of runoff (1, 2),
affects temperature through surface albedo

feedbacks (3, 4), and influencesmyriad ecosystem
processes (5–8). In much of this region, snow-
pack declined since the 1950s (2, 9–11), and con-
tinued reductions are expected throughout the
21st century and beyond (2, 12). When coupled
with increasing demand, additional warming-
induced snowpack declines would threaten many

current water storage and allocation strategies
(13) and lead to substantial strain on related in-
frastructure and overall supplies. Climate mod-
el simulations shed light on the relationships
between greenhouse gas forcing and observed
shifts in regional temperatures and hydrology
(2), but longer-duration records are needed to
characterize the range of natural snowpack var-
iability, particularly at decadal-to-multidecadal
time scales (14). Did declines similar in dura-
tion, magnitude, and extent occur over the past
~1000 years, or are the recent snowpack losses
unprecedented? How were previous snowpack
declines driven by known mechanisms of tem-
perature and precipitation variability, and to what
degree can decadal-to-multidecadal climate vari-
ability amplify or dampen future warming-induced
trends?

To address these questions, we developed
annually resolved, multi-century to millennial-
length (500- to >1000-year) snowpack recon-
structions for the headwaters of the Columbia,
Missouri, and Colorado Rivers. Collectively,
these basins serve as the primary water source
for >70 million people, and 60 to 80% of their
water originates as snowpack (1, 2). Reconstruc-

tions are based on an extensive network of tree-
ring sites and provide information on patterns
and processes across spatial and temporal scales
relevant to water- and natural-resource manage-
ment (Fig. 1).

Tree rings have long been used to reconstruct
precipitation, drought (15, 16), streamflow (17, 18),
and temperature (19, 20), but to date there has
been no systematic effort to produce multi-scale
snowpack reconstructions for all three of these
river basins. Previous studies in the region show
that in certain topographic, edaphic, and climatic
settings, the amount of water available to trees
during the growing season is largely controlled
by the amount of water in the antecedent snow-
pack (18, 21). We capitalized on these snow-
water-growth linkages by using existing tree-ring
collections from areas where precipitation is do-
minated by snowfall and by sampling trees known
to be sensitive to snowpack (18, 21). To further
isolate the snowpack signal, particularly in the
northern portions of the study area, we used
recently collected tree-ring records from species
whose seasonal biology (timing of tree-ring
growth) ties them closely to snow (22, 23).

For calibration of the tree-ring–based recon-
structions, continuous annual, sub-watershed
(roughly 40,000 T s 25,000 km2) snowpack data
sets were constructed by standardizing individual
1 April snow water equivalent (SWE) records to
unit deviation then averaging across all records
from each watershed (fig. S1 and table S1) (24).
Snowpack as measured on 1 April is a crucial
component of regional runoff forecasting and
water supply evaluations, and records of 1April
SWE are generally longer than for any other time
of the year. In addition, 1 April measurements
often approximate maximum SWE accumulation
in our study watersheds (4, 11), although peak
accumulation timing can vary substantially at in-
dividual measurement sites. Elevations of indi-
vidual measurement sites in the Upper Colorado
subregion (Fig. 1) tend to be higher than those in
the Greater Yellowstone (2807 T s 311 m versus
2307 T s 291m), and sites in the Greater Yellow-
stone region are higher on average than those in
the Northern Rockies (~1550 T s 424 m). Over-
all, the 27 composite snowpack reconstructions

1U.S. Geological Survey (USGS), Northern Rocky Mountain
Science Center, 2327 University Way, Suite 2, Bozeman, MT
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skillfully capture interannual to multidecadal var-
iability in observed 1 April SWE records (figs. S1
and S2 and tables S2 to S5) and provide detailed
estimates of long-term snowpack history (24).

The 1April SWE reconstructions (Fig. 1) show
that for the northern cordillera—collectively the
Greater Yellowstone and Northern RockyMoun-
tain subregions that encompass the headwaters
of the Columbia and Missouri River drainages—
there were only two periods (~1300 to 1330 C.E.
and 1511 to 1530 C.E.) of sustained low snow-
pack in the past 800 years that are comparable
with the early and late 20th century (~1900 to
1942 C.E. and ~1980 to present). In contrast, gen-
erally high snowpack conditions prevailed across
the northern cordillera from the 1650s to the 1890s,
coinciding with the maximumHolocene advance
of glaciers (25) and a period of reduced fire
activity across the West (26). In particular, two
notable, decadal-scale high snowpack anomalies
in the northern cordillera (~1695 to 1735 C.E. and
1845 to 1895 C.E.) coincided with cool summer
temperatures (19) and with major intervals of

Little IceAge (LIA) glacier advance (Figs. 1E and
2E) (25). A paucity of positive decadal-scale
snowpack anomalies in the southern cordillera—
roughly the Upper Colorado headwaters (Figs. 1,
2E, and 3)—in conjunction with warmer summer
temperatures (20) may explain the lack of a sub-
stantial LIA glacial advance over that subregion.

Snowpack reconstructions across the entire
latitudinal gradient show pronounced interannual
to multidecadal variability (fig. S2), but with dis-
tinct regionalmodesmarked by a north-south (N-S)
dipole [Figs. 2 and 3 and supporting online ma-
terial (SOM) text]. The Greater Yellowstone and
Northern Rocky Mountain watersheds exhibit
decadal-scale and longer-term phasing of snow-
pack anomalies that are typically opposite those
within the Upper Colorado. For example, the
periods from roughly 1440 to 1470 C.E. (Figs. 1A
and 2A) and 1550 to 1600 C.E. (Figs. 1C and 2C)
(15, 16) featured sustained low snowpack condi-
tions centered over the Upper Colorado. During
the same intervals, northern cordillera watersheds
generally experienced average to above-average

snowpack. In contrast, severe low snowpack con-
ditions across the northern cordillera prevailed
from 1511 to 1530 C.E., whereas the Upper Col-
orado experienced average to high snowpack
(Figs. 1B and 2B). Comparison of the full multi-
century reconstructions for all three regions shows
that this antiphasing is generally robust through
time (Fig. 3 and SOM text).

The N-S dipole suggests that sustained de-
partures in the average latitudinal position of
wintertime stormtracks are responsible for per-
sistent snowpack anomalies. This is consistent with
forcing related to interannual [El Niño–Southern
Oscillation (ENSO)] and decadal [Pacific Decadal
Oscillation (PDO)] sea surface–temperature (SST)
variability in the PacificOcean,which tends to shift
cool season storm tracks north-to-south across
western North America (4, 27). Specifically, when
the tropical Pacific and northeast Pacific are
warm the Pacific Northwest/northern Rockies are
dry, southwestern North America is wet, and vice
versa (27–29). Observed early to mid-20th cen-
tury declines (~1900 to 1942 C.E.) in snowpack

Fig. 1. (Left) Map of study area and the associated tree-ring–
based reconstructions of 1 April SWE shown at multiple water-
shed scales. The map shows the individual watersheds and
three regions in which 1 April SWE was reconstructed, the snow
course sites used to generate watershed-scale averages of observed 1 April
SWE, the full set of potential predictor chronologies (green circles), and the
final set of chronologies that entered into one or more SWE reconstruction
models as a predictor (orange circles). (Right) The graphs of the 1 April SWE
reconstructions show the individual watershed reconstructions of 1 April SWE
(gray lines) by region and latitude, the regional SWE average calculated from
each individual reconstruction (orange line), and a 20-year cubic-smoothing
spline (50% frequency cutoff) of the regional SWE average (dark blue line).
For the Northern Rockies and Greater Yellowstone region, a cut-off date of
1376 is shown (dotted vertical line) because of decreasing sample depth and

increasing reconstruction uncertainty. The 20th century records of observed
1 April SWE are plotted for each large region (black lines) and smoothed with
a 20-year cubic-smoothing spline to highlight decadal-scale variability (light
blue line) coherent with the snowpack reconstructions. Shaded intervals show
decadal-scale SWE anomalies mapped in Figs. 2 and 4. Lettering corresponds
to the mapped intervals. The observed and reconstructed SWE records are
plotted as anomalies from the long-term average, which was calculated by
using 1400 to 1950 C.E. as a base period. Other base periods were used to
calculate the long-term average SWE conditions, yielding highly similar es-
timates (table S6).

www.sciencemag.org SCIENCE VOL 333 15 JULY 2011 333

REPORTS

 o
n 

Ja
nu

ar
y 

31
, 2

01
7

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

http://science.sciencemag.org/


across the northern cordillera (Figs. 1F and 2F)
coincided with warm SSTs across the Gulf of
Alaska (positive PDO) (30), which resulted in
pronounced meridional flows and a southerly
stormtrack that delivered anomalously high win-
ter precipitation to the Upper Colorado Basin.
In the case of the Upper Colorado, this yielded
a relative lack of drought and high river flows
(17, 18).

Although Pacific Basin forcing of precipita-
tion and the resulting N-S dipole have been de-
fining features of snowpack variability for the past
millennium, several notable exceptions do occur.
Cordillera-wide periods of low snowpack shown
for the 1350s, 1400s, and post-1980s era (Fig. 3)
correspond with times of anomalous warmth at
regional and hemispheric scales (19, 20, 31), sug-
gesting that temperature could be a direct or indi-
rect control on snowpack anomalies of the same
sign across the entire cordillera (31). Likewise,
cool temperatures in the early 17th century (~1600
to 1620 C.E.) coincided with high snowpack con-
ditions across the North American cordillera (Figs.
1D and 3). Interannual to decadalmodes of ocean-
atmosphere variability (related to ENSO and PDO)
also may influence subcontinental-scale warm-
ing or cooling from February to May, which are
the critical months for snow accumulation and
melt in western North America (1, 2, 9, 14, 32).
West-wide spring warming since ~1976 to 1984,
coincident with warming in the tropical and north-
east Pacific and anomalously high geopotential
heights over western North America, has increased
freezing levels, reduced snow accumulation, and

advanced the onset of snowmelt and green-up
(9, 14, 32).

Previous work that used both observations
and simulations suggests that temperature is es-
pecially important for driving snowpack dynam-
ics in the Northern Rockies (1, 2, 4, 9–11). The
Northern Rockies are relatively low in elevation
and snow mass; winters and springs at snow-
monitoring sites are ~3°C warmer than in the
Upper Colorado River subregion (fig. S3). In
the Northern Rockies, the sensitivity to temper-
ature fluctuations is evident in the anomalously
high snowpack and glacial advance during the
LIA as well as in anomalously low snowpack
throughout most of the 20th century. On the

other hand, the higher and cooler elevations of
the southern cordillera probably buffered the
snowpack from substantial temperature-driven
losses, at least to date. Taken as a whole, evi-
dence is mounting that projected warming could
push mean winter temperatures at most snow-
monitoring sites in the Northern Rockies past the
0°C isotherm and the entire snow-accumulation
zone past the 0°C isotherm in April (fig. S3).

In the Upper Colorado watersheds, snowpack
reconstructions can also be compared against ex-
isting long-term records of streamflow variability
(17, 18). Periods of high snowpack generally co-
incide with high flows and vice versa (fig. S4).
There are times, however, when regional warming

Fig. 2. Decadal departures in recon-
structed 1 April SWE for watersheds
predominately within the U.S. portion
of the North American cordillera. Maps
show average SWE conditions over the
following intervals previously high-
lighted in Fig. 1: (A) 1440 to 1470,
(B) 1511 to 1530, (C) 1565 to 1600,
(D) 1601 to 1620, (E) 1845 to 1895,
and (F) 1902 to 1932. The mapped
SWE anomalies were calculated by av-
eraging annual conditions for each hy-
drologic unit code (HUC) 6 watershed
over the time interval shown and are
plotted as anomalies from the long-
term regional mean (1400 to 1950
AD). The final data sets along with
the ability to generate user-defined maps
of interannual- to interdecadal-scale
departures in reconstructed and ob-
served SWE are provided at www.nrmsc.
usgs.gov/NorthAmerSnowpack/.

Fig. 3. Decadal-scale antiphasing of the N-S snowpack dipole and periods of synchronous snowpack
decline. The 20-year splines of the regional average snowpack anomalies highlight antiphasing and
variability at decadal scales. The shaded bars highlight periods of synchronous snowpack decline.
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may have reduced runoff yield more than would
be expected from estimated snowpack amounts
alone. For example, average to slightly below-
average snowpack prevailed from ~1118 to 1179
C.E. over most of the Upper Colorado basin, yet
this was an extreme low-flow period in the stream-
flow reconstructions (fig. S4). This interval co-
incides with a period of elevated regional and
hemispheric temperatures (20, 31) that may have
increased evapotranspiration and sublimation
while decreasing soil- and shallow groundwater–
recharge and storage. Warmer temperatures and
severe decadal-scale snowpack reductions com-
bined to produce an extreme low-flow interval
during this period of theMedieval Climate Anom-
aly (~1143 to 1155C.E.) (fig. S4). Such interactions
between warmer temperatures and cool season
precipitation have been documented for the hy-
drologic (water supply) droughts of the 1950s and
early 2000s (31), which again raises concerns for
the future of snow-temperature-runoff relation-
ships throughout the North American cordillera.

Although the causes of synchronous winter
snowpack declines are probably attributable to
multiple factors in past centuries, the conspicuous
breakdown of the N-S dipole after the 1980s
(Figs. 1G, 3, and 4) may now reflect positive re-
inforcement of anthropogenic warming by deca-
dal variability. Specifically, a decadal-scale shift
in Pacific climate ~1976 to 1984may account for
nearly half (~30 to 50%) of the springtimewarming
in western North America, the trend in decreasing
winter precipitation in the north and increasing
winter precipitation in the south (9, 32), and the
more pronounced snowpack decline in the north.
Hence, a decadal shift to cooling in the tropical

and Northeast Pacific could temporarily mask
the trend in springtime warming and declining
snowpack.

Our reconstructions highlight the unusual na-
ture of snowpack declines in northern watersheds
and synchronous snowpack losses across the
entire cordillera since the 1980s (Figs. 1G, 3, and
4). Together, these events may signal a funda-
mental shift from precipitation to temperature as
the dominant influence on snowpack in the North
American cordillera, with major consequences
for regional water supplies (2, 10).

References and Notes
1. R. C. Bales et al., Water Resour. Res. 42, W08432 (2006).
2. T. P. Barnett et al., Science 319, 1080 (2008).
3. M. G. Flanner, K. M. Shell, M. Barlage, D. K. Perovich,

M. A. Tschudi, Nat. Geosci.; published online 16 January
2011 (2011.10.1038/ngeo1062).

4. G. T. Pederson et al., J. Clim. 24, 1666 (2010).
5. F. R. Hauer et al., Hydrol. Process. 11, 903 (1997).
6. J. S. Littell, D. McKenzie, D. L. Peterson, A. L. Westerling,

Ecol. Appl. 19, 1003 (2009).
7. M. D. Schwartz, Glob. Change Biol. 12, 343 (2006).
8. A. L. Westerling, H. G. Hidalgo, D. R. Cayan,

T. W. Swetnam, Science 313, 940 (2006).
9. J. T. Abatzoglou, Int. J. Climatol., published online

14 April 2010 (10.1002/joc.2137).
10. G. J. McCabe, D. M. Wolock, Earth Interact. 13, 1 (2009).
11. P. W. Mote, J. Clim. 19, 6209 (2006).
12. S. Solomon et al., Climate Change 2007: The Physical

Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the IPCC (Cambridge Univ.
Press, Cambridge, UK and New York, NY, USA, 2007).

13. P. C. D. Milly et al., Science 319, 573 (2008).
14. G. J. McCabe, J. L. Betancourt, S. T. Gray, M. A. Palecki,

H. G. Hidalgo, Quat. Int. 188, 31 (2008).
15. E. R. Cook, C. A. Woodhouse, C. M. Eakin, D. M. Meko,

D. W. Stahle, Science 306, 1015 (2004).
16. D. W. Stahle, F. K. Fye, E. R. Cook, R. D. Griffin,

Clim. Change 83, 133 (2007).

17. D. M. Meko et al., Geophys. Res. Lett. 34, L10705 (2007).
18. C. A. Woodhouse, S. T. Gray, D. M. Meko, Water Resour.

Res. 42, WO5415 (2006).
19. B. H. Luckman, R. J. S. Wilson, Clim. Dyn. 24, 131 (2005).
20. M. W. Salzer, K. F. Kipfmuller, Clim. Change 70, 465 (2005).
21. C. A. Woodhouse, J. Clim. 16, 1551 (2003).
22. L. J. Graumlich, Ann. Assoc. Am. Geogr. 77, 19 (1987).
23. D. W. Peterson, D. L. Peterson, Ecology 82, 3330 (2001).
24. Materials and methods are available as supporting

material on Science Online.
25. B. H. Luckman, Geomorphology 32, 357 (2000).
26. T. Kitzberger, P. M. Brown, E. K. Heyerdahl,

T. W. Swetnam, T. T. Veblen, Proc. Natl. Acad. Sci. U.S.A.
104, 543 (2007).

27. M. D. Dettinger, D. R. Cayan, H. F. Diaz, D. M. Meko,
J. Clim. 11, 3095 (1998).

28. D. P. Brown, A. C. Comrie, Geophys. Res. Lett. 31, L09203
(2004).

29. C. A. Woodhouse, J. L. Russell, E. R. Cook, J. Clim. 22,
4336 (2009).

30. R. Wilson, G. Wiles, R. D’Arrigo, C. Zweck, Clim. Dyn. 28,
425 (2007).

31. C. A. Woodhouse, D. M. Meko, G. M. MacDonald,
D. W. Stahle, E. R. Cook, Proc. Natl. Acad. Sci. U.S.A.
107, 21283 (2010).

32. T. R. Ault, A. K. Macalady, G. T. Pederson,
J. L. Betancourt, M. D. Schwartz, J. Clim., published
online 11 February 2011 (10.1175/2011JCLI4069.1).

Acknowledgments: We thank S. Laursen for project assistance;
G. McCabe and D. McWethey for helpful comments;
and T. Chesley-Preston (USGS), L. Clampitt (USGS),
S. Moore [Environmental Systems Research Institute
(ESRI)], B. Ralston (ESRI), and L. Saunders (ESRI) for
assistance building animations and Web-mapping tools
for the snowpack database. We give a special thanks to
contributors to the International Tree Ring Databank and
M. Colenutt, D. Meko, and T. Knight for the invaluable
tree-ring records. This research was financially supported
in part by the USGS Western Mountain Initiative and
NSF (grants GSS-0620793 and DEB-0734277). C.A.W.
was supported by NSF (grants 980931 and 9729571),
USGS Earth Surface Dynamics Program, and the Denver
Water Board. J.S.L was supported by the Joint Institute for
the Study of the Atmosphere and Ocean under National
Oceanic and Atmospheric Administration (NOAA)
Cooperative Agreement NA17RJ1232 (contribution 1856)
and NOAA Climate Program Office Sector Applications
Research Program (grant NA07OAR4310371). B.H.L was
supported by the Natural Sciences and Engineering
Research Council of Canada (grant 8847). Any use of
trade, product, or firm names is for descriptive purposes
only and does not imply endorsement by the U.S.
government. G.T.P, S.T.G, C.A.W., and L.J.G planned the
project, contributed data, and designed and participated
in the data analyses and writing of the paper. G.T.P
and S.T.G. conducted all the analyses. J.L.B. and D.B.F.
contributed substantially to the analysis design and
writing of the paper. J.S.L, E.W., and B.H.L provided
critical northern cordilleran tree-ring chronologies and
contributed to the writing of the paper. Reprints and
permissions information is available online at
www.sciencemag.org/site/about/permissions.xhtml. The
authors declare no competing financial interests. All of
the snowpack reconstructions and tree-ring chronologies
used to generate them are available online at the World
Data Center for Paleoclimatology in Boulder, Colorado,
USA (www.ncdc.noaa.gov/paleo/pubs/pederson2011/
pederson2011.html) and from the USGS Northern Rocky
Mountain Science Center in Bozeman, Montana, USA
(www.nrmsc.usgs.gov/NorthAmerSnowpack/).

Supporting Online Material
www.sciencemag.org/cgi/content/full/science.1201570/DC1
Materials and Methods
SOM Text
Figs. S1 to S4
Tables S1 to S6
References (33–38)

13 December 2010; accepted 20 May 2011
10.1126/science.1201570

Fig. 4. Post-1980 average 1 April SWE conditions. Maps of post-1980 average SWE conditions (Fig. 1G)
are plotted as anomalies from the regional long-term mean (1400 to 1950 C.E.) for the (left) observational
record and (right) tree-ring–based reconstructions. The map showing average reconstructed SWE values is
not exactly equivalent to the observational record because many individual watershed SWE reconstructions
have different end years, the earliest of which only extend to 1990. This implies that the similarity in patterns
of anomalies are notable but that the magnitudes of departure should not be expected to be the same.
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