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We present a 6,000-yr record of changing water balance in the
Pacific Northwest inferred from measurements of carbonate δ18 O
and grayscale on a sediment core collected from Castor Lake,
Washington. This subdecadally resolved drought record tracks the
1,500-yr tree-ring-based Palmer Drought Severity Index reconstructions of Cook et al. [Cook ER, Woodhouse CA, Eakin CM, Meko DM,
Stahle DW (2004) Science 306:1015–1018] in the Pacific Northwest
and extends our knowledge back to 6,000 yr B.P. The results
demonstrate that low-frequency drought/pluvial cycles, with occasional long-duration, multidecadal events, are a persistent feature
of regional climate. Furthermore, the average duration of multidecadal wet/dry cycles has increased since the middle Holocene,
which has acted to increase the amplitude and impact of these
events. This is especially apparent during the last 1,000 yr. We suggest these transitions were driven by changes in the tropical and
extratropical Pacific and are related to apparent intensification of
the El Niño Southern Oscillation over this interval and its related
effects on the Pacific Decadal Oscillation. The Castor Lake record
also corroborates the notion that the 20th century, prior to recent
aridity, was a relatively wet period compared to the last 6,000 yr.
Our findings suggest that the hydroclimate response in the Pacific
Northwest to future warming will be intimately tied to the impact
of warming on the El Niño Southern Oscillation.
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ecent droughts that affected the American west were among
the most severe on record (1–3). This aridity, combined with
rapid population growth and limited water resources, provides
the impetus to improve our understanding of long-term moisture
balance to better predict and plan for future droughts and wet
periods. Evidence suggests that drought in North America is
strongly influenced by synoptic-scale changes in atmosphereocean dynamics (4), with El Niño events associated with drier
conditions in the northwest and La Niña conditions being conducive to drought in much of the arid southwest (2). Documenting
decadal-scale aridity patterns over several millennia will improve
knowledge of drought frequency, duration, and magnitude, and
improve our understanding of how these characteristics respond
to long-term changes in the influential Pacific climate patterns,
such as the El Niño Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO).
Model projections of global precipitation patterns in the
coming century predict an intensification of zonal midlatitude
precipitation bands as well an intensification of subtropical
aridity, and an accompanying poleward shift of these patterns
in response to increased greenhouse gas concentrations (5).
Additional constraints on the degree to which drought cycles
are controlled by extraregional teleconnections as opposed to
zonal mean conditions will help to improve the predictive capability of climate models to differentiate between these interacting controls.
www.pnas.org/cgi/doi/10.1073/pnas.1009194108

Most knowledge of preinstrumental-period drought comes
from moisture-sensitive, annually dated tree-ring records that
allow precise regional comparison and data synthesis (1, 6–8).
Tree-ring based reconstructions of the Palmer Drought Severity
Index (PDSI), a widely used tool for assessing water balance (1),
are available in a gridded network over North America for the
past approximately 500 to 2,000 yr (9). Despite the outstanding
quality of these data, tree-ring studies are constrained by the
life span of trees and uncertainty generally increases with age due
to limited numbers of old samples. Lake sediments are not
subject to the same shortcomings, and also provide an independent source of precipitation-sensitive proxy data with which
to evaluate past climate. Moreover, such records span the Holocene and are sensitive recorders of the regional balance between
precipitation and evaporation (P/E).
Castor Lake Physical Setting
Castor Lake (48.54° N, 119.56° W; elev. 594 m) is a small
(approximately 0.07 km2 ) closed-basin (low outseepage rate and
no surficial outflow) oligosaline (>2;000 mg∕L) system located
just east of the Cascade Range in the Pacific Northwest (PNW).
The catchment (0.86 km2 ) occupies a plateau several hundred
meters above the surrounding region, isolating it from distal
sources of groundwater and restricting hydrologic input to precipitation, runoff, and catchment groundwater. Lake water δD
and δ18 O data, as well as hydrologic modeling of Castor Lake,
indicates that evaporation is the major water-loss pathway (10).
Spatial correlations generated from the results of a tree-ringbased reconstruction of the PDSI (9) show that Castor Lake is
situated within a region that should be representative of the
greater PNW but is anticorrelated with patterns of aridity in
the desert Southwest. The geochemical and hydrologic condition
of the lake causes annual water-column carbonate precipitation.
X-ray diffraction and scanning electron microscopy identified
aragonite as the only sedimentary carbonate mineral present
in abundant quantities.
In Castor Lake the δ18 O of aragonite primarily reflects lake
water δ18 O and hence the P/E influencing the system at the time
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of mineral formation. Most aragonite precipitates at similar temperatures during summer months, minimizing the influence of
water temperature variations. Monitoring of the lake water
δ18 O since 2003 revealed large isotopic shifts concordant with
regional hydroclimate. Hypolimnetic anoxia inhibits sediment
bioturbation so the δ18 Oaragonite signal integrates water isotopic
composition over the lake residence time, which we estimate
to be approximately 3 yr based on our isotopic mass balance modeling studies of the lake (10, 11) and comparison with analogous
systems (12). We corroborated the regional nature of changes in
the sediment record from Castor Lake δ18 Oaragonite by comparison
with δ18 O values in ostracods in a sediment core from Scanlon
Lake, situated in an adjoining watershed, and confirmed our interpretation of the influence of regional hydroclimate on these
systems through comparison with nearby instrumental precipitation and PDSI data (Fig. 1). The PDSI was developed as a
method of calculating theoretical soil moisture, and as such is
a calculation of water balance that incorporates the cumulative
effects of precipitation, temperature, soil moisture, and evapotranspiration (13). As the δ18 O of Castor Lake is also a function

of water balance, it is logical that the two measures should largely
covary. The PDSI is also correlated with carbonate precipitation
rates in basins with characteristics similar to Castor Lake (14).
Finally, the PDO instrumental data generally tracks lacustrine
δ18 O from both lakes as well as the precipitation and PDSI
data, supporting the assertion that the PDO shifts during the 20th
century impacted the P/E balance of the region (15).
Higher/lower sediment image grayscale values, indicative of
correspondingly darker/lighter sediment, tend to occur when
δ18 O values are also high/low (Fig. 2 and Figs. S1 and S2). Interpretations of inorganic carbonate precipitation in lakes often
suggest increased carbonate formation under evaporation-driven
lake-level decreases caused by concentration of dissolved ions.
However, carbonate precipitation can be controlled by groundwater-mediated Ca2þ supply in small alkaline lakes, which may
lead to Ca2þ limitation during dry phases (14). Castor Lake sediment trap (Fig. 2) and instrumental data (Fig. 1) are consistent
with this model, indicating that dark layers are formed during
arid periods when reduced Ca2þ input from groundwater leads
to a decline in aragonite precipitation (14) (Fig. S1). The changes
in the grayscale record support our interpretation that the dominant control on lake water δ18 O is P/E and not temperature or the
source of precipitation, as these latter factors should not produce
a change in sediment composition. Detailed hydrologic and isotopic modeling of Castor Lake confirm that precipitation is the
primary control on lake water δ18 O due to two factors: the high
isotopic sensitivity of the lake catchment system to hydrologic
changes, which are primarily controlled by precipitation, and
the much larger variance in interannual precipitation relative
to temperature and humidity (10). Because carbonate deposition
is controlled primarily by Ca2þ supply, which increases when
groundwater inflow increases under wetter climate conditions,
rain, and snowfall are the primary controls on the grayscale
record. In contrast, the δ18 Oaragonite is controlled by precipitation
as well as relative humidity and temperature changes that affect
evaporation rates, but the latter two climate variables have a
relatively small effect in this system (10). Although their controls
are similar, the slight differences explain the minor discrepancies
between the grayscale and δ18 Oaragonite measurements. Based on
our modern-system calibrations (Fig. 1), hydrologic and isotopic
modeling efforts of Castor Lake (10, 11), and our understanding
of the processes controlling sediment deposition, we suggest that
the Castor Lake grayscale record may be interpreted as a proxy of
regional hydroclimate.
Results and Discussion
Higher δ18 O values at Castor Lake, indicating drier conditions,
correspond to lower PDSI values, also indicative of reduced
moisture availability. Covariance between sediment δ18 O and
grayscale is consistent with our model of climatic controls on lake
sediment composition (Fig. 2 and Figs. S1 and S2) and thus suggests that the grayscale values should also negatively correlate
with the PDSI. This relationship permits comparison of the high-

Fig. 1. Comparison of δ18 O data from Castor and Scanlon lakes with instrumental data for the 20th century. The y-axes are scaled to show increasing
aridity to the top. (A) Instrumental record of the PDSI from central Washington with a 20-yr low-pass filter. (B) The last 100 yr of the 6,000-yr detrended
Castor Lake carbonate δ18 O record measured on authigenic aragonite. Average 2005–2006 A.D. sediment trap δ18 O values shown as open triangles.
(C) The last 100 yr of the δ18 O record from Scanlon Lake measured on ostracod carapaces. (D) Total annual precipitation from the Omak, Washington
airport 9 km south of Castor Lake. (E) Instrumental record of the PDO index
with 20-yr low-pass filter (22).
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Fig. 2. Normalized Castor Lake carbonate δ18 Oaragonite (red line) and grayscale (black line) on the radiocarbon, 137 Cs, teprha, and PDSI-tuned chronology showing both paleohydrological proxies track one another and record
changes in periodicity during the past 6,000 yr. Also shown are average sediment δ18 Oaragonite values for 1943–1998 A.D. (blue bar) and average sediment
trap δ18 O value from 2005–2006 A.D. (green circle). Additional and more
detailed comparisons of these two datasets are shown in Figs. S1 and S2.
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Fig. 3. Comparison of the tuned-chronology Castor Lake grayscale record
with tree-ring reconstructions of the PDSI and PDO. Grayscale record (black
line) compared to (A) PDSI grid point #43 reconstruction by Cook et al. (9)
with y-axis reversed, such that increasing aridity is shown as upward
trends (orange) (B) McDonald and Case (19) PDO reconstruction (green),
(C) Gedalof and Smith (17) PDO reconstruction (blue). All data were 20-yr
low-pass filtered to improve visualization (SI Materials and Methods).
(D) The contrasting hydroclimate of the Pacific NW with the desert Southwest is illustrated by the map generated from the correlation of grid point
#43 in the PNW with other grid points from the tree-ring-based reconstruction of the PDSI (9), which shows opposite patterns of aridity in the two
regions based on data for the period between 1645–1900 A.D. Locations
of field sites for North American PDO reconstructions are indicated (see
map legend), as well as PDSI grid points, and the location of Castor Lake.
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than local catchment dynamics. As a test of this regional significance, a correlation map between each PDSI site and grid
point #43 was generated for the entire PDSI network (Fig. 3D).
Results confirm strong coherent regional behavior in the PNW,
and also illustrate the moderate negative correlation between
the region and portions of the American west, particularly
southern Texas and northern Mexico. This supports our assertion
that the Castor Lake drought record can be used to document
drought history for the greater PNW region, with drought being
defined in this case as periods with positive grayscale values.
The well-dated, high-resolution Castor Lake grayscale record
spanning the past 6,000 yr can be interpreted in the context of
changes in regional, decadal-scale variability in effective moisture. To this end, we applied wavelet analysis to explore changes
in event periodicity (16) (Fig. 4A). Although direct correlation of
individually resolved drought events from the grayscale data to
other proxy records is hindered by radiocarbon dating uncertainties, minor age offsets do not significantly affect assessments of
changes in variability over centennial to millennial timescales.
Wavelet analyses of the grayscale series, using different preprocessing assumptions and randomized age-models, illustrate the
fact that the chronological uncertainty in our data does not
influence the results (Fig. S4). Frequency ranges with elevated
spectral power were identified from the global wavelet (Fig. 4B)
and further analyzed for scale-averaged wavelet power. Results
demonstrate that strong periodicities in the multidecadal
(16–64-yr) band during the middle Holocene become gradually
weaker around 4,000 cal yr B.P. (Fig. 4C). Moreover, the centennial (72–128-yr) band appears insignificant throughout much of
the record (Fig. 4D). This centennial component, which partially
characterizes North Pacific variability in most proxy reconstructions spanning the past 1,000 yr (17–19), exhibits greater average
power in the last millennium than during any other period in
the past 6,000 yr. Additionally, the intermittent nature of this
centennial scale component, as observed in the wavelet analysis
from Castor Lake, is consistent with other proxy records spanning
the last 1,000 yr (19). This evolving pattern of drought cyclicity
over the 6,000-yr record may partially reflect precessional insolation forcing, but may also be driven in part by changing synoptic
climate patterns of unknown origin.
The transition to lower frequency and longer duration wet/dry
cycles that occurred in the last millennium is coincident with
increased drought magnitude between 900 and 1300 A.D. (1,050
and 650 B.P.), as suggested by tree-ring indicators of drought
across the large area of the American west (1). This increased
drought severity may have resulted from prolonged moisture
balance excursions away from mean state values, which provide
more time for cumulative effects to build (e.g., successive years
with lower than average precipitation totals). Comparison of
instrumental-period stable isotope data with the full sediment
sequence highlights the middle and late 20th century wet phase
as one of the more extreme events of the past 6,000-yr (Fig. 2).
Overall, the 6,000-yr grayscale record shows that droughts on
average are more likely to last longer than wet periods (Fig. S5).
For example, over the last 6,000 yr, 25% of droughts, compared
to 19% of wet periods, last longer than 30 yr.
Many of the drought events in the PNW and the American west
are correlated with Pacific Ocean dynamics such as ENSO (2).
For example, dry periods commonly occur when a high-pressure
ridge forms over the northeastern Pacific and prevents moist air
from entering the region (8). The Pacific westerlies, driven in
part by the pressure gradient between the Aleutian low and the
North Pacific high-pressure systems, exert a strong influence on
PNW climate (20). Decadal fluctuations in precipitation account
for 20–45% of annual precipitation variance in western North
America (21), and the regional water balance strongly correlates
with the PDO (4, 22). Thus decadal-scale changes in the Castor
Lake P/E record are likely to be at least partially controlled by
PNAS Early Edition ∣
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er resolution grayscale signal from Castor Lake with the annually
resolved network of PDSI reconstructions (1). The nearest grid
point, #43, is located approximately 120 km to the south
(Fig. 3D), and spans approximately 1,500 yr. Not surprisingly,
chronological uncertainties inherent to radiocarbon dating result
in relatively poor correlation [degrees of freedom ðDOFÞ ¼ 1318,
r ¼ −0.10, p ¼ 0.0002] between the Castor Lake grayscale record
and the PDSI reconstruction. However, minor adjustments in the
lake sediment core chronology improve this correlation (DOF ¼
1318, r ¼ −0.70, p < 0.0001) (SI Materials and Methods and
Fig. S3). Age adjustment (i.e. tuning) is justified by the observed
anticorrelation at sediment depths where accurate age control is
provided by 137 Cs and tephra layers of known age. Adjustments
in the chronology were within the 2σ error range of calibrated
radiocarbon dates, and no dates were abandoned in favor of
forced anticorrelation to the PDSI. The anticorrelation is maintained even after adjusting for artificial skill (DOF ¼ 53,
adjusted r ¼ −0.67, p < 0.0001) (Fig. 3A). The comparison is
included primarily to confirm that the two approaches to reconstructing paleoaridity document similar variability within the
dating uncertainty of the lake record.
The similar patterns in PDSI and grayscale prior to the instrumental period strengthens the interpretation of grayscale values
as an indicator of relative changes in water balance over the
past 6,000 yr, and serves as independent method validation for
both the tree-ring and lake-sediment data. The ability to attain
significant anticorrelation over the 1,500-yr overlap also demonstrates that Castor Lake is responding to regional climate rather

Fig. 4. (A) Wavelet analysis of the Castor Lake grayscale record. Data were detrended and normalized to the mean prior to wavelet analysis as described in the
text, but not filtered. Areas outlined in black are significant at the 95% level, and the cone of influence is designated by thick black lines (16). Dashed horizontal
lines define regions used in scale average plots shown in C and D, as determined through data-adaptive peak identification in the global wavelet spectrum in
panel B. (B) Global wavelet spectrum with scale average bands defined by shaded area and dashed black lines. Dashed blue line represents 95% confidence
interval for the global wavelet spectrum. (C) Multidecadal (16–64-yr) scale average wavelet power (black) shown with ENSO activity record from ref. 32.
(D) Centennial (72–128-yr) scale average wavelet power.

decadal variability of the Pacific Ocean, expressed regionally
by variability associated with ENSO and the related PDO.
Comparison of sediment and climate data with the PDO index
supports this conclusion (Fig. 1). Although the Atlantic Multidecadal Oscillation has been shown to act in concert with the PDO
in influencing precipitation and drought over much of the western
United States, the strength of this interaction in the PNW is
weak and the PDO is the dominant driver, historically (4).
Drought frequency in the PNW has also been shown to correlate
with northern hemisphere temperature, where increasing temperature corresponds to decreasing drought recurrence during
the instrumental period (4).
Because drought events in the PNW have been linked to warm
phases of the PDO (4, 22), it follows that the Castor Lake grayscale record and tree-ring inferred PDSI values should correlate
with regional PDO reconstructions, which are available from a
number of widely distributed study sites (Fig. 3). However, coherence among the reconstructions is poor, a likely result given the
underdeveloped state of understanding of the long-term influence of the PDO on regional climate and the potential for
changes in the spatial impact on North American climate through
time. Regardless, the records are useful indicators of hydroclimate, and of these the Castor Lake grayscale record shows
the strongest correlation with the PDO reconstruction derived
from tree chronologies in coastal Oregon, British Columbia,
and Alaska (17) (Fig. 3). Weaker correlations exist with reconstructions that rely on tree chronologies from the southwestern
United States (19, 23) and Asia (24, 25) (Fig. 3). These relationships are consistent with the regional PDSI correlation pattern
and support the inference that each PDO reconstruction preserves local expressions of multidecadal variability (24). The
strongest correlation with the proximal reconstruction of Gedalof
and Smith (17) confirms that Castor Lake P/E is influenced by
4 of 6 ∣
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changes in multidecadal climate variability as expressed in the
PNW.
The influence of extratropical and tropical Pacific climate on
drought conditions in the PNW (2, 26, 27) suggests that changes
in multidecadal drought periodicity observed at Castor Lake
are related to Pacific Ocean variability over the past 6,000 yr.
A relationship between ENSO and the PDO is suggested by
the positive correlation between El Niño events and warm PDO
phases over the past 400 yr (28). Further, the PDO has been
modeled as the decadal-scale response in the midlatitudes to
ENSO forcing combined with atmospheric noise (29). If the
PDO does represent the midlatitude ocean response to ENSO,
it would follow that changes in the ENSO system would lead
to changes in the PDO (even if the PDO itself is not a true
dynamical mode of climate variability) and that such changes
would be recorded in the Castor Lake grayscale record. A variety
of Pacific proxy records suggest muted middle Holocene ENSO
variability. These include oxygen isotope measurements on
individual planktonic foraminifera from sediments collected in
the eastern tropical Pacific (30), oxygen isotope measurements
on fossil corals in the western equatorial Pacific (31), as well
as the sedimentology of Laguna Palcacocha, Ecuador, which
suggests a gradual increase in the number of strong ENSO events
over the Holocene (32). These changes are coincident with
the gradual decline observed in the strength of the multidecadal
component of drought variability at Castor Lake (Fig. 4C), and
suggest significant basin-scale changes in the Pacific Ocean
between approximately 4,000 and 3,000 cal yr B.P., and to a lesser
extent, at approximately 1,000 cal yr B.P. These ideas are consistent with a recent synthesis study of proxy data and model
results associated with middle Holocene ENSO intensification
from 4,500 to 3,500 cal yr B.P., which suggest an increase in insolation-driven Indo-Pacific warming as a possible mechanism
(33). The results from Castor Lake highlight the fact that the
Nelson et al.

Conclusions
Today ENSO has a clear impact on western North American
climate and is the dominant control on interannual climate
variability worldwide. Improved understanding of the long-term
behavior of this system and how it responds to external forcing
are among the most important issues in reducing uncertainty
in climate change projections. The data from Castor Lake document changing drought cycles in the PNW over the last 6,000 yr
that were likely driven by the evolution of ENSO and its teleconnections with the PNW, thus confirming the long-term sensitivity of the region to activity in the tropical Pacific. The scale and
pace of these changes suggest a large and gradual forcing mechanism such as precessional insolation. Altering the evolution
of wet/dry cycles that has operated for the past 6,000 yr would
therefore seem to require a global-scale mechanism. Anthropogenic changes in radiative forcing may be of such a scale, although
the specific nature of ENSO response to such changes cannot yet
be predicted with confidence (34). However, our data confirm
that teleconnections with the PNW are a robust feature of the
ENSO system, and therefore that any change in ENSO is likely
to have a profound impact on water availability, people and
economies in the circum-Pacific region.
Materials and Methods
Two sediment cores were collected from Castor Lake in 2003 using a Livingston corer. Unconsolidated surface sediments were recovered in 2004 with
a freeze corer. Sediment chronology was established by 11 calibrated (35)
accelerator mass spectrometer 14 C dates on terrestrial macrofossils, tephrochronology and 137 Cs (SI Materials and Methods, Table S1, and Fig. S6).
The upper 2.5 m of sediment, spanning the last approximately 6,000 yr, is
comprised of millimeter to sub-millimeter-scale laminations indicating that
the sediment record is preserved at nearly annual resolution. Prior to approximately 6,000 cal yr B.P. laminations transition to irregular, mottled and
banded deposits, indicating bioturbation and mixing caused by a lower
lake level prior to this time. Loss on ignition analyses, a rough estimate of
organic matter and carbonate content, were conducted at 1–2 cm resolution
throughout the record. Carbonate content averaged 60–70% by weight, and
organic matter averaged 20–30%. Smear-slide analyses identified biogenic
silica (i.e., diatom frustules) as the major component of the residual sediment,
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with very small amounts of clastic material. Sediment C/N atomic ratio
values do not exceed 14, suggesting that most of the sediment deposited
in the lake is of aquatic origin. Variations in the relative contribution of
aragonite, organic, and residual materials are expressed as visible changes
in sediment color caused by the sharp contrast between the dominant
sediment facies (SI Materials and Methods). Digital images of the 6,000-yr
laminated core section were obtained under controlled light conditions to
quantify these color changes by extracting a grayscale reflectance record,
which was generated through averaging of the red-green-blue color
bands (ref. 36 and Fig. S7). As is common for grayscale measurements, high
water content and frozen-sediment processing techniques reduced contrast
between laminations and altered color values for the period after approximately 1850 A.D., which corresponds to the time period covered by the
freeze core. Consequently, this portion of the record was excluded from
grayscale analysis.
δ18 O and δ13 C analyses of aragonite were performed on the finely laminated sediment, which was sampled at 2–3 mm resolution (approximately
5 yr∕sample), as well as modern carbonates, which were captured with a
sediment trap deployed from 2005 to 2006 (SI Materials and Methods). Stable
isotope results show correlation between δ18 O and δ13 C (n ¼ 1210, r ¼ 0.72,
p < 0.0001) (Fig. S8). This relationship is common in closed-basin lakes (37),
where carbonate δ18 O is primarily controlled by P/E. However, the degree
of this control varies, as the ratio between surface area and volume does
not change linearly with lake level (38). The Castor Lake volume, outseepage
rate, and surface area to volume ratio profile are such that the isotopic
balance of the lake is more sensitive to annual to decadal-scale precipitation
variability than to mean state precipitation changes (10,11). For a given
reduction in mean precipitation, the isotope values shift rapidly, but in
the absence of further change gradually return to a steady state representative of the new mean precipitation value, with large shifts in the isotopic
baseline requiring very large changes in mean precipitation. The nature of
the sensitivity of this proxy makes it well suited for examining changes
in P/E variability at approximately 5 yr resolution, which matches the
sampling interval. Water temperature is an additional factor in controlling
carbonate isotopic composition, but in Castor Lake temperature effects on
the isotopic record can be dismissed as the dominant control because of
the large magnitude of change in isotope values. A 2‰ shift would require
an average summer temperature change of approximately 6 °C (39), unrealistic under any Holocene scenario (40). In analogous systems, these
confounding influences are far outweighed by changes in lake volume governed by changing P/E (41).
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