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Abstract

Drought is the most economically expensive recurring natural disater to strike North America in

modern times. Recently available gridded drought reconstructions have been developed for most of

North America from a network of drought sensitive tree-ring chronologies, many of which span the

last 1000 years. These reconstructions enable us to put the famous droughts of the instrumental record

(i.e. the 1930s Dust Bowl and the 1950s Southwest droughts) into the context of 1000 years of natural

drought variability on the continent. We can now, with this remarkable new record, examine the sever-

ity, persistence, spatial signatures and frequencies of drought variability over the past milllennium,

and how these have changed with time.

The gridded drought reconstructions reveal the existence of successive ’mega-droughts’, unprece-

dented in persistence (20-40 years), yet similar in year-to-year severity and spatial distribution to

the major droughts experienced in today’s North America. These ’megadroughts’ occurred during a

400-year long period in the early-mid second millennium A.D., with a climate varying as today’s, but

around a drier mean. The implication is that the mechanism forcing persistent drought in the West

and Plains in the instrumental era is analagous to that underlying the mega-droughts of the Medieval

period. The leading spatial mode of drought variability in the recontructions resembles the North-

American ENSO pattern: widespread drought across the United States, centred on the Southwest,

with a hint of the opposite phase in the Pacific Northwest.

Recently, climate models forced by the observed history of tropical Pacific SSTs have been able

to successfully simulate all of the major North American droughts of the last 150 years. In each case,

cool ’La Niña-like’ conditions in the tropical Pacific are consistent with North American drought.

With ENSO showing a pronounced signal in the gridded drought recontructions of the last millen-

nium, both in terms of its link to the leading spatial mode, and the leading timescales of drought

variability (revealed by multi-taper spectral analysis and wavelet analysis), we postulate that, as for

the modern day, the Medieval mega-droughts were forced by protracted La Niña-like tropical Pacific

SSTs. Further evidence for this comes from the global hydroclimatic ’footprint’ of the Medieval

era revealed by existing paleoclimatic archives from the tropical Pacific and ENSO-sensitive tropi-

cal and extra-tropical land regions. In general, this global pattern matches that observed for modern

day persistent North American drought, whereby a La Niña-like tropical Pacific is accompanied by

hemispheric, and in the midlatitudes, zonal, symmetry of hydroclimatic anomalies.
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1 Introduction

Modern-day North America, especially the water-thirsty West, needs little reminder of the cost of drought:

’water-shortages’ and ’wildfires’ are familiar mid-summer season headlines, and tales of devastation

from the Dust Bowl 1930s and Southwestern 1950s droughts are far from forgotten. As recently as 1998,

widespread drought conditions returned to the American West and Plains, and another multi-year drought

event commenced, persisting in the Northern Plains and western Canda/United States border to this day

(Seager 2006). Applying conservative estimates based on relief payments alone, each year of drought

costs US$6-8 billion (FEMA 1995). Actual costs swell well above this figure as one considers the reality

of direct impacts to agriculture, tourism and recreation, urban water supply, energy production, trans-

portation and human health, along with the multitude of indirect impacts (i.e. employment, consumption

levels etc.). In economic terms, though hurricanes and tropical storms are the most frequent weather

related disasters in the United States, droughts (with the recent exception of Hurricane Katrina) are the

most costly natural disasters (Ross and Lott 2003).

Clearly, with drought a common occurrence in North America, the establishment of a reliable early

warning system would be invaluable. An improved understanding of the causes of drought and drought

persistence is central to the development of improved methods of forecasting. Instrumental records of

North American hydroclimate have enabled us to examine the last 150 years of drought history in detail

(i.e. Woodhouse and Overpeck 1998; Cole et al. 2002; Fye et al. 2003; Seager et al. 2005a; Herweijer

et al. 2006). In recent years, climate modeling has led the way to much progress in our understanding

of the causes of North American drought. The notion that large-scale extratropical drought events in the

American West and Plains are linked to variations of the coupled tropical climate system on seasonal to

interannual scales has been demonstrated by the simulation of short droughts as a response to SST forcing

(Trenberth et al. 1988; Mo et al., 1991; Trenberth and Branstator, 1992; Atlas et al., 1993; Trenberth and

Guillemot, 1996; Sud et al., 2003; Lau et al. 2005). In each case, North American drought occurs during

times of a La Niña-like tropical Pacific. On multi-year timescales, the link between tropical SSTs and

persistent drought has been advanced by two separate simulations of the major North American droughts

of the Twentieth Century (Schubert et al. 2004; Seager et al. 2005b) in ensembles of climate model

simulations forced by the time history of observed SST. The model used by Seager et al. (2005b) has
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since been used to link tropical Pacific SSTs to the occurrence of three severe droughts in the mid-to-late

Nineteenth Century (Herweijer et al. 2006), and the recent "turn of the Century" drought (Seager et al.

2006). SST forcing from a warm tropical Indian Ocean (i.e. Hoerling and Kumar 2003; Lau et al 2005),

and a warm tropical Atlantic (Schubert et al. 2004; Sutton and Hodson 2005), has also been linked to

the promotion of North American drought. However, whilst all of these model studies agree that tropical

Pacific SSTs are important for North American drought, to varying degrees they disagree on the relative

roles of Pacific, Indian and Atlantic SST forcing.

To expand our understanding of the nature and extent of long-term natural drought variability in North

America, the use of centuries-long, gridded annual tree-ring chronologies provides us with an important

new tool (see also Cook et al. 1999; Cook et al. 2004). In this paper, using the recent ’North American

Drought Atlas’ of Cook and Krusic (2004), we will place modern-day North American drought variability

in the context of the last 1000 years of natural aridity changes. The drought atlas provides annual tree-

ring drought reconstructions on a 286-point 2.5oby 2.5ogridded network of summer Palmer Drought

Severity Index (PDSI) (Palmer 1965) data, which extends as far back as 1 B.C. at some locations. PDSI

is a widely used measure of meteorological drought over the United States (Heim 2002) and other land

regions world-wide (Dai et al. 1997; Dai et al. 2004). The index incorporates both precipitation and

temperature into a simple two-layer soil moisture reservoir model. It has a built in persistence term that

means the PDSI for a given month integrates current and several months of antecedent soil moisture

conditions, and is also scaled to remove differences between regional climatologies. See Palmer (1965)

for further details.

A wealth of existing paleoclimatic aridity indicators, including tree rings, lake levels, lake sediments,

fire scars and eolian depositional features, suggest a drier Plains and southwest between AD 800 and AD

1400 (Swetnam et al. 1993; Stine 1994; Forman et al. 1995; Muhs et al. 1996; Dean et al. 1997; Laird et

al. 1996; Laird et al. 1998; Woodhouse and Overpeck 1998; Fritz et al. 2000; Forman et al. 2001; Cook

et al. 2004; Yuan et al. 2004), and a wetter period in the Little Ice Age (LIA) from AD 1400 until the

1800s (except for the major late sixteenth century drought (Stahle et al. 2000)). In fact, the drought atlas

data of Cook and Krusic (2004) indicates that the present multi-year drought in the western United States

pales in comparison to a ’Medieval mega-drought’ that occured from AD 900 to AD 1400. A further
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rigourous and extensive examination of the drought atlas is clearly warranted.

Here, by examining the drought atlas from AD 1000 onwards, we seek to quantify how typical or dif-

ferent the major modern-day North American droughts are in comparison to the droughts of the last Mil-

lennium. This gridded dataset enables us to explore, for the first time, the relative timing, spatial extent

and evolution of drought at these times. We will show that during the Medieval Climate Anomaly (MCA,

defined here as AD 1000 to AD 1450), drought in the West tended to persist for several decades and

longer, in comparison to the multi-year-to-decade long droughts of the LIA and modern times. Despite

the longer persistence, the spatial pattern and severity of these Medieval mega-droughts, as measured by

the PDSI depression in any one year, appear very much akin to their modern day counterparts.

Our approach will be fourfold: 1) identify a set of criteria to systematically define episodes of

widespread and persistent drought over the last 1000 years, and determine how the severity of drought has

changed with time; 2) examine the spatial distribution of drought and its persistence and perform a prin-

cipal component analysis (PCA) to examine the dominant modes of North American drought variability,

with a view towards identifying their causal mechanisms; 3) use both the multi-taper method of spec-

tral analysis and wavelet analysis to investigate the dominant frequencies of North American drought,

and how these vary with time; 4) examine the global context of the North American ’mega-droughts’ of

the MCA in the paleoclimate record and compare with modern-day analogs. Such a detailed evaluation

of North American hydroclimatic variability over the last Millennium will aid our understanding of the

range of natural drought variability in the region. The West has proven vulnerable to droughts in the

nineteenth and twentieth centuries and the current work should raise questions as to how it would fare if

the degree of aridity typical of the medieval period were ever to return.

2 The North American Drought Atlas PDSI Data

Full details of the PDSI data are found in Cook and Krusic (2004) and the supporting online materials

(SOM) of Cook et al. (2004). The 2.5olatitude by 2.5olongitude grid of summer PDSI values were re-

constructed from tree-rings using the point-by-point regression (PPR) method (Cook et al. 1999; Cook et

al. 2004). Calibration with the instrumental PDSI grid was performed over the fixed 1928 - 1978 period.

Variance restoration was applied to correct for the artificial declines in PDSI variability with time due to
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the time-varying regression models used. Cook et al. (2004, SOM) show that the calibration/verification

statistics are highly significant across almost all grid points back to AD 1300, and significant (p < 0.05)

for at least 75% of the grid points back to AD 800. This implies that the PDSI reconstructions are useful

from AD 800 on. We focus our analyses on the reconstructions back to AD 1000, some 106 grid points.

This cut-off point was chosen as a compromise between examining as many years of ’useful’ data as

possible, and as many grid points as possible with continuous reconstructions (a requirement for the PCA

analysis). This option was preferred to the alternative approach of optimal interpolation from AD 800

on, a method that would introduce further uncertainty to the reconstructions.

We conducted a “frozen grid” analysis to determine whether the ’AD 1000-onwards’ subset of grid-

points is a good representation of the drought variability implied by the full grid. The PDSI averaged

over the ’West’ (defined henceforth as 25oN- 50oN, 95oW- 125oW) based only on the 106 grid points

available in AD 1000 was compared to that based on the time-varying set of grid points that increases up

to 156 in AD 1380 and is constant thereafter (the full grid). At annual resolution, the correlation between

the two timeseries from AD 1000 to AD 2003 is 0.96, increasing to 0.98 after 7-yr low pass filtering.

Clearly, excluding the potential for increased resolution with time does not degrade the fidelity of the

’AD 1000-onwards’ PDSI record as an index of drought severity in the West.

3 Defining the droughts of the last 1000 yrs

Looking simply at annual PDSI averaged over the West, it is impressive how prominent the change in

drought variability is before and after the mid 1400s (Figure 1). The Medieval ’Megadrought’ of Cook

et al. (2004) is an epoch of elevated aridity in the mean, with extensive (20-40yr) periods of persistent

drought ( e.g. 1130-1170, 1220-1300) interrupted occasionally by shorter periods of PDSI variability

more reminiscent of the latter half of the millennium (e.g. 1080-1120, 1170-1220)†. It is the duration of

these dry spells, not their severity, that stands out in a comparison against the droughts of modern times.

The mid-nineteenth century (or Civil War) drought, the Dust Bowl, the 1950s drought and the most recent

†The dramatic jump from one of the most severe individual year droughts in 1258 back to normal in 1259 coincides
with the massive volcanic eruption of 1258 or 1259, the location of which is unknown (Stothers 2000, Oppenheimer 2003;
Emile-Geay et al., 2006). Volcanic dust reduces surface solar irradiance which, it has been suggested on the basis of model
experiments, induces an El Niño-like response (Mann et al. 2004, see also Clement et al. 1996). An induced El Niño in
1258-1259 could be a reason for the dramatic interruption of the mid thirteenth century drought.
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one (beginning in 1998) all reach the severity of the medieval droughts but had none of the persistence.

In contrast, the Little Ice Age interval had no droughts of that severity.

Herein, the definition of a ’drought’ implies that two conditions are met: 1. the annual PDSI in the

West is negative, and does not deviate from this for more than two successive years (this defines the

persistence threshold); 2. the DAI <-1‡ in North America must be greater than the mean value (DAI<-1

~ 28%) over the last 150 years (this defines the spatial scale threshold). Equipped with this definition,

one can compare the major droughts of the MCA (Figure 2) and their modern-day counterparts (Figure

3). It appears that there is no striking difference between the spatial patterns of drought occurring at these

times. In both cases, dry conditions are widespread across the continent. The drought centers are in the

continental Interior, either in the Southwest and Rockies, further eastwards in the Plains (including the

Canadian Plains), or both. Moist conditions generally appear in southern Mexico, the Northwest and the

Northeast. Section 4 will provide a more in-depth examination of this.

To first order, the severity of drought in any one given year is also comparable between the modern

(Figure 3) and MCA droughts (Figure 2). What is striking is that, during the MCA, the PDSI frequently

remained below zero, with only modest interruptions, for decades while, during the modern day, droughts

last at most several years. Figure 4 shows the relative frequency histograms of the mean PDSI in the

West over 3 periods: the ’MCA’ (A.D. 1000 - 1450), the ’Little Ice Age’§ (LIA) (A.D. 1451-1850), and

the modern period (A.D. 1851-2003). All of the distributions are close to Gaussian, but the MCA is

around a negative mean. Similar variances between the histograms suggest that the climate was varying

much as today, yet around a different mean: a drier mean in the case of the MCA. Furthermore, a

difference histogram between the MCA and modern times (not shown) convincingly highlights that in

the MCA it is both the modest and the more severe negative PDSI values that become more common. In

summary, whilst the annual severity of drought conditions in the West are comparable between modern

and Medieval times, the MCA is a period of enhanced aridity characterised by ’mega-droughts’¶ that

‡Drought Area Index (DAI) is a simple count of the number of grid point reconstructions that exceed a given PDSI
threshold (i.e. here <-1) in any given year, converted to a percentage.

§It is acknowledged that the use of the terms MCA and LIA are widespread, yet often lacking in any accepted definition
(see Bradley et al. 2003). The dates chosen here simply correspond to two periods of distinctly different North American
hydroclimate in the drought atlas, which fall within the defined ranges available in literature.

¶The term ’mega-drought’ term has previously used to describe the multi-decade-long, widespread and severe eighth and
late sixteenth century droughts in North America (Woodhouse and Overpeck 1998; Stahle et al. 2000; Stahle et al. 2002).
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persist for several decades.

4 Spatial and Temporal patterns of North American drought vari-

ability

4.1 Variance and regions of drought persistence

The distribution of PDSI variance field from A.D. 1000 - 2003 is shown in Figure 5. The highest PDSI

variance is in the western United States. Noticeably, the centers of maximum variance largely correspond

to the drought centers in the MCA (Figure 2) and modern day (Figure 3) droughts. The relatively flat

distribution of the PDSI variance is expected, and reflects the fact that the PDSI normalizing constants

are used to make the PDSI values independent of the local climatologies they are based on.

Along with the distribution of PDSI variance, it is also important to consider where the different

frequencies of drought variability occur. The PDSI data were 7yr low pass filtered to form decadal com-

ponents, high pass filtered (<3yr) to form interannual components, and band pass filtered to form inter-

annual El Nino Southern Oscillation (ENSO) scale components (i.e. 3-7yrs) and multidecadal timescale

components (i.e. 7-40yrs). Figure 6 shows the ratio of filtered PDSI variance in different frequency bands

relative to the unfiltered PDSI variance. High frequency variability is highest over the coastal regions of

the West and Southeast, where the climatological precipitation is highest, but contributes at most 15% of

the total annual PDSI variance in the Interior states. The continental Interior region of maximum overall

PDSI variance is dominated by decadal (and lower frequency) scale fluctuations, accounting for over 40%

of the variability in the Interior domain. In support of this, the lagged correlation of the PDSI values as

a function of space also highlights that drought perisistence is greatest in the continental Interior region

(not shown). Some of the low-passed PDSI variability is actually ultra-low-frequency change. Using a

bandpass filter to isolate periods between 7 and 40 yr, the contribution of the ultra-low-frequency fluctu-

ations (>40yrs) are shown to be important in the Interior region (bottom right panel of Figure 6). Thus,

drought variability in the continental interior is accounted for by decadal, multidecadal and even longer

frequencies, whilst drought variability in the Pacific Northwest region of maximum local PDSI variance

is dominated more by ENSO-scale and higher frequencies.
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4.2 Rotated Principal Component Analysis

Rotated principal component analysis (RPCA) is used to examine the natural drought patterns in the

North American drought atlas. We use the orthogonal varimax rotation method (Kaiser 1960) which

retains orthogonality between the resulting factors. While it can be argued that orthogonal factors are

physically unrealistic, a comparison of varimax and oblique promax rotation factors for gridded summer

drought reconstructions from 1700-1978 by Cook et al. (1999) indicates that the orthogonal solution is

an adequate representation of the regional summer drought factors in the United States. We perform the

RPCA on the ’frozen grid’ of PDSI values that reflect continuous records from A.D. 1000 onwards.

Figure 7 shows the Rotated Empirical Orthogonal Factors (REOFs) over the A.D. 1000 - 2003 re-

construction period. There are three unrotated EOFs that account for a significantly higher proportion

of variance than the rest, and are well separated according to both Preisendorfer’s Rule N (Preisendorfer

1988) and North’s rule of asymptotic errors (North 1981). The varimax rotation is performed on these

three leading EOFs. Karl and Koscielny (1983) and Cook et al. (1999) have both demonstrated that over

the same North American domain, several more regional drought factors can be justifiably resolved by

rotating more EOFs. Here, in contrast, we chose to focus our attention on the well separated, large-scale

structures of North American drought variability represented by the leading three structures.

The three rotated structures are primarily monopolar and indicate coherence over three large sectors

of the United States. REOF1, accounting for 33% of the variance, is monopolar across the continen-

tal Interior, with centers in the Southwest and Rockies, and weak tendencies to the opposite sign in the

Northwest and Northeast. This all-U.S pattern is akin to the precipitation pattern associated with in-

terannual ENSO-variability (i.e. Seager et al. 2005b). The two other retained structures explain 16%

and 12% of the variance respectively, and consist of monopolar patterns with regional centers in the

Plains/Mississippi Valley (REOF2) and the Pacific Northwest (REOF3). These patterns are needed, in

addition to REOF1, to fully explain the spatial patterns of the major droughts of the MCA and modern

day displayed in Figures 2 and 3 (Table 1). Most often loadings are dominated by REOF1 (i.e. the South-

west/ southern Rockies droughts of A.D. 1021-1051; 1130-1170 and 1950-1957), or spread between 2 or

3 co-dominant patterns representing regional drought in the Plains/Mississippi and/or Northwest.

An examination of the unrotated PCA solution reveals a monopolar ’all-North America’ pattern
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(EOF1) followed by an East-West dipolar pattern (EOF2) (not shown). A 1-point correlation centered at

the East or West dipole maxima reveals no anti-correlation with the opposing dipole center and points to

the artificiality of the East-West dipole mode. Essentially, the dipole that emerges in the unrotated case

appears to be a classic example of the unrotated analysis forcing an unphysical spatial pattern orthogonal

to the first ’all-North America’ pattern. The rotation does not requires orthogonal spatial patterns and

instead gives rise to monopolar structures. The structure of the PDSI variance field (Figure 5), which is

rather flat with a maximum in the driest regions of the continental Interior and to the West, again points

to the conclusion that the E-W dipole is an artifact of the unrotated analysis.

The RPCA analysis was repeated on the ’pre-1470’ period characterised by multi-decadal length

droughts and the ’post-1470’ period of shorter multi-year to decadal droughts. In both instances, similar

solutions are obtained to the A.D. 1000 - 2003 analysis, suggesting that the leading modes of spatial

variability do not change with time (not shown). This, and the similarity of the spatial patterns of drought

variability in the modern era and the MCA (Figure 2 and 3), suggest a common causal mechanism.

For the instrumental era, one can explore the underlying global ocean-atmosphere context of the

leading spatial modes of North American drought. Correlations of the leading RPCs with the global sea

surface temperature anomaly (SSTA) and sea level pressure anomaly (SLPA) fields from 1856 onwards

are shown in Figure 8. The SSTA data is the extended optimally interpolated MOHSST5 dataset (Kaplan

et al. 2003), and the SLP data corresponds to the optimally interpolated COADS dataset (Kaplan et

al. 2000). A correlation coefficient of 0.17 or higher is required for significance at the 95% level. The

leading spatial mode is clearly linked to interdecadal "ENSO-like" variability‖, and appears to be the only

mode related to the global climate system, although RPC2 may have a weak link to the North Atlantic

Oscillation.

In summary, the results of the RPCA analysis strongly suggest that the tropical Pacific has been the

dominant driver of North America drought over the last 1000 years. This conclusion is based on the

similarity of the spatial patterns of medieval and modern droughts, the similar frequency distribution of

‖Zhang et al. (1997) coined the use of the term "ENSO-like" to describe the pattern of SSTAs linked to the low frequency
time-component of the leading spatial mode of global SSTA variability, that bears much spatial resemblance to the interannual
ENSO signature. The most obvious distinctions are that the interdecadal pattern does not have an SST variability maximum
in the eastern equatorial Pacific (as explained by Hazeleger et al. 2004), and is less equatorially confined, than the interannual
ENSO-pattern. Herein, the use of the term "ENSO-like" refers to this low-frequency component of variability.
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PDSI in the two periods, and the correlation of RPC1 to ENSO during the instrumental period. It also fits

in neatly with the well- established link between persistent La Niña-like conditions and North American

drought over the modern era (Trenberth at al. 1988; Trenberth and Branstator 1992; Cole et al. 2002;

Hoerling and Kumar 2003; Schubert et al. 2004; Fye et al. 2004; Seager et al. 2005a; Seager et al.

2005b; Huang et al. 2005; Herweijer et al. 2005). The implication is that the ’mega-droughts’ of the

MCA were forced by protracted La Niña-like conditions in the tropical Pacific. Unlike the modern day,

these La Niña-like conditions may have persisted for periods of decades on end.

4.3 Spectral Analysis

In this section we use both the Multi-taper Method (MTM) of spectral analysis and wavelet analysis

(WA) to examine in more detail the dominant frequency modes in the drought atlas data, and how these

vary with time. We perform these analyses on the timeseries of mean PDSI in the ’West’ (see Figure 1)

for the complete record (A.D. 1000 - 2003), the pre-1470 period (i.e. A.D. 1000-1470) and the post 1470

period (i.e. A.D. 1470-2003).

The MTM method for spectral estimation has been widely applied to problems in climate-related sig-

nal analysis, including analyses of instrumental data and paleoclimatic proxy data (i.e. Berger et al., 1991;

Lall and Mann, 1995; Mann et al., 1995a; Mann et al., 1995b; Mann and Lees, 1996; Mommersteeg et al.,

1995; Park and Maasch, 1993; Yiou et al., 1997 etc.). We use the modified MTM procedure of Mann and

Lees (1996) that is more suited to analysis of climatic timeseries than the traditional, strictly harmonic,

approach. Information from the harmonic peak test of the conventional MTM procedure is retained, but

peaks, both harmonic or anharmonic (i.e narrowband “quasi-oscillatory” or intermittent oscillatory sig-

nals), are tested for significance relative to the empirically estimated global red noise background (see

discussion in Mann and Lees 1996). MTM involves a premultiplication of the data by orthogonal tapers

constructed to minimize the spectral leakage due to the finite length of the time series. The choice of

bandwidth parameterp and number of tapersK represents the trade-off between spectral resolution and

the stability or variance reduction properties of the spectral estimate (see discussion in Ghil et al. 2001).

In practice, the numberK of tapers should be no less than 2p− 1 to provide usefully small spectral

leakage (i.e. Park 1987). Here we use the bandwidth parameterp = 2 andK = 3 tapers, as the best
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compromise for a timeseries of a few hundred points in length (i.e. pre and post A.D. 1470) to resolve

distinct climate signals (e.g., ENSO and decadal-scale variability) with the benefit of reduced variance

(see discussion in Mann and Park 1993).

The MTM analysis of the period from A.D. 1000 onwards is shown in Figure 9. Two signals are

significant well above the 99% level, one centered at 0.009 cycle/yr (approximately a 110-yr period),

the other, an interannual peak, centred 0.49 cycle/yr (approximately a 2.0-yr period). An ultra-low-

frequency variation that cannot be distinguished from a trend is also isolated as significant at the 99%

level relative to the estimated red noise background. There are several peaks in the spectral estimate

within the interannual ENSO band (0.5> f > 0.13 cycle/yr, or 2.0< T <7.6-yr), and two independent

bi-decadal peaks (corresponding to periods of 22- and 18yr) that are statistically significant but only at

the 95% level.

Repeating this analysis on a sub-domain of the dataset, from A.D. 1000 - 1470, reveals that interrannual-

scale variability in the West did not die down in the Medieval era of elevated aridity and ’mega-droughts’

(Figure 10, top panel). Two signals are significant well above the 99% significance level, one in the

interannual ENSO band (approximately a 2.7-yr period), and one with centennial scale bandwidth, again

centered at 0.009 cycle/yr (roughly a 110-yr period). A further eight signals in the interannual ENSO

band are significant above the 95% significance level. No statistically significant power in the bi-decadal

range is observed, but peaks corresponding to the decadal band (0.10 cycle/yr, i.e.T = 10-yr) and the

multi-decadal band (0.035 cycle/yr, i.e.T = 29-yr) are significant, though only at the 95% level. From

A.D. 1470 - 2003 (Figure 10, bottom panel), the MTM analysis reveals that the centennial peak is no

longer statistically significant, and that the signals above the 99% significance level all fall within the

interannual ENSO band. Bi-decadal peaks (i.e.T = 22-yr and18-yr) and a multi-decadal peak (i.e.T=

35-yr) are only significant at the 90% level.

Wavelet analysis (WA) of this dataset allows us to investigate how the dominant timescales of drought

variability change with time (see Gray et al. 2003 for a previous application of WA to tree-ring records

in the United States). We use a Morlet wavelet, normalised by 1/σ2 ∗∗(see Torrence and Compo 1998

for a detailed discussion of wavelet analysis). The wavelet spectra for the period from A.D 1000 - 2003

is shown in Figure 11. In agreement with the MTM analysis, interannual variability exists throughout

∗∗σ2= the variance of the timeseries (i.e. the mean PDSI in the West) .
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the last millennium. Bi-decadal variability is stronger, and statistically significant at the 95% level, in

the latter half of the millennium (Figure 12, bottom panel). In the pre-1470 period of ’mega-droughts’

and elevated aridity in the mean, centennial scale variability is evident, with some statistically significant

strength also in the decadal and multi-decadal bands (Figure 12, top panel). As with the MTM, centennial

variability is largely absent in the post 1470 period, with the exception of a hint of the centennial band

in the more arid modern period (Figure 12, bottom panel). Consequently the centennial scale variability

should be treated with caution since only four realizations of it, during the medieval period, occur.

The presence of a bi-decadal rhythm in western North American drought variability has been noted

in the past (Mitchell et al. 1979; Currie 1981; Stockton et al. 1983; Currie 1984a,b; Cook et al. 1997).

In particular, Cook et al.’s (1997) Singular Spectrum Analysis (SSA) of the western drought area index

(DAI) from gridded drought reconstructions from A.D. 1700 - 1978 indicates a primary 22.2-yr peak

and a secondary 19.2-yr peak, which are noted to be close to the Hale solar magnetic and lunar tidal

periods. We make no inference as to the cause of the bi-decadal signal here, but simply point out its

existence in the spectral analysis of western PDSI in the period from A.D. 1470 onwards. Even more

pronounced is the appearance of a centennial peak in both the MTM analysis and wavelet analysis. In

the MTM analysis, this peak is dominant in the A.D. 1000 - 1470 spectrum (Figure 10, top panel), yet

disappears in the spectrum corresponding to the post A.D. 1470 data (Figure 10, bottom panel). The WA,

which enables decomposition of PDSI data into a frequency-time domain, once again suggests that the

centennial fluctuations are in fact peculiar to the first half of the millenium. Cook et al. (1997) propose

that a centennial cycle may be a modulation that arises through the interaction of the 22-yr and 18-yr

bi-decadal periods. However, our analyses suggest that the centennial cycle is most prominent in the arid

first half of the millennium, a time when the bi-decadal rhythm is not statistically significant, and least

prominent in the latter half of the millennium when the bi-decadal rhythm is at its strongest.

Centennial-scale drought variability has previously been noticed in paleo-aridity reconstructions of

the last millennium in the United States (i.e. Yu and Ito, 1999), Mexico (Hodell et al. 2001) and China

(Hameed et al. 1983; Clegg and Wigley 1984; Hu and Feng, 2000). Such centennial variability has also

been linked to solar forcing (i.e. Yu and Ito, 1999; Hodell et al. 2001). Spectral analysis of the Lean et

al. (1995) solar reconstruction from A.D. 1600 onwards indicates most power in the 70-100yr Gleissberg
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solar cycle, followed by the 22-yr, and 11-yr sunspot cycles (Lohman et al. 2004). Furthermore, the

A.D. 1000 - 1998 wavelet spectra of the Bard et al. (2001)10Besolar irradiance reconstruction scaled to

the Lean et al. (1995) changes over the last 400 years, as used by Crowley (2000), displays a centennial

peak, statistically significant at the 95% level, with the most energy (not shown). However, the centennial

peak, as expected, does not diminish during the latter half of the millennium. A cross wavelet transform

(XWT) of the solar and PDSI data over the common A.D. 1000 - 1998 period shows that in the centennial

band, the solar and PDSI data have high common power with the expected phase relationship at times

when the PDSI data shows significant centennial power (not shown). In this case, the two timeseries are

anti-phased in the mean with a time lag of 14 years, such that high solar irradiance corresponds to North

American drought. Interestingly, 14 years is the time it takes for the tropical Pacific to respond to solar

irradiance in the model experiments of Mann et al. (2005). The wavelet coherence (WTC) spectra does

not confirm this relationship (not shown), signifying that further work is needed on this matter.

In summary, whilst the timing between the centennial solar cycle and the centennial North American

drought rhythm does match, to infer causality is another matter. Furthermore, we emphasize caution on

over-interpreting the apparent disappearance of the centennial cycle in the mid-fifteenth century.

5 The Global Context of the Medieval ’Mega-droughts’

Each major North American drought of the instrumental record appears as part of a larger global hy-

droclimatic ’footprint’ (Herweijer and Seager, 2006.). This ’footprint’ exhibits a clear hemispherically

and, in the extratropics, zonally symmetric pattern, in which a cooler than normal tropical eastern Pacific

and tropical troposphere is accompanied by warm and dry conditions in the midlatitudes. Regions of in-

phase extratropical drought include western North America, southern South America (Uruguay, southern

Brazil and north and central Argentina) and much of Europe. Tropical land regions (i.e. in particular over

tropical South America and the Sahel) are mostly wet during these periods, with the noticeable exception

of central-east Africa, which is dry. These large-scale relationships between regions of persistent extra-

tropical drought/wetness arise as part of a global response to both interannual and decadal-scale ENSO

variability (Herweijer and Seager, 2006). With the North American ’mega-droughts’ of the MCA hold-

ing much in common with their modern day counterparts (barring duration), we envision the existence
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of a similar global hydroclimatic pattern, essentially forced from a La Niña-like tropical Pacific, which

in this case persisted for decades on end. To test this hypothesis, we now turn to examine the existing

paleoclimatic evidence in the tropical and extratropical regions of interest.

Figure 13 summarises the paleo-archived evidence for the Medieval ENSO anomalies in the surface

ocean and the hydroclimatic anomalies in ENSO-sensitive tropical and extra-tropical land regions. De-

tails of the published records represented at each highlighted locality, including the type of paleo-archive,

exact location and the dates discussed are given in Table 2. In each case we follow the interpretation of

the paleo-record provided by the author of the record.

Higher meanδ18O values in the twelfth-century fossil coral records from Palmyra Island in the east-

central tropical Pacific hint at relatively cool and/or dry mean conditions, consistent with a La Niña-

like state (Cobb et al. 2003). An increased zonal temperature gradient across the tropical Pacific is

supported by anomalously warm Mg/Ca paleo-temperatures at the center of the West Pacific Warm pool

peaking between A.D. 900-1100 (Stott 2002). In addition, a 5000-yearδ18O record from marine plankton

in the Santa Barbara basin indicates a period of cooler SSTs and increased upwelling, suggestive of

more La Niña-like conditions, from about A.D 500-1300 (Kennett and Kennett, 2000). Evidence for La

Niña -like conditions is also found in a high resolution marine record off coastal Peru, which shows a

period of extreme drought without strong El Niño-related flooding between A.D. 800 - 1250 (Rein et al.

2004). Consistent with this, sedimentary lake records in the Equadorian Andes (Moy et al. 2002) and the

lowlands of Mediterranean Central Chile (Jenny et al. 2002), both strongly influenced by ENSO in the

modern day, report a minimum of El Niño floods between approximately A.D. 900-1200.

Proxy evidence from Central America and much of Tropical South America, both of which tend to

be wet during La Niña (Seager et al. 2005b, Figure 1), suggest wetter conditions in the Cariaco Basin

(Haug et al. 2001), the Amazon Basin (Colinvaux et al. 1988), and the Yucatan Peninsula (Leyden et al.

1996; Hodell et al. 2001; Hodell et al. 2005). Regarding the latter, the northern Yucatan today lies at a

nodal line of the ENSO-precipitation teleconnection pattern during northern hemisphere winter (Seager

et al., 2005a), and as such we do not anticipate a stable relationship between proxies at this site and

ENSO. Contrary to the expected La Niña-like response, a spleotherm record from Lachiniet et al. (2004)

suggests that Panama was drier during the MCA. Sediment records from Lake Titicaca point to a lowstand
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between A.D. 1100 - 1350 (Abbott et al. 1997; Binford et al. 1997), whilst a snow accumulation record

from the Quelccaya ice cap, located 200km to the north at the limit of the Lake Titicaca watershed,

indicates drier mean conditions from A.D. 1040-1490 (Thompson et al. 1985). As for the northern

Yucatan sites, this region also lies at a nodal line of the ENSO-precipitation teleconnection pattern, with

similar implications for paleo-ENSO interpretation. Further South, Villalba et al. (1994) show tree-ring

evidence for drought in central Chile in the thirteenth century. Again, this evidence is consistent with

the modern day hydroclimatic response to La Niña. However, geomorphological evidence presented by

Carignano (1999), Cioccale (1999) and Iriondo (1999) suggest that the MCA in Central Argentina was

generally wet, a region often in phase with western North America, and dry during La Niña (Herweijer

and Seager, 2006). Finally, at the southernmost tip of South America, the MCA is recorded in Patagonia

as a dry period (Stine and Stine 1990; Stine 1994; Haberzetti et al. 2005), and once again fits the

’footprint’ of persistent extratropical droughts in the modern day (Herweijer and Seager, 2006).

Across the Atlantic, the MCA is recorded by multiple archives in central East Africa, a region in phase

with North American drought in the instrumental era (Herweijer and Seager, 2006). Lakes Naivasha,

Victoria, Turkana, Edward, Tanganyika and Malawi all experienced pronounced and prolonged drought

during the A.D. 1050 - 1400 period (Halfman and Johnson 1988; Owen et al. 1990; Johnson et al.

1994; Mohammed et al. 1996; Verschuren et al. 2000; Verschuren et al. 2001; Johnson et al. 2001;

Alin and Cohen 2003; Lamb et al. 2003; Russell et al. 2003; Stager et al. 2005). Close by, Mt

Kilimanjaro’s oxygen isotope record shows some of its heaviest values during the last 1, 500yrs in the

late eleventh century, again suggesting diminished precipitation in central East Africa (Thompson et al.

2003). A stalagmite record from the Makapansgat valley in the north-eastern interior of South Africa

is inversely correlated with the East African archives (Holmgreen et al. 1999; Tyson et al. 2002), as is

the ENSO-induced hydroclimatic variability in the two regions (Allan et al. 1996). In the Sahel, where

wet conditions correlate with La Niña, multiproxy palaeolimnological records from northeastern Nigeria

(Holmes et al. 1999; Street-Perrott et al. 2005) and Ghana (Talbot and Delibrias 1977) suggest a wet

MCA, as do historical sources from the West African Sahel summarised by Nicholson et al. (1996).

Further Northeast, the Nilometer records are more characteristic of a La Niña like response, displaying

a consistent lack of El Niño-related lowstands between A.D. 1000-1290 (Quinn 1993; De Putter et al.
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1998).

Low-frequency precipitation variability in much of Europe is also in phase with western North Amer-

ica over the modern period (Herweijer and Seager, 2006). Hydroclimatic reconstructions for the MCA

(also known as the Middle Ages in Europe) are few and far between in comparison to their paleo-

temperature counterparts. However, multi-proxy evidence for the Kola Peninsula in northeast Russia

(Kremenetski et al. 2004), records of Dutch river floods (Tol and Langen 2000), Alexandre’s (1987)

summer dryness index for central Europe, and Lamb’s (1965) compilation of early European meteoro-

logical reports (between about 45oN and 55oS during the summer season) all point to a period of dry

conditions falling somewhere between A.D. 1000 - 1350. Further south, flood records in the Tagus Basin

(Benito et al.1996; Benito et al. 2003) and other Atlantic basins of the central/southern Iberian Peninsula

(Benito et al. 1996) suggest wet conditions in the twelfth and thirteenth centuries. In the modern day,

both a negative North Atlantic Oscillation (NAO) index, and La Niña correlate with wet conditions in

this region (Hurrell et al. 1995; Dai et al. 1997; Merkel and Latif 2002; Seager et al. 2005b; Mariotti et

al. 2005).

The well-known interaction between ENSO and the south Asian monsoon is such that cold events in

the tropical Pacific (i.e. La-Niña) go hand-in-hand with a strengthened Asian monsoon (e.g. Rasmussen

and Carpenter 1983; Webster and Yang 1992 ; Ju and Slingo 1995; Webster 1995; Meehl 1997). During

the MCA, evidence for an enhanced summer Asian monsoon comes from stalagmites from a shallow

cave in southern Oman (Fleitmann et al. 2004), monsoon proxy-records adjacent to the Oman Margin

(Gupta et al. 2003) and on the continental slope off Pakistan (Von Rad et al. 1999), a speleothermδ18O

record from southwest India (Sinha et al. 2005), and further east from a fossil pollen series from Maili

Bog, Northeast China (Ren et al. 1998). Each of these reconstructions suggest a wetter period indicative

of increased summer monsoon rainfall in the period between A.D. 1000 - 1300/1400. Once again, these

reconstructions are perfectly accordant with the notion of a La-Niña hydroclimatic ’footprint’ during

Medieval times.

In summary, a survey of existing paleo-climatic reconstructions for the MCA largely supports our

proposition that the North American Medieval ’mega-droughts’ are part of a global hydroclimatic regime

linked to persistent La Niña-like conditions in the tropical Pacific. In general, the hemispheric and zonal
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symmetry of this pattern is analagous to that observed for the shorter droughts of instrumental times and

consistent with the GCM studies (Seager et al. 2005a; Herweijer et al. 2006; Herweijer and Seager

2006). The North American ’mega-droughts’ are accompanied by dry conditions in southern South

America (central Argentina being an exception), central East Africa, and much of Europe, whilst tropical

land regions including the tropical Americas and the African Sahel are wet, as are regions influenced by

an intensified south Asian monsoon. The simplest explanation for the medieval hydroclimate is that the

tropical Pacific adopted a more La Niña-like state for decades on end during this time.

6 Conclusions

The recently available grid of summer PDSI reconstructions developed from a network of drought-

sensitive tree-ring chronologies across most of North America provides an invaluable insight into the

nature of one of the most costly natural disasters of our times. Many of these reconstructions cover the

last 1000 years, enabling us to examine, in detail, how the famous droughts of modern times compare to

their predecessors during a time of quite similar boundary conditions (e.g. orbital configuration). Upon

examination, what becomes apparent, is that the famous droughts of the instrumental era are dwarfed by

the successive occurrence of multi-decade long ’mega-droughts’ in the period of elevated aridity between

the eleventh and fourteenth century A.D. Whilst these mega-droughts stand out in terms of persistence,

they share the severity and spatial distribution characteristics of their modern-day counterparts. The im-

plication is that the mechanism forcing persistent droughts in the West and Plains in the current climate

is synonymous with that underlying the mega-droughts of the Medieval period. The difference is the

persistence of this forcing.

Three distinct spatial modes of North American drought variability are revealed by rotated princi-

pal component analysis of the gridded PDSI reconstructions. The first resembles the North-American

ENSO pattern: widespread drought across the United States with centers in the Southwest and a hint of

the opposite sign in the Pacific Northwest and the Northeast. Correlation with instrumental SSTA and

SLPA data confirms the link to ENSO-like variability. The second and third rotated factors represent

largely monopolar structures with drought centers in the Plains/Mississippi Valley and Northwest regions

respectively. The second mode may be weakly related to the North Atlantic Oscillation. As expected,
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the identified drought centers all coincide with regions of maximum PDSI variance. The first (South-

west center) and second (Plains/Mississippi Valley center) leading modes are located in the continental

Interior region dominated by low frequency variability, whilst the third (Northwest center) mode lies in a

region in which interannual ENSO-scale PDSI variability dominates. Importantly, the physical reality of

all three spatial modes is reflected by their occurence in the untreated drought reconstructions.

Both the MTM and wavelet analsysis of the PDSI variability in the West reveal consistent findings:

1. interannual ENSO variability exists and is prominent throughout the last millennium; 2. centennial

variability dominates in the arid medieval period; and, 3. bi-decadal variability is significant only in the

latter half of the millennium. We make no inference as to the cause of the centennial and bi-decadal

signals, frequencies that in the past have been linked to solar (centennial and bi-decadal) and lunar (bi-

decadal) cycles. However, future research in this area is clearly warranted.

The exceptional persistence of the North American Medieval mega-droughts requires an explanation.

Climate model simulations of the recent period indicate that La Niña-like SSTs in the tropical Pacific play

a large role in forcing the major North American droughts since 1850. With ENSO clearly a key player in

the gridded drought reconstructions of the last millennium, both in terms of its link to the leading spatial

mode and leading timescales of drought variability, it seems a logical next-step to relate the occurrence

of Medieval mega-droughts to protracted cool La Niña-like SSTs in the tropical Pacific. In the modern

day, each of the widespread multi-year North American droughts fit into a global pattern, whereby a cool

tropical Pacific is accompanied by hemispheric, and in the extratropics, zonally symmetric patterns of

precipitation anomalies. By extension, a tropical Pacific origin for the Medieval mega-droughts would

warrant a similar ’global footprint’. Examination of the paleoclimatic record gives much support to the

notion that La Niña-like conditions characterised the MCA. Archives from the tropical Pacific surface

ocean, to tropical and extratropical land regions sensitive to ENSO in the modern day, exhibit a response

largely akin to the modern-day global hydroclimatic ’footprint’ of persistent La Niña-like conditions.

The occurrence of La-Niña like SSTs in the tropical Pacific of Medieval times coincides with a pe-

riod of presumed greater solar irradiance and reduced volcanism than in subsequent centuries (Mann et

al. 2005). Mann et al. (2005) invoked the Bjerknes (1969) feedback to explain how increased irradiance

and reduced volcanism can induce a La Niña-like state in the Pacific. The Bjerknes feedback mecha-
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nism has been used to explain this link whereby increased irradiance leads to the development of cool La

Niña-like SSTs in the eastern tropical Pacific. Cane et al. (1997) have suggested that rising greenhouse

gases could also induce a La Niña-like state, although climate model experiments tend to give mixed re-

sults in this regard. Nevertheless, the Medieval conjunction of increased radiative forcing, a La-Niña like

tropical Pacific, and North American mega-drought is cautionary. Furthermore, anthropogenic climate

change aside, the 1000 year-long gridded reconstruction of North American droughts presents unequiv-

ocal evidence that the natural range of North American drought variability in the late Holocene includes

the occurrence of successive mega-droughts, similar in severity to the famous droughts of modern times,

yet exceptional in sheer duration. In Medieval times, the human impact of such mega-droughts may

have been a contributing factor to the Puebloan migrations from the Four Corners region (i.e. Jones et al.

1999, Axtell et al. 2002) and the abandonment of Mississippian chiefdoms to the east (Cook et al., 2005),

but how would modern day Western society react? The prospect of mega-drought in the West is much

more daunting now than during the times of the Puebloans, as the affected population is far greater - over

100 million in the western United States and Mexico. Undoubtably today’s water-thirsty West, with its

collossal urban and agricultural infrastructure dependent on the assumption that runoff will continue as

it has done since the draining of Owens Valley in the 1920s, would be pummeled by a mega-drought of

Medieval scale. How the West, and other worldwide regions of in-phase drought would fare, is yet to be

tested.
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spectively. Black contour is the 5% significance level, using a red-noise (autoregressive lag1) back-
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12. As for Figure 11, but for the mean ’West’ PDSI time series from A.D. 1000 - 1470 (top panel), and

for A.D. 1470 - 2003 (bottom panel).

13. The global context of the North American Medieval ’mega-droughts’: map showing the sites of
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Drought Atlas PDSI in the West
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Figure 1: Two distinct eras of drought variability highlighted by the mean annual PDSI in the ’West’.
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MCA droughts
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AD 1240-1265
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Figure 2: Droughts of the MCA: spatial distribution and PDSI history over the ’West’. As defined by the
criteria outlined in Section 3. The number of grid points in this analysis increases up to A.D. 1380, and
is constant thereafter.
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Modern-day droughts

AD 1855-1865
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AD 1931-1940
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AD 1950-1957
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Figure 3: Droughts of modern times: spatial distribution and PDSI history over the ’West’. As defined
by the criteria outlined in Section 3.
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Figure 4: Relative frequency histograms of the mean PDSI in the West during the Medieval Climate
Anomaly (A.D. 1000 - 1450), the Little Ice Age (A.D. 1451 - 1850), and the modern period (A.D. 1851 -
2003). The dashed line represents a normal probability density function with the same mean and variance
as each of the respective timeseries.
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Figure 5: PDSI variance map. Corresponds to the period from A.D. 1000 - 2003. The outermost contour
highlights the edge of the region over which PDSI data is available.
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<3yr 3-7yr
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Figure 6: Percent of PDSI variance in different frequency bands. Only the ’frozen’ grid region of PDSI
values with a continuous record from A.D. 1000 onwards is shown (a requirement of the filtering method).
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Rotated EOF analysis from A.D. 1000-2003
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Figure 7: Reconstructed summer drought varimax factors for North America (A.D. 1000 - 2003). The
fractional variance explained by each structure is indicated by each map. A plot of the Preisendorfer’s
Rule N with asymptotic errors according to North et al. (1982) indicates the existence of three physically
distinct structures. The three leading components (PC1, PC2, and PC3) explain 61% of the total variance
in the PDSI data.
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RPC1: SSTA SLPA
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RPC2: SSTA SLPA
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RPC3: SSTA SLPA
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Figure 8: The global circulation linkages to the dominant spatial modes of North American summer
drought variability: field correlations between the leading RPC’s and SSTA (left) and SLPA (right) over
the instrumental period. The correlations correpsond to the the years between 1856-2003 (SSTA) and
1856- 1991 (SLPA). RPC1 is the only mode with a statistically significant recognizable global pattern.
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Figure 9: High resolution MTM spectrum of the mean ’West’ PDSI time series from A.D. 1000 - 2003.
The associated 90%, 95%, and 99% significance levels forN= 1204 annual samples are shown by the
three dashed curves, in this order, from the lowest to the highest curve in the figure. See text for a detailed
assessment of the significance of these peaks. The bandwidth parameter isp = 2, andK = 3 tapers were
used.
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Figure 10: As for Figure 9, but for the mean ’West’ PDSI time series from A.D. 1000 - 1470 (top panel),
and for A.D. 1470 - 2003 (bottom panel). 47



Figure 11: (a) timeseries of mean’West’ PDSI 1000-2003. (b) The wavelet power spectrum. The contour
levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level, respec-
tively. Black contour is the 5% significance level, using a red-noise (autoregressive lag1) background
spectrum. Reference: Torrence, C. and G. P. Compo, 1998: A Practical Guide to Wavelet Analysis.Bull.
Amer. Meteor. Soc., 79, 61-78.
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Figure 12: As for Figure 11, but for the mean ’West’ PDSI time series from A.D. 1000 - 1470 (top panel),
and for A.D. 1470 - 2003 (bottom panel).
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Figure 13: The global context of the North American Medieval ’mega-droughts’: map showing the sites
of paleo-climatic archives mentioned in the text. Circles represent locations of proxy records giving
evidence of wet (green) or dry (brown) conditions. Refer to Table 2 for a description of the numbered
archives.
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Table 1: Contribution of principal rotated factors to the major droughts of the MCA and modern day

 
 

Drought Interval (year A.D.) 
 

 
% RPC 1 

 
% RPC 2 

 
% (-) RPC 3 

 
1021 – 1051 

 

 
52 

 
22 

 
26 

 
1130 – 1170 

 

 
56 

 
22 

 
22 

 
1240 – 1265 

 

 
57 

 
14 

 
29 

 
1360 – 1382 

 

 
23 

 
46 

 
21 

 
1855 – 1865 

 

 
43 

 
43 

 
14 

 
1889 – 1996 

 

 
64 

 
27 

 
9 

 
1931 – 1940 

 

 
16 

 
33 

 
51 

 
1950 - 1957 

 

 
57 

 
17 

 
26 
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Table 2: Description of the paleo-climatic archive sites shown in Figure 13.

 
NO. CITATION LOCATION ARCHIVE TYPE DATE 

REFERENCED 
1 Haug et al. (2001) Cariaco Basin marine core – bulk Ti, 

Fe concentrations 
A.D. 950-1300 

2 Moy et al. (2002) Ecuadorian 
Andies 

sedimentary lake record ~A.D. 900-1200 

3 Rein et al. (2004) off coastal Peru marine core – lithic 
concentrations 

A.D. 800 - 1250 

Abbott et al. (1997) lake levels A.D. 1100-1350 4 
Binford et al. (1997) 

Lake Titicaca 
 lake stratigraphy, 

carbonate δ18O, raised 
field chronology  

A.D. 1150-1300 

5 Thompson et al. (1985) Quelccaya ice cap snow accumulation A.D. 1040-1490 
6 Villalba (1994) Central Chile tree-rings A.D. 1280 - 1450 
7 Jenny et al. (2002) Central Chile lake sediments - 

multiproxy 
A.D. 950-1300 

Stine and Stine (1990) Lago Cardiel, 
Patagonia 

lake lowstands from 
shoreline 

reconstructions 

A.D. 1150±110 8 

Stine (1994) Lago Argentino, 
Patagonia 

lake lowstands from 
submerged stumps 

A.D. 1160±115 

9 Haberzettl et al. (2005) S.E. Patagonia Total Inorganic Carbon 
of lake sediments  

A.D. 1230-1410 

10 Lachiniet et al. (2004) southern Panama spleotherm δ18O  record A.D 900-1310 
11 Colinvaux et al. (1988) Amazon Basin fossil pollen record A.D. 700-1200 

Hodell et al. (2005) NW Yucatan lake carbonate δ18O 
record 

A.D. 1200-1400 

Hodell et al. (2001) North central 
Yucatan 

lake carbonate δ18O 
record 

A.D. 1100-1350 

12 

Leyden et al. (1996) NW Yucatan lake pollen records A.D. 1100-1500 
Cioccale et al. (1999) Central Argentina geomorphological A.D. 1100-1400 

Carignano (1997 & 1999) Central Argentina geomorphological A.D. 1000-1400 
13 

Iriondo (1999) Central Argentina geomorphological A.D. 600-1200 
Tyson et al. (2002) NE South Africa stalagmite δ18O record A.D.900-1320 14 

Holmgren et al. (1999)  NE South Africa stalagmite δ18O record A.D. 900-1320 
Mohammed et al. (1996) lake pollen assemblages A.D. 1100-1400 

Halfman et al. (1994) lake levels (carbonate 
content and magnetic 

susceptibility) 

A.D. 900-1200 
15 

Halfman and Johnson 
(1988) 

Lake Turkana, 
Kenya 

lake levels (carbonate 
content) 

A.D. 1100-1500 

16 Verschuren et al. (2000 & 
2001) 

Lake Naivasha, 
Kenya 

sedimentary lake record A.D. 1000-1270 

17 Stager et al. (2005) Lake Victoria, 
East Africa 

lake levels and 
conductivities  

A.D. 1180-1240 & 
1320-1340 

18 Russell et al. (2003) Lake Edward, East 
Africa 

lake levels ~ A.D. 1100 
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Table 2: continued

NO. CITATION LOCATION ARCHIVE TYPE DATE 
REFERENCED 

19 Thompson et al. (2003) Mt Kilimanjaro, 
Tanzania 

δ18O of ice A.D. 1040-1100 

20 Alin and Cohen (2003) Lake Tanganyika, 
East Africa 

lake levels (ostrocod 
based) 

A.D. 1050-1250 

Johnson et al. (2001) lake levels (biogenic Si 
abundance) 

A.D. 1300-1520 21 

Owen et al. (1990) 

Lake Malawi, 
Malawi 

lake levels A.D. 1150-1250 
Street-Perrot et al. (2000) Manga 

Grasslands, NE 
Nigeria 

multi-proxy 
paleolimnological  

A.D. 1000 

Holmes et al. (1999) Bal Lake, NE 
Nigeria 

multi-proxy 
paleolimnological 

A.D. 1000-1500 

22 

Nicholson et al. (1996) West African 
Sahel 

historical accounts A.D. 800-1200 

23 Talbot and Delibrias 
(1977) 

Lake Bosumtwi, 
Ghana 

lake levels Until A.D. 
1300±90 

De Putter et al. (1998) low water level record A.D. 1100-1200 24 
Quinn (1993) 

Nile, Egypt 
Nilometer record A.D. 1000-1290 

25 Fleitmann et al. (2003) Southern Oman stalagmite δ18O  record before A.D. 1320 
(record starts A.D. 

1220) 
26 Gupta et al. (2004) Oman margin, 

Arabian Sea 
marine core - % G. 

bulloides and haematite 
A.D. 800-1400 

27 von Rad et al. (1999) Pakistan margin, 
Arabian sea  

marine core – varve 
thickness record 

A.D. 1000-1300 

28 Sinha et al. (2005) Dandak Cave, 
India 

speleotherm δ18O record A.D 1000 - 1340 

29 Ren (1998) Maili Bog, NE 
China 

fossil pollen record A.D. 1000-1340 

30 Tol and Langdon (2000) Dutch Rivers 
(Rhine and Reuse) 

river flood records A.D. 1150-1350 

31 Alexandre (1987) central Europe summer dryness index A.D. 1200-1300 
32 Benito et al. (1996 & 

2003) 
central Spain Basin water stage record 

and flood record  
A.D. 1150-1300 

33 Lamb (1965) Europe between 
45oN-55oN 

compilation of early 
meteorological accounts 

A.D. 1000-1300 

34 Kremenetscki et al. (2004) Kola Peninsula, 
NW Russia 

lake levels & avalanche 
activity 

A.D. 1000-1200 

35 Stott et al. (2002) Indonesian 
Archipelagpo, W. 

tropical Pacific 

Mg/Ca and δ18O of G. 
ruber   

A.D. 900-1500 
(warmest 900-

1100) 
36 Cobb et al. (2003) Palmyra Island, 

east-central 
tropical Pacific 

coral δ18O record A.D. 928-961 & 
A.D. 1149-1220 

37 Kennett and Kennett 
(2000) 

Santa Barbara 
Basin 

Marine δ18O record A.D. 500-1300 
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