LETTERS
PUBLISHED ONLINE: 10 JANUARY 2010 | DOI: 10.1038/NGEO707

Moisture variability in the southwestern United
States linked to abrupt glacial climate change
J. D. M. Wagner1 , J. E. Cole1,2 *, J. W. Beck1,3 , P. J. Patchett1 , G. M. Henderson4 and H. R. Barnett1
Many regions of the world experienced abrupt climate
variability during the last glacial period (75–15 thousand years
ago1,2 ). These changes probably arose from interactions between Northern Hemisphere ice sheets and circulation in the
North Atlantic Ocean3 , but the rapid and widespread propagation of these changes requires a large-scale atmospheric
response whose details remain unclear4–7 . Here we use an
oxygen isotope record from a speleothem collected from the
Cave of the Bells, Arizona, USA, to reconstruct aridity in the
southwestern United States during the last glacial period and
deglaciation. We find that, during this period, aridity in the
southwestern United States and climate in the North Atlantic
region show similar patterns of variability. Periods of warmth
in the North Atlantic Ocean, such as interstadials and the
Bølling–Allerød warming, correspond to drier conditions in the
southwestern United States. Conversely, cooler temperatures
in the high latitudes are associated with increased regional
moisture. We propose that interstadial warming of the North
Atlantic Ocean diverted the westerly storm track northward,
perhaps through weakening of the Aleutian Low, and thereby
reduced moisture delivery to southwestern North America. A
similar response to future warming would exacerbate aridity in
this already very dry region.
In the Southwest US, human and ecological systems depend
critically on water resources that are expected to diminish as climate
warms8 . Understanding past changes in regional hydroclimate,
and their global climate associations, offers the opportunity to
better anticipate future changes. Although extensive tree-ring
reconstructions document the past one to two millennia of
drought variability9 , longer records are scarce. Lake-based and
palaeovegetation records indicate wetter, cooler conditions during
the Last Glacial Maximum (LGM; 25–17 thousand years (kyr) bp;
refs 10, 11), but these generally lack the chronological precision and
resolution to describe in detail the history of deglaciation or abrupt
stadial–interstadial changes, as seen in Greenland ice cores12–14 and
other records worldwide2,5–7,15 . We have developed a new record
of climate variability based on a record of speleothem oxygen
isotope ratios (δ 18 O) from Cave of the Bells, Arizona, that reveals
an unprecedented history of changes in aridity strongly coupled to
North Atlantic variability during the deglacial and marine isotope
stage 3 (MIS3). Our results support a strong link between North
Atlantic variability and the influx of moisture from the Pacific into
southwestern North America.
The southwestern US receives about half its annual precipitation
(and virtually all groundwater recharge) from westerly storms in
the winter half-year (October–March) and about half from the
summer North American monsoon (late June–early September).
Intense evaporation and runoff during the hot summer means

that nearly all water entering our cave site derives from winter
precipitation, according to oxygen isotopic data from modern
precipitation and cave dripwaters (Supplementary Figs S1 and S2).
In winter, the isotopic content of local precipitation depends mainly
on precipitation amount, with negligible temperature influence. We
cannot completely discount the potential influence of temperature
on our records, but the significant correlation of precipitation
amount and δ 18 O, along with the opposite effects of temperature
on the δ 18 O of calcite and precipitation, lead us to describe
our results in terms primarily of moisture (see Supplementary
Discussion). Thus we interpret speleothem isotopic changes as
representing primarily changes in winter moisture from westerly
storms: high δ 18 O values correspond to relatively dry conditions and
low δ 18 O to relatively moist.
Modern climate relationships show strong linkages between
southwestern US precipitation and both Pacific and Atlantic
Ocean variability16,17 . Pacific Ocean sea surface temperature (SST)
influences winter precipitation in part by modulating the position
of westerly storm tracks; when the tropical Pacific Ocean is warm (El
Niño conditions), a southward-shifted storm track enhances winter
moisture delivery to the southwestern US (ref. 16). Atlantic Ocean
conditions also have a role; above-normal SST in the North Atlantic
Ocean correlates with drier conditions across the Southwest US
(ref. 17). A recent modelling study describes a mechanism for this
correlation: when North Atlantic Ocean SST is warm, storm tracks
in both the North Atlantic and North Pacific oceans move poleward
and weaken, associated with stronger northward oceanic heat flux
and a weaker Aleutian Low18 . These responses lead to reduced
winter precipitation in the Southwest US when the North Atlantic
Ocean is warm (Fig. 1).
We present a new, absolutely dated oxygen-isotope record of
climate variability from a stalagmite that formed in Cave of the Bells
(COB), Arizona (see Supplementary Methods and Fig. S3). Sixtytwo uranium-series measurements, nearly continuous in depth,
indicate that the sample dates from 53 kyr to approximately 8 kyr bp
(Supplementary Table S1 and Fig. S4). We identify two hiatuses
between ∼11.5–10.0 and 29.8–23.3 kyr bp, on the basis of the
U-series dating and on two thin cloudy bands that we interpret
as indicating growth cessation. We rule out substantial kinetic
influences through comparison of oxygen- and carbon-isotope data
(Supplementary Discussion and Fig. S5).
Oxygen isotope values from COB show distinct patterns
of deglacial and millennial variability similar to those seen
in Greenland ice cores (Fig. 2; refs 12–14). We removed the
global ice volume component of the δ 18 O record to clarify
local/regional climatic influences (Supplementary Methods). After
this correction, δ 18 O values during the extreme LGM (23–21 kyr
bp) lie about 1.4hbelow expected modern values (−12.0h LGM
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Figure 1 | Correlation of winter precipitation with Atlantic SST. The map
illustrates simultaneous correlation of winter (October–March)
precipitation with a detrended index of North Atlantic SST (HadISST AMO:
SST anomalies over 25◦ –60◦ N, 7◦ –75◦ W, global mean temperature signal
removed) over the 1951–2003 period. Palaeoclimate sites include Cave of
the Bells (star with C; this study), Pyramid Lake (P; ref. 22), Owens Lake
(O; ref. 22), Goshiute Cave (G; ref. 20), Baldwin Lake (B; ref. 23), Devil’s
Hole (D; ref. 21) and Santa Barbara Basin (S; ref. 19). Yellow–orange colours
indicate that North Atlantic warmth correlates with winter aridity;
blue–green colours indicate the opposite relationship. Coloured areas
are significant at ≥90%. (Created at Climate Explorer
(http://climexp.knmi.nl) on 13 May 2008.)

versus −10.6h expected modern, defined on the basis of dripwater
δ 18 O and cave temperature). On the basis of modern calibrations,
this difference most likely indicates wetter winter conditions at the
LGM than today. Summer precipitation, isotopically heavier by
4h relative to winter, does not strongly influence cave dripwaters
today. Lower δ 18 O during the LGM therefore does not reflect altered
precipitation seasonality, as this would require a shift towards even
smaller proportions of summer precipitation.
The deglacial transition occurs in steps (Fig. 2A). Beginning
at 15.3 kyr bp, speleothem δ 18 O increases rapidly to high values,
which persist until 13.1 kyr bp, punctuated by a small decrease
between 14.1 and 13.8 kyr bp, and falls again to lower values between
13.0 and 11.5 kyr bp. The timing of these isotopic shifts closely
resembles that in Greenland ice-core records14 . In those records,
the Bølling/Allerød warming midpoint occurs around 14.7 kyr ago,
compared with our midpoint date of 15.1 kyr bp. A wetter/cooler
interval spans 13.0–11.5 kyr bp in the COB record; the upper
date is uncertain as it borders the younger hiatus. This event
is comparable in timing and duration to the Younger Dryas in
Greenland ice-core records (12.9–11.7 kyr bp). Our record agrees
with other regional deglacial reconstructions11 and with the pattern
of SST warming seen off Baja California (but not that in the
California current region and Santa Barbara basin, where initial
warming may occur earlier19 ).
The portion of our record older than the lower hiatus (spanning
54–30 kyr bp) shows millennial variability that corresponds closely
to North Atlantic records during MIS3 (Fig. 3). Warm interstadials
in the North Atlantic Ocean co-occur with higher δ 18 O values in
our speleothem, reflecting drier conditions relative to the wetter
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Figure 2 | Comparison of deglacial COB record with other records.
The ice-volume-corrected COB record is shown in red (grey is
uncorrected), with speleothem growth rate below. We show U/Th dates
along the X axis with 2σ analytical precision. From the top, the other
records are a δ 18 O curve from the North GRIP (Greenland) ice core, plotted
on age model GICC05 (ref. 14); isotopic data from Hulu cave, China7 (dark
orange = core PD, light orange = core HB2, brown = core MSD; negative
δ 18 O anomalies occur when summer moisture predominates over winter);
planktonic foraminiferal δ 18 O records from Santa Barbara basin19 ,
indicating a mix of SST, local seawater δ 18 O and ice-volume changes
(green = Globigerina bulloides; blue = Neogloboquadrina pachyderma).
Interpretations based on original references are indicated on the left (prec.
is precipitation). PDB, PeeDee Belemnite.

stadials. Our record tracks the pattern of millennial variability
seen in diverse locations throughout the Northern Hemisphere
between 54 and 30 kyr bp (ref. 2); dry conditions in Arizona
co-occur with a stronger summer Asian monsoon7 and warmer
ocean temperatures off Southern California19 (Fig. 3), along with
a northward-displaced intertropical convergence zone in both the
Pacific and Atlantic4,5 . Slight age model offsets are apparent among
these data, but major interstadial warmings agree in age within the
chronological precision of the records.
Other records from the southwestern US and Great Basin
support our contention that this region experienced substantial
millennial variability in hydroclimate during the last glacial cycle
(Fig. 1), but they generally lack either the continuity or temporal
resolution and precision to define a coherent picture. Nevada
speleothem data from three brief, discrete intervals between 83 and
103 kyr bp suggest more positive δ 18 O values during interstadials,
analogous to our record20 . The Devil’s Hole, Nevada, speleothem
record does not reveal millennial features during MIS3, probably
owing to the long (about 2,000 yr) transit time of groundwater
recharge to deposition site21 . Lake-based records north and west
of our site show millennial variations during MIS3 whose timing
and phasing are not precisely constrained, but that imply wetter
conditions during interstadials22,23 —in contrast to our site. Today,
the correlation between North Atlantic Ocean SST and winter
precipitation in the western US weakens west of ∼115◦ W (Fig. 1),
suggesting that moisture palaeorecords from the Pacific Ocean coast
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Figure 3 | Comparison of COB record during MIS3 with other records of millennial variability. The ice-volume-corrected COB δ 18 O is shown in red (grey
is uncorrected) at the bottom, with speleothem growth rate and U/Th dates as in Fig. 2. From the top, we also show the North GRIP (Generaland) ice core
δ 18 O data plotted against the GICC05 age model14 in dark blue, and the Hulu cave δ 18 O records7 plotted in light brown (core MSD) and dark brown (core
MSL), indicating a stronger summer monsoon (negative δ 18 O) during interstadials. The Santa Barbara basin SST records19 (blue and green) are plotted as
in Fig. 2. Numbers indicate interstadial stages in the Greenland and COB records. Interpretations based on original references are indicated on the left
(prec. is precipitation). PDB, PeeDee Belemnite.

and Great Basin may not respond as strongly to changes in Atlantic
SST. Warmer Pacific Ocean SST during interstadials19 may have a
more important role in these areas.
How do our results bear on inferred mechanisms of millennial
climate variability? A leading hypothesis for the origin of millennial
variability during MIS3 is that meltwater pulses in the North
Atlantic weaken the ocean’s meridional overturning circulation,
cool regional SST and lead to sea ice expansion; these cold stadials
are followed by a recovery to stronger meridional overturning
circulation and North Atlantic Ocean warming3 . Climate model
experiments forced by freshwater input to the North Atlantic Ocean
(‘hosing’) suggest that the atmospheric circulation response to
North Atlantic SST variability can influence moisture delivery at our
site. In a comparison of four coupled models forced by freshwater
hosing, all showed a North Pacific Ocean response that included a
stronger winter Aleutian Low during stadials24 . Observations link
a deeper Aleutian Low with wetter conditions in the Southwest
US and a southward-shifted storm track during modern El Niño
events25 . Thus a deeper Aleutian Low during stadials would be
consistent with our inference of wetter conditions at COB. The
global impact of North Atlantic Ocean SST variations has also
been explored using simulations and observations of the Atlantic
Multidecadal Oscillation. These results point to atmospheric
circulation responses that align with the hosing experiments.
A colder North Atlantic Ocean leads to a southward shift in
the westerly storm tracks in the Pacific Ocean18 and increased
precipitation at our site (Fig. 1).
Atmospheric circulation responses to North Atlantic Ocean
variability can explain the co-occurrence of anomalies in disparate
regions. In climate-model studies, North Atlantic Ocean cooling
leads to a southward shift of the Atlantic intertropical convergence
zone (ref. 26), a deeper Aleutian Low18,24 and weaker East Asian
summer monsoons27 . These simulated responses are consistent
with a growing suite of well dated palaeoclimate records, including
112

our new record from the southwestern US. New ice-core analyses
indicate that such atmospheric circulation responses precede even
Greenland temperature during stadial–interstadial transitions and
can occur within a few years28 . These results highlight the critical
role of atmospheric processes in propagating abrupt change globally. Our speleothem record clearly indicates that the hydroclimate
of the southwestern US is sensitive to atmospheric circulation
changes that most likely initiated in the North Atlantic Ocean.
Studies of recent drought in the Southwest US often invoke
variability in the El Niño–Southern Oscillation (ENSO) system,
which strongly controls moisture in the Southwest US today. If
we interpret our data in an ENSO framework, we would infer
El Niño-like conditions from increased moisture during stadials.
However, stadials are cool in the Santa Barbara basin19 , the opposite of what we would expect during El Niño conditions. Other
Pacific-based palaeoclimate studies disagree on whether interstadials resemble La Niña-like or El Niño-like conditions6,15 . Broad
patterns of stadial–interstadial change do not conform to patterns
associated with modern ENSO teleconnections2,29 . Nonetheless,
millennial variability clearly engages elements of tropical Pacific
Ocean climate4,6,15 . Modelling studies suggest a linkage between
stadials (forced by North Atlantic freshwater hosing) and either El
Niño or enhanced ENSO variability in several models, although
specific physical responses are model dependent26 . In these studies,
a southward shift of the intertropical convergence zone during stadials, well documented from palaeoclimatic records4,5,29 , mediates
the response of the tropical Pacific Ocean to North Atlantic Ocean
variations. Our results indicate that North Atlantic variability ultimately influences the position of the Pacific Ocean storm track, but
we cannot yet disentangle extratropical atmospheric effects from
those mediated through tropical interactions.
Multidecadal North Atlantic Ocean variability may provide a
basis for anticipating climate variability in coming decades30 . Our
work suggests a strong connection between Atlantic Ocean SST
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and winter precipitation in the Southwest US that could be used
to improve long-term predictions of regional water resources. The
net effect of the Atlantic Ocean and other influences (for example,
Pacific Ocean and annular modes) on Southwest US precipitation
as climate warms under human influence will have profound
consequences for water resources, and thus for human and natural
systems, in this rapidly growing region.
Received 15 June 2009; accepted 2 November 2009;
published online 10 January 2010
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