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ABSTRACT

Droughts, which occur as a part of natural climate variability, are expected to increase in frequency and/or

severity with global climate change. An improved understanding of droughts and their association with

atmospheric circulation will add to the knowledge about the controls on drought, and the ways in which

changes in climate may impact droughts. In this study, 1) major drought patterns across the United States have

been defined, 2) the robustness of these patterns over time using tree-ring-based drought reconstructions have

been evaluated, and 3) the drought patterns with respect to global atmospheric pressure patterns have been

assessed. From this simple assessment, it is suggested that there are two major drought patterns across North

America, which together account for about 30% of the total variance in drought patterns—one resembles the

classic ENSO teleconnection, and the other displays an east–west drought dipole. The same two patterns are

evident in the instrumental data and the reconstructed drought data for two different periods, 1404–2003 and

900–1350. The 500-mb circulation patterns associated with the two drought patterns suggest that the controls

on drought may come from both Northern Hemisphere and tropical sources. The two drought patterns, and

presumably their associated circulation patterns, vary in strength over time, indicating the combined effects of

the two patterns on droughts over the past millennium.

1. Introduction

Drought is a feature of natural climate variability and

a condition expected to be exacerbated by global cli-

mate change, particularly in the subtropical regions of

the world (Arblaster et al. 2007; Seager et al. 2007).

Droughts are receiving an increasing amount of atten-

tion in areas such as the western United States, where

greater demands on water supplies due to increases in

population, changing water demands, and recent droughts

have converged, resulting in a heightened vulnerability

to the impacts of drought (e.g., National Research

Council 2007). Understanding the spatial and temporal

characteristics of drought, and the controls on these

characteristics, is critical to planning for and mitigat-

ing the impacts of regional drought. A great deal of

research has been focused on improving this under-

standing over the past decades, utilizing information

from instrumental and paleoclimatic data as well as cli-

mate modeling.

Spatial pattern of drought across North America have

been investigated to identify both regions that tend to be

homogeneous with respect to drought, and the spatial

footprint of drought, such as those that characterized the

1930s Dust Bowl and 1950s droughts. The first study to

address homogenous regions that incorporated data

from the entire United States over the twentieth century

defined nine distinct drought regions (Karl and Koscielny

1982). The nine regions had different frequency char-

acteristics, with drought more persistent in the U.S. in-

terior (Karl and Koscielny 1982), a finding that was
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confirmed in further analysis (Karl 1983; Diaz 1983).

Nine drought regions very similar to these were also

identified in drought reconstructions based on moisture-

sensitive tree-ring data, extending back to 1700 (Cook

et al. 1999), an indication of the stability of these regions

over time. The nature of wet and dry regimes in five

areas representing regions of different synoptic-scale

forcing across the contiguous United States was inves-

tigated by Diaz (1991). The regionally variable distri-

bution of precipitation during wet and dry periods, as

well as seasonal tendencies for initiation and termina-

tion, was suggested as an indication of both synoptic-

and larger-scale circulation further modulated by seasonal

atmospheric circulation and teleconnections (Diaz 1991;

Barnston and Livesey 1987).

Spatial and temporal analyses of droughts and plu-

vials over the coterminous United States have been

undertaken using highly resolved, gridded precipitation

data [Parameter-Elevation Regressions on Independent

Slopes Model (PRISM); Daly et al. 1997] for 1895–2003

(Kangas and Brown 2007). The increased spatial reso-

lution of the data used in this study indicated a more

heterogeneous coverage of droughts and pluvials than

suggested by some previous studies. Results showed

dependence on the time scales used to define drought,

with short-duration droughts characterized by high

temporal and spatial variability, and large areas under

drought for very short periods (e.g., a month), while

droughts evaluated at longer time scales, such as 12- and

24-month periods, showed more persistence. Indices of

short-term droughts indicated a higher frequency of

drought in the interior United States, as well as more

spatially extensive droughts and pluvials in this region,

compared to other regions. More severe extremes oc-

curred in western and some eastern parts of the United

States (Kangas and Brown 2007).

Links between the spatial patterns of drought and the

mechanisms that control drought have been the topic of

much research. El Niño–Southern Oscillation (ENSO)

was the first large-scale ocean–atmosphere mechanism

to be linked to drought (e.g., Rasmussen and Carpenter

1982; Glantz et al. 1991). ENSO has a distinct foot-

print on drought in North America (e.g., Cayan 1996;

Redmond and Koch 1991), which can also be quite

spatially variable (Cole and Cook 1998; Rajagopalan

et al. 2000; Brown and Comrie 2004). The interplay

between low-frequency and high-frequency variations

in Pacific Ocean variability has been shown to be influ-

ential to regional climate and drought conditions in

North America, resulting in enhanced or diminished

regional drought occurrence and severity (Gershunov

and Barnett 1998; Barlow et al. 2001; Brown and Comrie

2004; Shabbar and Skinner 2004). Analysis of spatial

patterns of U.S. drought associated with the main modes

of decadal-scale variability in both the Atlantic and

Pacific Oceans suggests that a warm Atlantic, condi-

tioned by Pacific Ocean SSTs, is linked to widespread

droughts such as those of the 1930s and 1950s (McCabe

et al. 2004). Most recently, modeling studies have fur-

ther indicated the role of both the North Atlantic and

the tropical Pacific in promoting North American

drought (Seager et al. 2008; Feng et al. 2008).

Patterns of North American drought have been ex-

plored with a rich archive of paleoclimatic data, in-

cluding tree-ring-based gridded drought reconstructions

for North America (Cook et al. 1999, 2004). In addition

to defining drought regions (Cook et al. 1999), these and

other paleoclimatic data have been used to examine

spatial patterns of drought over the past millennia. A

number of studies document droughts more persistent

and severe than those that have occurred during the

period of instrumental records (e.g., Woodhouse and

Overpeck 1998; Stahle et al. 1998, 2000; Benson et al.

2002; Cook et al. 2004). An assessment of the spatial

analogs of the 1930s and 1950s drought in the context of

the past five centuries provided an estimated return in-

terval of 45 yr for a 1950s-type drought (Fye et al. 2003).

Millennial-length North American drought reconstruc-

tions document drought of unprecedented persistence

during the medieval period, but with spatial patterns

that are similar to those of twentieth-century droughts

(Herweijer et al. 2007). The primary spatial footprint of

these medieval droughts implies ENSO as a causal

mechanism, and additional modeling and other paleo-

climatic data support the important role of persistent

and cool tropical Pacific SSTs in these periods of ex-

tended drought (Seager et al. 2005; Herweijer et al. 2007;

Cook et al. 2007; Graham et al. 2007).

Although far from a complete assessment of the lit-

erature, this review documents the rich body of knowl-

edge that supports our understanding of the major

drought regions in the United States, the general foot-

print of major droughts, and possible causal mecha-

nisms. Much research points to the key role of the

tropical Pacific Ocean, with indications of the impor-

tance of the North Pacific and Atlantic Oceans as con-

trols on regional patterns of drought as well. In this study

we take advantage of the gridded North American

drought reconstructions for the past millennia to investi-

gate major patterns of drought over three time periods—

the twentieth century, the last 500 yr, and the medieval

period. Instead of looking for the spatial footprint of

the major twentieth-century droughts or the character-

istic imprint of known circulation mechanisms on pat-

terns of drought, we let the data define the major

patterns, and then draw inferences about the causal
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mechanisms that are associated with these patterns. This

approach allows an evaluation of droughts that are

identified first in terms of spatial patterns, and then by

their association with the atmospheric circulation,

rather than examining drought anomaly patterns related

to associations with circulation indices. We use gridded

instrumental drought data to identify major spatial

patterns of drought across the coterminous U.S. and

border regions, followed by a similar analysis using

reconstructed drought data to assess the robustness

and stability of these patterns over two time periods:

1404–2003, and 900–1350, also known as the Medieval

Climate Anomaly (e.g., Cook et al. 2004). We then in-

vestigate the association between the spatial patterns of

drought and atmospheric circulation (500-mb geopo-

tential heights) patterns to infer possible driving mech-

anisms. Finally, we examine the reconstructed drought

patterns for the two time periods to assess the possible

role of circulation over time.

2. Data and methods

The two gridded drought datasets for North America

used in this study are based on the summer (June–

August) Palmer Drought Severity Index (PDSI; Palmer

1965). The PDSI has a lag incorporated into its calculation

that results in the summer PDSI reflecting drought con-

ditions of previous seasons (Cook et al. 1999). The PDSI

datasets used are from Cook et al. (2004, updated ver-

sion available online at http://www.ncdc.noaa.gov/paleo/

pdsi_ts.html; NOAA National Climatic Data Center

2008a) and are based on a network of 286 points in a

2.58 3 2.58 grid over North America. The instrumental

dataset extends from 1900 to 2003, while the tree-ring-

reconstructed PDSI extends back 350–2000 yr, depend-

ing on location (with the variance adjusted to match

the instrumental data in the twentieth and twenty-first

centuries). A subset of these data was used for this study.

For the reconstruction data, the grid points with the

common period 1404–2003 were selected for the best

spatial coverage over the longest period of time. The set

includes most of the U.S. and bordering parts of Canada

and Mexico (Fig. 1). Several grid points from the Great

Lakes region and southern Florida were omitted be-

cause of the lower validation statistics compared to the

instrumental data. A sparser set of grid points was used

to examine the medieval period (Fig. 1, inset). For the

instrumental data, the same grid points were used as

for the 1404–2003 reconstruction dataset, but were re-

stricted to those with the common years 1900–2003

(which excluded the non-U.S. grid points). A total of 160

grid points was retained for the 1404–2003 reconstructed

FIG. 1. PDSI grid points used in this study, based on a network of 286 points in a 2.58 3 2.58

grid over North America for both instrumental and reconstructed data (updated from Cook

et al. 2004; NOAA/National Climatic Data Center 2008a). Reconstruction data and methods are

described in Cook et al. (2004) and associated online supporting materials. (a) Black outline

indicates grid points with the common period 1404–2003, selected for the best spatial coverage

over the longest period of time; gray shading indicates data points not used in the instrumental

data analysis, 1900–2003 (data for non-U.S. points not available to 2003). (b) Inset shows grid

points used for the 900–1350 analysis (outlined, nonshaded points).
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dataset, 128 for the 900–1350 reconstructed dataset,

and 137 grid points for the instrumental dataset (Fig. 1).

For the investigation of circulation patterns associated

with drought patterns, monthly global 500-mb pressure

data from the National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis were used (Kalnay et al.

1996). The average for December through March was

selected to represent cold season conditions. Drought

patterns in the instrumental data were identified using

T-mode principle components analysis (PCA) with a

normalized Varimax (orthogonal) rotation (Richman

1986; Yarnal 1993). A T-mode PCA, based on a matrix

with columns of years and rows of PDSI gridpoint

values, yields principle components (PCs) characterized

by years with similar spatial patterns. This approach

differs from some previous studies that used PCA to

identify drought regions by grouping data spatially (e.g.,

Karl and Koscielny 1982; Cook et al. 1999). In this study,

the focus is not on regions that behave similarly with

respect to drought, but on identifying the primary spatial

patterns, or footprints, of drought across North Amer-

ica. The number of PCs rotated was based on a cutoff of

eigenvalues .1.0 (although several different cutoffs

were tried with the same resulting patterns). Scree plots

were used to further screen components for analysis. For

the analysis of reconstructed PDSI, T-mode PCA with

same numbers of PCs rotated was repeated. Composite

maps of the five noncontiguous years with the largest

positive and negative loadings for the main PCs were

used to illustrate spatial patterns of drought for the in-

strumental period and two paleoperiods. Years in the

reconstructed data that also ranked in the top five for the

instrumental data were replaced with the next highest

ranking year so that the patterns for reconstructed and

instrumental periods were independent. This approach

is roughly analogous to Blasing’s (1975) correlation

map–based identification of twentieth-century patterns

of surface pressure types, but differs in that years of

pressure anomaly types were the basis for the composite

precipitation, temperature, and tree-ring-width maps,

while here we are using the gridded PSDI to identify

patterns in both the instrumental and reconstructed

data. The composite maps were generated using data

and maps from the National Oceanic and Atmospheric

Administration (NOAA)/National Climatic Data Center

(2008b) using the full gridded PDSI dataset. To sum-

marize, PC loadings represent time series of the leading

drought patterns, while the composite maps of the years

with the largest loadings are used to represent the cor-

responding leading spatial patterns of drought. Time

series of the PC loadings were used to explore the re-

lations between PCs over time. The association between

drought patterns and atmospheric circulation was ex-

amined using correlation maps with PC loadings and

global 500-mb heights, 1949–2003 (sea level pressure

correlation maps were generated as well, with very

similar results). To assess the consistency of the patterns

depicted in the composite maps over the three time

periods, we also generated maps from the PC scores

[analogous to spatial patterns from empirical orthogonal

functions (EOFs)]. The PC scores were generated from

a normalized varimax rotation in which factor loadings

are divided by the square roots of the respective com-

munalities (StatSoft, Inc. 2005).

3. Results

a. Drought patterns in the instrumental
and paleodrought data

The PCA, which grouped the PDSI map patterns for

the years 1900–2003 into years with similar patterns,

resulted in 15 PCs with eigenvalues greater than 1.0.

After rotation of the 15 PCs, the first two PCs explained

16% and 14% of the total variance, respectively, and

they were targeted for further analysis. When the ei-

genvalue sampling error is compared to the spacing of

eigenvalues assessed using North’s rule of thumb (North

et al. 1982), the two PCs appear to be separate and un-

mixed with each other. The loadings of these two PCs

were ranked and the five noncontiguous years with the

highest negative and positive loadings were used to

generate composite maps to illustrate the main spatial

features of the two PCs. The composite map for PC1

shows a Pacific Northwest–southwestern U.S. dipole

(Fig. 2a, left), a characteristic of the ENSO imprint on

the western United States (Dettinger et al. 1998). An ex-

amination of the Southern Oscillation index November–

March averages (NOAA/Climate Prediction Center

2008) indicates that positive PC1 values coincide with

10 out of the 15 strongest positive SOI years (indicating

cool ENSO events) and negative PC1 values correspond

with 9 of the 15 most negative SOI winters (indicating

warm ENSO events). PC2 displays an eastern–western

U.S. drought dipole that is indicative of highly meridional

flow (Fig. 2a, right). The reconstructed PDSI data, ana-

lyzed for the same years (1900–2003) show the same

spatial structure in the first two PCs as the instrumental

data (Fig. 2b). The top ranking 5 yr are not identical for

both the instrumental and reconstructed data over this

common period (cf. Figs. 2a and 2b), but the recon-

struction years that are not the same as the instrumental

years rank in the top 20% of years in the instrumental

analysis (and all but two in the top 15%).

The sensitivity of these patterns to data treatment

was assessed by retaining different numbers of PCs for
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rotation (nine and five), and by generating composite

maps using drought datasets that used different spatial

interpolation approaches [NOAA/National Climatic Data

Center (2008c) Divisional PDSI and Dai et al. (2004)

gridded PDSI]. Resulting maps were all very similar,

sharing the southwest–northwest and east–west dipole

patterns and most of the same five highest ranking years.

To further test the stability of these two drought

patterns, the reconstructed PDSI data with years prior

to the twentieth century were subject to the same PCA

process. As with the instrumental data, 15 PCs were

rotated, and the composite maps of the five highest

ranking years for first two PCs were generated. The PCA

process was run first on the years 1404–2003 (Fig. 1a),

and then on a smaller subset of the gridded data for the

years 900–1350 (Fig. 1b). In both cases, as with the in-

strumental data, the two PCs appear to be separate from

each other (North et al. 1982). In the period 1404–2003,

FIG. 2. Composite maps for five noncontiguous years with highest negative and positive loadings, (left) PC1 and (right) PC2, for each set.

(a) PCA on instrumental PDSI, 1900–2003. (b) PCA on reconstructed PDSI, 1900–2003. (c) PCA on reconstructed PDSI, 1404–2003.

(d) PCA on reconstructed PDSI, 900–1350. The composite maps were generated using the full gridded PDSI dataset.
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the first two PCs explained 17% and 18% of the total

variance, respectively, while explaining 21% and 14%

of the total variance, respectively, for the 900–1350 pe-

riod. The resulting map patterns were very similar for

both the 1404–2003, and 900–1350 periods (the sign of the

loadings for both reconstruction periods were reversed

for PC1, and for PC2 for the 1404–2003 period, relative

to the signs of the instrumental PC loadings; these have

been changed in the figures to facilitate comparison; see

Figs. 2c,d). The patterns for PC1 are the most consis-

tently similar, especially with regard to western North

America. In the medieval period, the pattern over the

Midwest is different, but this could be due, at least in part,

to the less complete data coverage over this region during

this time (see Fig. 1b). The PC2 patterns are characterized

by an east–west split in the general vicinity of the Great

Plains. The spatial patterns based on the full time series for

each of the three time periods, resulting from the PC

scores, are very similar (Fig. 3).

The time series of the loadings for the period of time

common to the instrumental and reconstructed PDSI

PCs were compared to assess the skill of the recon-

structed data in replicating the temporal as well as spa-

tial patterns of the instrumental PDSI data (Fig. 4). The

loadings were inverted where necessary so that negative

values for PC1 indicate dry Southwest and wet North-

west conditions, while negative values for PC2 indicate

dry west and wet east conditions (and the reverse for the

positive loadings). The time series of the reconstruction

loadings closely match the instrumental data. The cor-

relations between instrumental and reconstructed PCs

(unsmoothed) are r 5 0.830 for PC1 and r 5 0.657 for

PC2. The higher correlation for PC1 is likely due to

the close match with the instrumental PC from about

FIG. 3. Maps based on PC scores for (top) instrumental PDSI, 1900–2003, (middle) re-

constructed PDSI, 1404–2003, and (bottom) reconstructed PDSI, 900–1350: (left) PC 1 and

(right) PC 2.
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1950 to 1970, when southwestern U.S. droughts of the

1950s and 1960s were very well replicated.

The correlation between the rotated loadings for the

PCs shows very a very weak statistically significant re-

lationship between PC1 and PC2 for the analysis period,

1404–2003 (r 5 20.089, p , 0.05), but not for the other

two periods. The scores for the two PCs for all three time

periods are uncorrelated. Statistically speaking, there is

a chance that the two PCs are related to each other dur-

ing the 1404–2003 period. In reality, such a relationship

would not be unexpected, as is discussed in section 4.

b. Drought and atmospheric circulation

Correlation maps of the loadings for the two PCs and

global 500-mb heights show the associations between

the leading drought patterns and global circulation. The

correlation map for PC1 features centers of negative

correlation west of the Aleutian Islands and off South-

ern California and Baja, and positive correlations in the

western North Pacific, over northern and eastern North

America, and in the eastern North Atlantic (Fig. 5a,

top). If shifted east, the two strongest centers of negative

correlation would roughly approximate the Aleutian

low and Northern Hemisphere 500-mb pattern corre-

sponding to ENSO. The pattern is somewhat more

similar to the western Pacific pattern of Wallace and

Gutzler (1981) in their set of major teleconnection pat-

terns identified during Northern Hemisphere winters

(Figs. 5a,b, top), which is linked to equatorial Pacific

conditions (Horel and Wallace 1981).

The main feature of the PC2 map is a center of neg-

ative correlation over Hudson Bay and extending east

beyond the southern end of Greenland (Fig. 5a, bottom).

A weaker center of negative correlation lies over central

Asia. Positive correlations are centered over southeastern

Europe and also stretch from eastern Siberia across the

North Pacific Ocean. This pattern of correlations over

northern latitudes is more indicative of the Arctic Oscil-

lation pattern of 500-mb heights, which is dominated by a

center of low pressure centered over Greenland, with high

pressure stretching from eastern North America to central

Europe, and over northeastern Asia. (Figs. 5a,b, bottom).

The circulation anomaly patterns associated with the

two PCs do share a center of anomalous pressure off the

coast of California. Negative PC1 (dry Southwest) and

positive PC2 (dry west) are both associated with high

pressure, but the pressure centers are in somewhat dif-

ferent locations. The center associated with PC1 is off

the coast of Southern California and Baja, which would

block flow into the southwestern United States, corre-

sponding well to the southwestern–northwestern drought

dipole pattern. The pressure anomaly off the coast of

central to northern California in the PC2 pattern could

lead to more west-wide drought, in agreement with the

PC2 east–west drought dipole pattern. However, other

features in the two anomaly patterns are rather differ-

ent, which suggests there are two different sets of cir-

culation patterns associated with the west coastal centers

of high pressure for PC1 and PC2 droughts.

4. Discussion

The drought map patterns and the 500-mb correlation

maps suggest two different North American drought

patterns, and two types of circulation features associated

with these two patterns that may be influencing drought

across North America. The map pattern for PC1 shows a

classic ENSO-type signature, and the corresponding

correlation map shows the relationship between North

American drought patterns and atmospheric circulation

that could be expected from ENSO. ENSO has been

shown to be a main driver of North American drought, so

this result is not unexpected. The second PC is more

strongly indicative of a Northern Hemisphere control on

drought. The east–west dipole suggests meridional flow

across the continent that is typically controlled by the

position of the polar jet stream and the Rossby waves that

influence its path (Barry and Chorley 2003). The corre-

lation map supports a Northern Hemisphere annular

mode (NAM) type of pattern, with centers of one sign

over southern Greenland and the opposite sign over the

Mediterranean (Thompson and Wallace 2000). Correla-

tions between the PCs and the Southern Oscillation index

FIG. 4. Instrumental (black lines) and reconstructed (gray lines)

PCs (top) 1 and (bottom) 2, 1900–2003, with five-point binomial

filter. Loadings have been inverted where necessary so that nega-

tive values of PC1 indicate dry southwest–wet northwest and

negative values of PC2 indicate dry west–wet east. Positive values

are the opposite.
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(NOAA/Climate Prediction Center 2008) and the Arctic

Oscillation index (Thompson and Wallace 1998; data

obtained from NOAA/Climate Prediction Center 2008),

however, do not indicate a clear association based on

these circulation indices, suggesting that the relationship

is not a simple teleconnection. The two patterns—

ENSO type and NAM type—do correspond well to

the two main patterns of Northern Hemisphere winter

climate variability identified by Quadrelli and Wallace

(2004), related to the NAM and the Pacific–North

American (PNA) pattern, with PNA representing an EOF

that includes the Southern Oscillation index. If these two

PCs do indeed represent major patterns of drought and

reflect the influences on North American drought related

to Northern Hemisphere atmospheric and equatorial Pa-

cific Ocean–atmospheric circulation, then time series of

the two PCs could be used to show variations in the con-

tribution of these two circulation patterns to North

American drought over multidecadal time scales.

In assessing the most recent century in the context of

the past six centuries, a prominent feature is the 1950s

drought, for which PCs indicate both drought in the

Southwest and in the western United States (Fig. 6a).

This period of drought coincided with strong La Niña

FIG. 5. (a) Correlation fields for December–March 500-mb heights and PC loadings: (top) PC1 and (bottom) PC2. (b) Correlation fields

for December–March 500-mb heights and (top) western Pacific index (Wallace and Gutzler 1981) and (bottom) Arctic Oscillation

(Thompson and Wallace 2000), 1949–2003. Images provided by NOAA/Earth System Research Laboratory (2008).
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conditions from 1954 to 1956 (Wolter and Timlin 1993),

indicated by the deeply negative PC1, but also with

negative PC2 loadings suggesting an additional influ-

ence. The most recent drought also shows a combination

of negative values for the two PCs, but in this case the

east–west PC shows a more negative loading. The early

twentieth century is characterized by widespread and

persistently wet conditions throughout much of the

western United States (Fye et al. 2003; Woodhouse et al.

2005). Corresponding to this pluvial period is a peak in

PC1 loadings, followed by a peak in PC2 loadings, sug-

gesting that this wet period was first due to favorable

conditions in the equatorial Pacific, followed by favor-

able conditions in Northern Hemisphere circulation.

The strongly and persistently positive PC loadings for

this period are unprecedented going back to at least

1400, in agreement with reconstructions of Colorado

River flow for the past five centuries (Stockton and

Jacoby 1976; Woodhouse et al. 2006), which is perhaps

another indication of just how anomalous the hydro-

climatic conditions were that formed the basis of Colo-

rado River allocations.

The end of the sixteenth century has been noted

for severe, persistent, and widespread drought condi-

tions that occurred over many parts of North America

(Woodhouse and Overpeck 1998; Stahle et al. 2000). It

has been hypothesized that this drought was due to

persistent La Niña conditions (Stahle et al. 2000). The

loadings for PC1 are strongly negative for much of the

second half of the sixteenth century, in agreement with a

possible link to ENSO (Fig. 6a). However, PC2 loadings

are also deeply negative within this period, indicating

that west-wide drought was possibly also influenced by

Northern Hemisphere circulation. PC2 shifts abruptly to

positive values at the turn of the century and into the

first part of the seventeenth century. The dry conditions

in the eastern United States associated with positive

loadings of PC2 are in good agreement with the docu-

mented drought in the early part of the seventeenth

century that likely devastated the Jamestown Colony

(Stahle et al. 1998). The Colorado River basin and other

parts of the western United States were documented to

be quite wet in the early seventeenth century, also in

agreement with positive PC2 loadings (e.g., Fye et al.

2003; Cook et al. 2004; Woodhouse et al. 2006).

While the two PCs are only very weakly correlated at

annual times scales (r 5 0.089, 1404–2003), the decadally

smoothed time series show a closer association between

the two PCs after about 1620 (1404–1619, r 5 0.149;

1620–2003, r 5 0.454). This suggests that over the last

four centuries, at decadal time scales, both circulation

patterns may often contribute to the wet or dry condi-

tions in areas with drought anomalies of the same sign in

both PCs, such as in the U.S. intermountain west, the

western Great Plains, and northern Mexico. This could

also be an indication of periods when the relationship

between tropical Pacific Ocean and Northern Hemi-

sphere circulation is more closely linked. Before this time,

which appears to be characterized by lower-frequency

variability and more persistent drought, one pattern ap-

pears to dominate over the other at these time scales.

During the Medieval period, the loadings of both PCs

are often negative, with few extended periods of positive

loadings (Fig. 6b). Periods when PCs are in and out of

phase are also evident. The twelfth century has been

shown to be a period of particularly persistent and

widespread drought (Cook et al. 2004; Herweijer and

Seager 2008; Meko et al. 2007). In this analysis, negative

loadings on PC1 throughout much of the period, indi-

cating drought in the Southwest (Fig. 6b), are in agree-

ment with the studies that have suggested that a causal

mechanism for the medieval droughts was a persistent

La Niña state in the equatorial Pacific (Cook et al. 2007;

Graham et al. 2007). During the medieval period, the

percent of variance accounted for by PC1 more strongly

suggests the role of ENSO (21% versus 14%) than in

either the instrumental period (16% versus 14%) or the

more recent reconstruction period (17% versus 18%), in

support of previous work. In contrast, while the most

persistent period of low flows in the Colorado River

between A.D. 762–2005 is reported to be 1118–79

(Meko et al. 2007), and although this analysis suggests

ENSO may have been a primary driver into the mid-

1100s, neither PC is strongly negative after this point.

The two PCs account for only 35% of the total vari-

ance, so other circulation features are likely influencing

drought at this time period (as well as in other periods).

FIG. 6. Reconstructed PDSI loadings for PC1 (black line) and

PC2 (gray line), smoothed with a 20-yr spline. Negative values of

PC1 indicate a dry southwest–wet northwest, while negative values

of PC2 indicate a dry west–wet east. Positive values indicate the

opposite conditions: (a) 1404–2003 and (b) 900–1350.
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The numbers of chronologies from which the gridpoint

PDSI is reconstructed is much reduced by 900. How-

ever, although sparsely distributed across the continent,

regions west of the Rocky Mountains are still well rep-

resented, including the intermountain west, California,

and the Pacific Northwest, with a small handful of

eastern chronologies. Thus, the greater variance ex-

plained by PC1 during the medieval period is not likely

to be due to a dominance of data in the southwestern

United States. It should be noted that the comparisons

of specific reconstructions with areas under drought are

not independent, because virtually all of the tree-ring

data have been used in the PDSI reconstructions as well

as in the other reconstructions mentioned, but the point

is that different circulation patterns may have lead to

these regional droughts.

5. Conclusions

This analysis indicates two major patterns of drought

across the U.S. and border regions of Canada and

Mexico, a classic ENSO drought imprint and an east–

west pattern of drought. The two patterns are remarkably

robust over time, equally evident in both instrumental

and reconstructed PDSI data, for the instrumental pe-

riod as well as for the past six centuries. The two patterns

are still well represented during the more data-scarce

medieval period. The patterns seem to be insensitive to

the number of components rotated, and composite maps

using other sources of PDSI data display very similar

patterns. The composite maps are based on the five

years that best represent these patterns, and these pat-

terns are supported by the mapped PC scores. In both

cases, the resulting patterns are likely more clear-cut

than will be the case in reality. The drought pattern for

any given year will be a variable blend of the two PC

patterns, in addition to other factors. The two patterns

only explain about one-third of the total variance, indi-

cating that complex and regional patterns more com-

monly characterize drought. However, this exercise

serves as a starting point to investigate the circulation

patterns associated with widespread drought patterns.

The 500-mb circulation patterns associated with the

two drought patterns point to different types of circula-

tion features related to drought. The circulation patterns

by themselves cannot be interpreted as mechanistic fea-

tures, but may be indicative of mechanisms. Although

the PC1 drought pattern typifies the classic ENSO tele-

connection pattern, especially in the western United

States, the circulation pattern associated with this PC1

is not as clearly indicative of ENSO. The pattern also

shares some features of the West Pacific index, which is

related to equatorial Pacific conditions (Horel and Wallace

1981). Much research strongly supports the cool phase

ENSO as a driver of drought in western North America,

and it is likely that the link to ENSO exists here as well.

The circulation associated with PC2 shares some of the

main features of the Arctic Oscillation, which is part of a

family of circulation modes that are characterized by

opposing pressure in the northern middle and high lat-

itudes, know collectively as the Northern Hemisphere

annual mode (Thompson and Wallace 2000).

If these circulation patterns do indeed represent

both tropical and Northern Hemisphere features, they

suggest the role of both types of circulation in the oc-

currence of North American drought. Studies have

suggested circulation typified by the NAM and ENSO

are clearly important to midlatitude climate, so the link

to major patterns of drought is plausible (Quadrelli and

Wallace 2004; Nakamura et al. 2007). Because the two

circulation modes are not independent (Nakamura et al.

2007), disentangling the influence of one or the other

may be difficult. These results suggest that droughts in

North America are influenced by the combined effects

from the tropics and high latitudes, with one or the other

playing a dominant role at times. Smoothed time series

of the PC loadings indicate periods of time when the two

are in phase and out of phase over decadal and multi-

decadal time scales. When in phase, the two patterns

could be reinforcing the effects of each other, but may

also indicate periods when the two circulation patterns

are less independent. A challenge will be to confirm the

findings suggested by this study in a way that provides a

greater understanding of the drivers of drought under

natural climate variability and global climate change.
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