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[1] Low-frequency (periodicities lower than 20 years) hydrologic variability in the
western United States over the past 500 years is studied using available tree-ring
reconstructions of Palmer Drought Severity Index (PDSI), streamflow, and climate
indices. Leading rotated principal component (RPC) scores of a gridded tree-ring
reconstruction of the PDSI from 1525 to 1975 are significantly correlated with indices
representing large-scale climate variations from the Pacific and Atlantic Oceans. RPC1
(31%) is related to the influence of North Pacific sea surface temperature (SST) variations,
indexed by the Pacific Decadal Oscillation (PDO). RPC2 (24%) is apparently related

to North Atlantic SST variations, indexed by the Atlantic Multidecadal Oscillation
(AMO). RPC3 (19%) is moderately correlated with a smoothed version of the Southern
Oscillation Index. Consistent with recent studies of instrumental data, RPC1 (PDO) and
RPC2 (AMO) explain a large part of the multidecadal hydrologic variability of the
interior western United States. Western U.S. PDSI variability exhibits significant
pentadecadal (and longer) oscillations in the epochs from circa 1525 to 1650 and 1850 to
1975, while bidecadal oscillations are prevalent in the middle epoch from circa 1650 to
1850. The changes in spectral characteristics of western U.S. PDSI were related to similar
changes in the PDO (and therefore in RPC1). In contrast, RPC2 had a regular
periodicity of 51 years for the past ~500 years. This regularity is intriguing, and although

RPC2 was primarily related to the AMO in this study, the influence from Pacific
climate cannot be discarded. = INDEX TERMS: 1812 Hydrology: Drought; 1833 Hydrology:
Hydroclimatology; 1854 Hydrology: Precipitation (3354); 1860 Hydrology: Runoff and streamflow;
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1. Introduction

[2] Because of its geographic and climatologic character-
istics, the western United States (Figure 1) is particularly
vulnerable to severe and sustained droughts (SSDs). His-
torical documents, proxy climate indicators, and meteoro-
logical records revealed that during the past 2000 years, the
western United States and surrounding areas have experi-
enced widespread and prolonged droughts, with devastating
impacts on societal and ecological systems [ Woodhouse and
Overpeck, 1998; Weakly, 1965; Meko et al., 1995; Grissino-
Mayer, 1996]. Furthermore, analyses of paleoclimatic proxy
indicators have shown that the most severe droughts of the
twentieth century (the 1930’s Dust Bowl and the 1950’s
Drought) are overshadowed by preinstrumental droughts
that occurred as recently as the late sixteenth century
[Woodhouse and Overpeck, 1998]. The “late sixteenth
century megadrought” (Figure 2) is evident from circa
1572 to 1599 in many tree-ring climate reconstructions
throughout the western United States and is considered
the most severe drought in this region, at least, for the past
500 years [Stahle et al., 2000, 2003]. Among other cata-
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strophic consequences, this drought may have exacerbated
the collapse of native population in Mexico by magnifying
the impact of infectious diseases through changes in eco-
logical and sociological systems that depend on freshwater
supply [Acuria-Soto et al., 2002].

[3] Drought conditions have been generally associated
with low-frequency components of the climate system
[Namias, 1983]. Recent studies of instrumental records have
shown that low-frequency variations of the North Pacific
and Atlantic Ocean temperature variations explain large
parts of the low-frequency drought and precipitation vari-
ability in the United States [Mantua et al., 1997; Enfield et
al., 2001; Gray et al., 2003; McCabe et al., 2004]. North
Pacific climate variations are indexed by the first principal
component of sea surface temperature (SST) anomalies in
the North Pacific (poleward of 20°N), known as the Pacific
Decadal Oscillation (PDO) [Mantua et al., 1997]. A
smoothed index of the mean SSTs in the North Atlantic
Ocean (poleward of the equator), known as the Atlantic
Multidecadal Oscillation (AMO) [Enfield et al., 2001],
indexes North Atlantic low-frequency variations. The pos-
itive phase of the AMO was associated with increased
probabilities of drought in the western United States by
McCabe et al. [2004]. According to these authors, when the

W12504 1 0f 10



W12504

50°N

. Columbia Basin

. Missouri Basin

. Great Basin

. California Basin

. Colorado Basin

. Arkansas-Red Basin
. Rio Grande Basin

. South Central Basin

40°N

~NOOUBAWNS

h

110°W

30°N :
120°W 100°W

Figure 1. Major water resources regions of the western
United States and location of streamflow gages on the
Upper Colorado River at Lees Ferry (star), the Sacramento
River at Sacramento (circle), and the Yellowstone River at
Corwin Springs (square).

western United States is in a drought mode (AMO positive),
the sign of the PDO determines if the drought center is more
probably to be located in the northern (PDO positive) or the
southern part (PDO negative) of the western United States.
The interplay of the AMO and PDO in the production of
western U.S. drought is consistent with the observation by
Fye et al. [2003] that some paleodroughts have a spatial
signature similar to the 1930’s Dust Bowl (AMO positive
and PDO positive), while others are similar to the 1950’s
Drought (AMO positive, PDO negative).

[4] In the present study, possible climate forcing mecha-
nisms associated with paleodroughts of the past ~500 years
(such as the late sixteenth century megadrought) will be
identified and compared to twentieth century drought-pro-
ducing mechanisms. Another objective is to determine
whether western U.S. hydrologic variations have responded
to similar large-scale climatic mechanisms in the past and in

a) Reconstructed streamflow
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the twentieth century so that this information can be used to
recognize similar extreme climate events in the future. The
term “‘climate forcings” (or “mechanisms”™) is defined
loosely here as the climate signals coming from particularly
large regions (North Pacific, North Atlantic, and tropical
Pacific) and characterized using simple indexes. However,
these processes may be just an expression of even larger
climate processes or can be related to more fundamental
forcings (i.e., solar, lunar, volcanic).

2. Data Sources

[s] Several tree-ring reconstructions were used in this
study in order to characterize low-frequency variations in
the western United States (Table 1). These tree-ring
reconstructions are readily available through the National
Oceanic and Atmospheric Administration (NOAA) Paleo-
climatology Data Bank. The information extracted using
proxy climate indicators, such as the tree-ring reconstruc-
tions from Table 1, has a certain degree of representa-
tiveness of the reconstructed hydroclimatic variable (or
teleconnection index). This representativeness is usually
evaluated using statistics of the model’s fit during the
calibration period, given the typical limitations and
assumptions of the tree-ring reconstruction methods
[Fritts, 1991]. In this study, the reconstructions selected
are thought to be considerably representative of long-term
climate variations according to the statistics reported by
the authors of these reconstructions (Table 1). Unfortu-
nately, independent validations of tree-ring reconstruc-
tions, for example, based on information from other
proxy records (i.e., ice cores, lake sediments, marine
cores), are not commonly included as part of tree-ring
reconstruction studies, and in many cases these valida-
tions are impossible due to different sensitivities and
temporal rtesolution of the proxies or to the lack of data.
Tree-ring reconstructions are based on the assumption that
the empirical relationship established between tree-ring

b) Instrumental streamflow
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Figure 2. The “late sixteenth century megadrought™ as recorded in a tree-ring reconstruction of mean
annual average streamflow of the Colorado River at Lees Ferry (left), and naturalized annual streamflow
record from 1906 to 1998 (right). Thick lines represent the 20-year moving averages, of both time series.
The solid horizontal lines represent the long-term mean of the streamflow reconstruction, and the dashed

lines represent the mean of the instrumental records.

2 of 10



W12504

Table 1. Proxy Records Used in This Study
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Variable Reconstructed Season Initial Year Ending Year Source
Tree Ring Reconstructions
Streamflow of the Colorado River at Lees Ferry annual 1512 1961 Stockton and Jacoby [1976]
Streamflow of the Sacramento River at Sacramento annual 869 1977 Meko et al. [2001]
Streamflow of the Yellowstone River at Corwin Springs annual 1706 1977 Graumlich et al. [2003]
Pacific Decadal Oscillation Nov. to Mar. 1661 1991 Biondi et al. [2001]
Southern Oscillation Index winter 1706 1977 Stahle et al. [1998]
Gridded Palmer Drought Severity Index summer 1525 1975 Cook et al. [1999]
Atlantic Multidecadal Oscillation annual 1567 1990 Gray et al. [2004]
Other Proxies

Quelccaya ice accumulation annual 470 1984 Thompson and Mosley-Thompson [1989]

growth and climate does not change significantly over
time [Fritts, 1991]. In addition, tree-ring reconstructions
are less accurate at earlier times, as the average ring
width during these times is usually calculated using fewer
trees [Fritts, 1991; Hidalgo et al., 2000, 2001].

[6] A tree-ring reconstruction of annual streamflow of
the Colorado River at Lees Ferry, Arizona, from 1512 to
1961 was obtained from Stockton and Jacoby [1976]. Lees
Ferry is located at the outflow of the Upper Colorado
River Basin (UCRB; Figure 1). The UCRB is the most
important basin in terms of water supply for much of the
western United States. A reconstruction of annual stream-
flow in the Upper Yellowstone River at Corwin Springs,
Montana, from 1706 to 1977 was obtained from Graumlich
et al. [2003] and was used to characterize variations in
the interior northern part of the western United States.
Tree-ring reconstructions are typically based on relations
of tree-ring thickness (or density) indexes to climatic
parameters (i.e., streamflow, precipitation, temperature).
Graumlich et al.’s [2003] streamflow reconstruction, how-
ever, uses available tree-ring reconstructions of the PDO
[Biondi et al., 2001] and the Southern Oscillation index
(SOI) [Stahle et al., 1998] indices, along with tree-ring
chronologies, to reconstruct the annual streamflow of the
Yellowstone River. The tree-ring reconstruction of the
annual streamflow of the Sacramento River at Sacramento,
California, from 869 to 1977 [Meko et al., 2001] was used
for the characterization of drought variability in coastal
regions. The locations of the streamflow reconstructions
are shown in Figure 1. These locations were selected to
match the centers of action of the PDSI subregions that
will be identified later using rotated principal component
(RPC) analysis.

[7] A reconstruction of the PDO from 1661 to 1991 was
obtained from Biondi et al. [2001]. These data were used
to index long-term climate variations in the North Pacific.
A reconstruction of the winter SOI, the atmospheric
component of El Nifio—Southern Oscillation (ENSO),
was obtained from Stahle et al. [1998]. This SOI recon-
struction from 1706 to 1977 was used to characterize
tropical Pacific climate influences. Annual ice accumula-
tion totals at Quelccaya ice cap in Peru [Thompson and
Mosley-Thompson, 1989] were also used to verify ENSO
influences. A reconstruction of the AMO index from 1567
to 1990 using North American and European tree-ring
chronologies was obtained from Gray et al. [2004] and
used to validate connections between western U.S. drought

and North Atlantic climate. Gridded (2 x 3 degree)
reconstructions of the summer Palmer Drought Severity
Index (PDSI) for the western United States from 1525 to
1975 were obtained from Cook et al. [1999]. These PDSI
series were used to determine spatial characteristics of
low-frequency variations in the western United States.

[s] Historical streamflow data from the Colorado, Sac-
ramento, and Yellowstone Rivers were obtained from the
U.S. Geological Survey (USGS) [2004] and the U.S.
Bureau of Reclamation (USBR) [1998]. Time series of
the PDO and SOI during the twentieth century were
obtained from updated versions of the series of Mantua
et al. [1997]) and Allan et al. [1991], respectively. Follow-
ing Enfield et al. [2001], the AMO index for the twentieth
century was computed by averaging the North Atlantic
SSTs (poleward of the equator) gridded data (5 x 5 degree)
from an extended version of the Kaplan et al. [1998] SST
data set and then filtering the index using 20-year moving
averages.

[s] Many of the time series in this study were smoothed
by 20-year moving averages based on McCabe et al.
[2004] in order to filter seasonal to multidecadal varia-
tions. As a result, the time series were shortened by
19 years. In addition, the smoothing process reduces the
number of degrees of freedom used in the determination of
the statistical significance of correlation coefficients. For
this reason, the statistical significances of all correlation
coefficients were estimated using Monte Carlo techniques
[McCabe et al., 2004]. The use of a 20-year low-pass
Butterworth filter [see Mitra and Kaiser, 1993] instead of
the smoothing of the 20-year moving averaging did not
alter significantly the results (not shown). Finally, it is
noteworthly that tree-ring reconstructions shown in Table 1
are produced for different seasons. It is assumed here that
the smoothed versions (20-year running averages) of
these reconstructions contain mainly the signature of
low-frequency climatic (and tree-ring growth) variations
present in all seasons, such that intraseasonal differences
(and higher-frequency variations) can be ignored.

3. Low-Frequency Climate Variations in the
Western United States

[10] Spectral analysis of the.reconstructed PDSI grids
[Cook et al., 1999] covering the western United States for
different epochs shows significant changes in the dominant
frequency of PDSI vanations through time (Figure 3). There
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Figure 3. Percentage of the total power spectral density (above red-noise spectrum) contained in two
bands that capture roughly bidecadal and pentadecadal cycles in tree-ring reconstructed PDSI, for each of

three 125-year epochs.

are three distinct epochs (with correspondingly distinct
spectral characteristics) in the variability of PDSI from
1525 to 1975.

[11] Pentadecadal (and longer) PDSI variations provided
a large fraction of the total drought variance in the interior
western United States during an early epoch (circa 1525-
1650) when the bidecadal PDSI oscillations were subdued
(Figures 3a and 3d). Spectral analyses of millennial recon-
structions suggest that pentadecadal (and longer) oscilla-
tions have been a common feature of the variability of the
climate of the western United States for the past 2000 years
[Hidalgo and Dracup, 2004; Grissino-Mayer, 1996].

[12] Bidecadal PDSI oscillations are dominant in the
200 years from circa 1650 to 1850, as evidenced in the
spectral characteristics of the 125-year window from 1700
to 1825 (Figure 3b). The bidecadal PDSI cycle during this
epoch is particularly strong in the Southwest (e.g., Lower
Colorado River Basin) and Southern California (Figures 3b
and 3e), while the largest contribution of the pentadecadal
PDSI cycle to the total spectral density is confined to parts
of the Upper Missouri River Basin (Figure 3e). In the most
recent 150-year epoch analyzed (1850—1975), pentadecadal
PDSI oscillations prevail again across the western United
States, with the exception of southern California, which is
still dominated by bidecadal PDSI variations (Figures 3c
and 3f).

[13] The spatial extent of the pentadecadal variations
during the earliest of these epochs is similar but not
identical the most recent epoch. Figure 3 registers the
occurrence of both drought and pluvials, but the spatial
extent of the early pentadecadal variations is probably
dominated by the late sixteenth century megadrought
(Figure 3d). In contrast, the pentadecadal variations during
the most recent epoch affect more strongly the northern
internal regions (Figure 3f). The most severe low-frequency
drought in the past 150 years in the western United States

is the 1930’s Dust Bowl drought (1925-1943). The plot
of Figure 3f is less identifiable with a particular drought
event, although it shows some similarity with the spatial
extend of the Dust Bowl (as recorded in instrumental
summer PDSI).

[14] It should be mentioned that the spectral bands in
Figure 3 were selected with the purpose of (roughly)
capturing bidecadal and pentadecadal oscillations associated
with North Pacific climate variations [Hidalgo and Dracup,
2003, 2004; Minobe, 1997]. The “bidecadal band” contains
PDSI variations with a periodicity of 8 to 32 years, while
the *“‘pentadecadal band” captures oscillations with a peri-
odicity from 32 to 64 years. This suggests that droughts and
pluvials with a periodicity of 8 years or more can be clearly
identified in Figure 3. In following sections, the PDSI
data will be smoothed using 20-year moving averages.
In these cases, only the very low frequency (periodicities
close to 20 years or more) variations can be easily identified
using the smoothed PDSI data. Individual droughts of
considerable duration (but much less than 20 years) may
not be easily identifiable in the smoothed data. However,
inspection of the data corroborated that many large droughts
(of durations significantly less than 20 years) are usually
caused by the contribution of “background” sustained low
PDSI (or streamflow) conditions, due to the low-frequency
component of the climate, combined with deep incursions
of extremely low PDSI (or streamflow) values during the
most critical years of the drought (Figure 2).

[15] In the circa 1850—1975 epoch, much of the hydro-
climatic variation in the western United States took the form
of significant pentadecadal (and longer) oscillations
(Figure 3). This suggests that SSDs have been more likely
to occur in this period than in the previous 200-year epoch
(circa 1650—1850). Fortunately, the amplitudes and perio-
dicities of the pentadecadal variations in the most recent
epoch are smaller than the amplitudes and periodicities
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Figure 4. Loadings of the first three rotated principal components (RPCs) of smoothed (20-year moving
average), gridded tree-ring reconstructions of the PDSI from 1536 to 1967 The contours shown represent
the correlation of the smoothed original data with the RPCs scores. Contours every 0.1, positive
(negative) correlation are shown with solid (dashed) lines, while the zero correlation contour is shown as
a thick dashed line. The shaded area represents correlations significant at the 0.05 level obtained through
Monte Carlo analyses. The fraction of the explained variance of each RPC is shown in parentheses.

during the previous epoch of pentadecadal variations cen-
tered circa 1600. This difference will be studied in the
following sections.

4. Climate Forcings

[16] In order to isolate the climate forcing signals in low-
frequency western U.S. hydroclimatic variations, a RPC
analysis was performed on the smoothed gridded PDSI
reconstruction from 1525 to 1975. Loadings of the first
three PDSI RPCs (74% variance) are shown in Figure 4,

a) — RPC1 (31%) PDSI (this analysis)
b) —— RPC2 (24%) PDSI (this analysis)

=== PDO (Biondi et al. 2001)

and the RPCs scores are shown in Figure 5. The RPCs
derived here for the western U.S. grid cells were similar to
several of the PDSI RPCs for the entire grid (the conter-
minous United States) calculated by Cook et al. [1999].
RPC1 (31% of the variance) is strongly correlated with the
PDSI variations over most of the southwestern United
States including the Colorado River basin (Figure 4a).
RPC2 (24%) represents mostly PDSI variability in the
Yellowstone River Basin and parts of the Upper Colorado
River Basin and the Upper Missouri River Basin
(Figure 4b). RPC3 (19%) is correlated with PDSI varia-

= *PDO (Mantua et al. 1997)

= ' AMO (Enfield et al. 20Q1)

c)

RPC3 (19%) PDSI (this analysis)

= SOI (Stahle et al. 1998)

== SO! (Allen et al. 1998)

=*** Queiccaya ice accumulation (Thompson and Mosley-Thompson 1989)

1500
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Figure 5. Time series of RPC scores of the first th

1750
Year

1800 1850 1900 1950 2000

ree rotated principal components (RPCs) extracted

from smoothed gridded tree-ring reconstructions of the PDSI, compared with smoothed reconstructions
(thick solid lines) and instrumental records (shaded thick lines) of several climate indices. The explained

variance of each RPC is shown in parentheses.
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Figure 6. Standardized values of a tree-ring reconstruction
of the Colorado River streamflow at Lees Ferry from 1536
to 1953, classified according to the first two RPCs of
Figure 5, which are thought to be related to PDO and AMO,
respectively. Square (circle) symbols indicate pluvials
{(droughts). The streamflow reconstruction was smoothed
using 20-year running averages. The sizes of the symbols
are proportional to the magnitude of the streamflow
anomalies. The largest symbols represent anomalies of
approximately 3 standard deviations. Data from 1536 to
1650 are shown with solid symbols. The terciles of the
RPCs are shown as vertical and horizontal lines.

tions in the Pacific Northwest, northern California, and the
Great Basin and is weakly to moderately anticorrelated
with PDSI variations in the southwestern United States
(Figure 4c).

[17] The PDSI RPC scores are significantly correlated
with large-scale climate indices during the instrumental
period (1900—1975), indicating significant influence from
Pacific and Atlantic climate processes (Figure 5). RPC1 is
strongly correlated with the PDO index (r = 0.82, p < 0.05)
during the instrumental period and, before that, matched
very closely a smoothed version of the PDO reconstruction
by Biondi et al. [2001] (r = 0.74, p < 0.01).

[18] RPC2 is significantly correlated with annual AMO
index (= 0.88, p < 0.05) during the instrumental period, and
overall has periodicities similar to North Atlantic SST
signals mentioned in other studies [Kushnir et al., 1997;
Tourre et al., 1999; Delworth and Mann, 2000]. Strongest
loadings of RPC2 are in the Upper Missouri basin, a basin
known to be influenced by the AMO [Enfield et al., 2001].
The regularity shown by RPC2 is remarkable, with a well-
defined periodicity of about 51 years and almost no spectral
power at other periodicities. In addition, a recent tree-ring
reconstruction of the AMO index [Gray et al., 2004], using
an independent network of tree-ring chronologies, correlated
significantly with RPC2 (» = 0.54, p < 0.01). However, the
Gray et al. [2004] reconstruction did not exhibit the same
regularity as RPC2. It is possible that RPC2 could contain
the PDSI effects in the western United States from pentade-
cadal climate oscillations in both the North Atlantic and the
North Pacific [Delworth and Mann, 2000; Minobe, 1997].

[15] RPC3 correlated moderately with a smoothed ver-
sion of the SOI (r = 0.71, p < 0.05) during the instrumental
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period; however, the very low values of RPC3 around 1930
were not matched by a similar SOI negative period. In the
longer term, a tree-ring reconstruction of the SOI [Stahle et
al., 1998] and a band-passed Butterworth-filtered series
(periodicities between 20 and 120 years) of ice accumula-
tion totals at Quelccaya [Thompson and Mosley-Thompson,
1989] were similar to RPC3, supporting the hypothesis of a
direct tropical Pacific connection (Figure 5c). However,
notice that although the year-to-year SOI reconstruction
by Stahle et al. [1998] matches the winter SOI raw
observations (without smoothing) well (» = 0.70, p <
0.01), the low-frequency (smoothed) components do not
match well. A possible reason for the lack of correlation of
low-frequency observed and reconstructed SOI could be
related to the contributions from low-frequency tree-ring
growth variations unrelated to ENSO.

[20] It is generally accepted that tropical and North
Pacific climate variations (indexed by the SOI and PDO,
respectively) are closely related to each other [Zhang et
al., 1996, 1997; Newman et al., 2003]; however, the RPCs
in Figure 5 are constructed to be uncorrelated (from 1925
to 1975), making RPC1 (representing PDO effects) and
RPC3 (representing SOI effects) orthogonal to each other.
Therefore the identification of RPCs is achieved at the
expense of losing some of the characteristics (i.e., inter-
correlation) known to exist between the main teleconnec-
tion signals. An indication of this loss of information is
that the spatial signature of ENSO in western U.S. climate
identified through many studies using instrumental data
[e.g., Redmond and Koch, 1991; Cayan and Webb, 1992;
Cayan et al., 1999; Dettinger et al., 2000; Piechota et al.,
2001; Brown and Comrie, 2004; Hidalgo and Dracup,
2003] is somewhat different to the pattern shown in
Figure 4.

[21] The historical values of the climate indices, PDO,
SOI, and AMO, are used here only to name the RPCs and to
suggest the apparent origin of the strongest controlling
factor of drought variability in the western United States
during the instrumental period. However, the teleconnec-
tions of these remote indexes and local tree-ring growth
may change over time and the RPCs may be forced
differently by large-scale climate mechanisms. This does
not invalidate the RPCs of Figure 5 but may express
stronger or weaker connections during certain periods with
the climatic processes that were used to name them. In
addition, as was mentioned previously, the RPCs are only
one structured (arbitrary) representation of the PDSI data
set, and as such have certain limitations. This representation
is not necessarily identical to the dynamical modes of
variation the system [Newman and Sardeshmukh, 1995].

4.1. Forcings of SSDs in the Southwestern United
States

[22] Low-frequency drought variations in the southwest-
ern United States are most represented by the contributions
of RPC1 and RPC2, thought to be related to the PDO and
the AMO, respectively (Figure 5). In Figure 6, the stan-
dardized values of the tree-ring streamflow reconstruction
of the Colorado River at Lees Ferry are classified according
to RPC1 (PDO) and RPC2 (AMO). Although the middle
streamflow values scattered considerably, most of the larg-
est pluvials (square symbols) of the fifteenth, sixteenth, and
twentieth centuries are associated with higher-than-normal
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series were standardized and smoothed using a 20-year running average.

positive PDO and lower-than-normal AMO indices. Con-
versely, many of the extremely dry years of the late
sixteenth century megadrought are characterized by
higher-than-normal AMO indices and strongly negative
PDO conditions (large solid circles). In addition, a few of
the extremely dry years of the megadrought had a combi-
nation of normal AMO years and extremely negative PDO
values unseen at any other time of the record. The combi-
nation of low PDO and high AMO was also observed
during the 1950°s Drought as recorded in instrumental
records [McCabe et al., 2004]. However, in terms of the
smoothed streamflow reconstruction of the Upper Colorado
River, the 1950s was a period close to the long-term,
reconstructed, mean (Figure 2). The streamflow average
based on the instrumental record, however, defines the
1950s as a dry period, contrasting with the long wet spell
centered around the 1920s (Figure 2). From Figure 6 it can
be concluded that the late sixteenth century megadrought
had much stronger forcings than in any other period of the
last 500 years. The low-frequency component played an
important part of the developing of this megadrought
(Figures 2 and 6).

[23] The period dominated by the bidecadal cycles (circa
1650—-1850) of the North Pacific climate, was the period
with most of the near-normal streamflows in the Colorado

River (Figures 5 and 6). In contrast to the extreme droughts
and pluvials of the pentadecadal epochs, these near-normal
flows are weakly correlated with RPC1 (PDO) and RPC2
(AMO). The climatic mechanisms that controlled the vari-
ability of the western U.S. PDSI during this epoch are
unknown,

4.2. Forcings of SSDs in the Northern Rocky
Mountains

[24] Hydrologic variations in the northern Rocky Moun-
tains and parts of the Upper Colorado River Basin are
significantly affected by the AMO [McCabe et al., 2004;
Enfield et al., 2001). For example, a reconstruction of
annual streamflow of the Yellowstone River at Corbin
Springs by Graumlich et al. [2003] is significantly corre-
lated (r = —0.60, p < 0.01) with the variations of RPC2
(AMO) from 1717-1967, suggesting that low-frequency
variations from the Atlantic control a large part of the low-
frequency hydrologic variability in this basin (Figure 7).
The low-frequency components of Yellowstone River
streamflow represent on average 14% of the total variance
of the reconstruction, which is about twice the variance
found for the reconstructions of the Colorado and
the Sacramento rivers (Table 2). These significant low-
frequency hydrologic fluctuations define sustained droughts

Table 2. Percentage of Variance Contained in the Smoothed (20-Year Running Average) Reconstructed
Streamflow (Qow) Compared With the Total Variance of the Raw Reconstruction (Qpy,) Time Series at

Different Epochs

Period Var(Qiow)/ Var(Qraw ), % Notes
Annual Colorado River Streamflow at Lees Ferry [Stockton and Jacoby, 1976]
1523-1650 10 multidecadal epoch (“sixteenth century
megadrought” epoch)
16501850 3 bidecadal epoch
1850-1953 12 multidecadal epoch
15231953 8 total record
Annual Yellowstone River Streamflow at Corwin Springs [Graumlich et al., 2003]
1523-1650 no data
1771-1850 7 bidecadal epoch
18501969 16 multidecadal epoch
17711969 14 total record
Annual Sacramento River Streamflow at Sacramento [Meko et al., 2001]
1523-1650 5 multidecadal epoch (“sixteenth century
megadrought” epoch)
1650-1850 4 bidecadal epoch
1850—-1969 6 multidecadal epoch
18801969 7 total record
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Table 3. Relative Magnitude (Severity/Duration) of the Three Largest Droughts as Recorded in Smoothed (20-Year
Running Averages) Reconstructed Streamflow for Selected Rivers in the Western United States®

Rank Initial Year Ending Year Severity (o units) Duration, years Magnitude Comment
Annual Colorado River Streamflow at Lees Ferry [Stockton and Jacoby, 1976]

1 1572 1599 —12.43 28 —0.44 late sixteenth century megadrought
2 1770 1788 —5.46 19 —0.29

3 1875 1901 —7.46 27 —0.28

Annual Yellowstone River Streamflow at Corwin Springs [Graumlich et al., 2003]

1 1925 1943 —10.35 19 —0.54 1930’s Dust Bowl

2 1714 1726 —5.37 13 —0.41

3 1784 1827 —17.32 44 —0.39

Annual Sacramento River Streamflow at Sacramento [Meko et al., 2001]

1 1532 1551 —6.65 20 —0.33

2 1916 1942 —8.40 27 —0.31

3 1835 1857 -5.12 23 —0.22

“Severity is defined as the summation of the total standardized deficit during each drought. Duration is the number of years
presenting negative anomalies. Magnitude is the severity divided by the duration [Dracup et al., 1980]. Only droughts that started
after 1525 are shown in this table. The reconstruction of the Yellowstone River streamflow started in 1706, and therefore droughts

from 1525 to 1705 in this river were not considered.

and pluvials. For example, although the absolute magnitude
and spatial extent of the late sixteenth megadrought is
unrivaled in the interior western United States, relative to
the variance of the time series, the 1930’s Dust Bowl
drought in the Yellowstone River was 23% larger than the
magnitude of the megadrought, as recorded in the Colorado
River and Yellowstone River streamflow reconstructions
(Table 3).

{25] The low-frequency PDO (RPCI1) time series is
nonsignificantly anticorrelated (r = —0.27) with the Yellow-
stone River streamflow reconstruction by Graumlich et al.
[2003] from 1717 to 1967. However, examination of the
time series reveals that the main discrepancy between the
PDO (RPC1) and Yellowstone streamflow reconstructions
occurred during the wet period from 1900 to 1925 (not
shown). Assuming a negative correlation between the
variables, the prolonged positive PDO period of 1900-
1925 would be associated with a prolonged drought in the
Yellowstone River; instead, a prolonged wet period oc-
curred as shown in Figure 7. The 1900—1925 wet spell in
the Yellowstone River is better explained by the prolonged
negative phase of the AMO during this period (Figure 7).
Excluding the years 19001925, the correlation between
the low-frequency components of the PDO (RPCl1) and
annual streamflow reconstruction of the Yellowstone River
at Corbin Springs is —0.69 (p < 0.01). Another possible
indication of North Pacific climate influence was the

doubling of the explained variance after 1850 for the
Yellowstone River streamflow reconstruction (Table 2),
which suggests an influence from epochal changes in the
spectral characteristics of the PDO discussed previously.
However, a PDO reconstruction was used as one of the
predictors in this particular streamflow reconstruction model
[Graumlich et al., 2003], so the influence of the PDO was
inevitable.

4.3. Forcings of SSDs in the Pacific Northwest

[26] The Pacific Northwest region, and to some extent the
southwestern United States, are influenced by low-frequency
oscillations related to ENSO (Figure 8). For example, the
low-frequency components of a reconstruction of the annual
streamflow of the Sacramento River at Sacramento [Meko et
al., 2001] and RPC3 (SOI) are strongly correlated (» = 0.59,
p < 0.01). The late sixteenth century megadrought is not
particularly severe in the Sacramento Basin, consistent
with the hypothesis that this SSD was produced by the
combination of AMO and PDO, which mainly affects the
interior western United States.

5. Concluding Discussion

[27] The results presented here verify the existence of
low-frequency climate oscillations playing an important role
in the development of SSDs in the western United States

1500 1550 1600 1650 1700

1750

1800 1850 1900 1950 2000

Year

Figure 8. Time series of reconstructions {thick gray line) and measurements (black dashed line; USGS
[2004]) of annual streamflow in the Sacramento River at Sacramento, compared to the PDSI RPC3 scores
thought to represent low-frequency variations of the SOl (black thin line). All time series were
standardized and smoothed using 20-year running averages.
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[Woodhouse and Overpeck, 1998; Namias, 1983]. In par-
ticular, the PDO and AMO are related to low-frequency
variations of drought in certain regions of the interior
western United States as previously noted by McCabe et
al. [2004]. For example, it is argued that the late sixteenth
century megadrought in the southwestern United States
could have been produced by a persistent combination of
strongly negative PDO and strongly positive AMO.

[28] Drought in the northern Rocky Mountains and the
Upper Colorado River basin seem to be strongly dominated
by the AMO (and to lesser extent to the PDO), yielding
low-frequency hydrologic oscillations with large amplitude
and making this region susceptible to SSDs. The drought
with the largest magnitude during the past 250 years in the
Yellowstone basin was the Dust Bowl (1925-1943), a
period dominated by positive AMO (and positive PDO)
conditions.

[29] In the most recent epoch analyzed (1850-1975),
hydroclimatic variations in many parts of the western
United States included significant pentadecadal (and longer)
oscillations. This suggests that SSDs have been more likely
to occur in this period than in the preceding 200-year epoch
(1650-1850). Fortunately, the amplitudes and periodicities
of the pentadecadal variations in the most recent epoch were
smaller than the amplitudes and periodicities of a similar
epoch of pentadecadal variations centered circa 1600. Both
epochs of pentadecadal climate variations responded (at
least in part) to similar climatic forcing mechanisms, but
differences between these two epochs could have been
related to weaker forcings from large-scale climate mecha-
nisms (indexed by the PDO and AMO) in the more recent
period. Changes in the spectral characteristics of western
U.S. PDSI and streamflow variations mirror similar changes
in the spectral characteristics of North Pacific climate
variations indexed by a PDO reconstruction [Biondi et al.,
2001; Hidalgo and Dracup, 2004]. However, since the PDO
reconstruction was based on tree rings located in the
western United States, it is unknown whether these changes
are truly related to North Pacific climate variability or to
changes in the strength or nature of the climate teleconnec-
tions. Further independent verification with other North
Pacific proxies (i.c., ice cores from Alaska) might allow
verification of the persistence of the teleconnections. It is
encouraging to note, however, that annual ice accumulation
totals from the Quelccaya ice core in Peru [Thompson and
Mosley-Thompson, 1989] also exhibit similar spectral
changes (not shown), suggesting that the epochal reorgani-
zation of the spectral characteristics originates in the Pacific
Basin. The reasons behind the change of dominant perio-
dicities in the PDO are unknown but are related at least in
part to natural climate variability [Hidalgo and Dracup,
2004].

[30] The presence of a very regular mode of PDSI
variability in the western United States during the past
500 years, with a characteristic periodicity close to 51 years,
is intriguing. Apparently, the mode is related to the AMO
influence, although connections with pentadacadal climate
variations from the Pacific cannot be discarded. Assuming
(1) that this regularity is not a mathematical artifact of the
RPCA, (2) that these variations are indeed associated with
the AMO, and (3) that this mechanism is not affected by
other effects (e.g., climate change), then the regularity
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exhibited by RPC2 and a switch toward a positive phase
of the AMO in 1992 might foreshadow an increase in the
possibility of droughts in the western United States during
the next 10 years (a suggestion also implicitly made by
McCabe et al. [2004]). This dire prospect depends also on
future states of the PDO. Recent negative values of the PDO
reinforce the chances of droughts centered in the south-
western United States. However, as was seen in this study,
the PDO is not generally as regular as the AMO, and
therefore future tendencies of the PDO are more uncertain.
If both the AMO and the PDO become significantly
positive, there is an increased possibility of drought, but it
would be centered mostly in the northern Rocky Mountains.
Regardless, the reasonable prospect of a drought in the
western United States deserves consideration to minimize
potential devastating effects to water resources in the
western states.

[31] Other questions regarding drought producing process
in the western United States still remain: How will the 21th
century teleconnections be affected by anthropogenic cli-
mate change? How do feedbacks between drought condi-
tions in the land interact with ocean temperatures to sustain
dry conditions? What are the atmospheric circulations
associated with the production of multidecadal SSDs? Are
the pentadecadal oscillations in the North Atlantic and
North Pacific related? Why are North Pacific climate
variations less regular than those in the North Atlantic?
Climate models and future paleoclimatic studies may pro-
vide the answers to some of these questions.
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