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Abstract Terrestrial and marine late Holocene proxy records from the western and central
US suggest that climate between approximately 500 and 1350 A.D. was marked by generally
arid conditions with episodes of severe centennial-scale drought, elevated incidence of wild
fire, cool sea surface temperatures (SSTs) along the California coast, and dune mobilization
in the western plains. This Medieval Climate Anomaly (MCA) was followed by wetter
conditions and warming coastal SSTs during the transition into the “Little Ice Age” (LIA).
Proxy records from the tropical Pacific Ocean show contemporaneous changes indicating
cool central and eastern tropical Pacific SSTs during the MCA, with warmer than modern
temperatures in the western equatorial Pacific. This pattern of mid-latitude and tropical
climate conditions is consistent with the hypothesis that the dry MCA in the western US
resulted (at least in part) from tropically forced changes in winter NH circulation patterns
like those associated with modern La Niña episodes. We examine this hypothesis, and
present other analyses showing that the imprint of MCA climate change appears in proxy
records from widely distributed regions around the planet, and in many cases is consistent
with a cool medieval tropical Pacific. One example, explored with numerical model results,
is the suggestion of increased westerlies and warmer winter temperatures over northern
Europe during medieval times. An analog technique for the combined use of proxy records
and model results, Proxy Surrogate Reconstruction (PSR), is introduced.

1 Introduction

While the magnitude, scope, and character of the Medieval Climate Anomaly1 (MCA) and
to a lesser degree the Little Ice Age (LIA), are topics of considerable debate (Lamb 1965,
1977; Grove 1988; Hughes and Diaz 1994; Bradley 2000; Bradley et al. 2003a), some
regional expressions of medieval climate change stand out clearly. For example, there is
clear evidence for generally arid conditions across much of the western and central US from
as early as 400 A.D. until about 1300 A.D., followed by a rapid shift towards a wetter regime
resembling modern climate (e.g., LaMarche 1974; Stine 1994; Hughes and Graumlich
1996; Laird et al. 1996; Hughes and Funkhouser 1998; Meko et al. 2001; Cook et al. 2004).
The heart of this dry western US MCA lasted from about 800–1250 A.D. and included
episodes of severe centennial-scale drought, and affected regions stretching from northern
Mexico, California and central Oregon, eastward through the Great Basin and into the
western prairies of the central US. Proxy evidence for these changes in regional climate are
documented in tree-ring series (e.g., Graumlich 1993; Hughes and Graumlich 1996; Hughes
and Funkhouser 1998; Meko et al. 2001; Cook et al. 2004), sediment core palynological
and salinity reconstructions (e.g., Mehringer and Wigand 1990; Davis 1992; Laird et al.
1996; Dean 1997; Byrne et al. 2001), fire-related reconstructions (e.g., Swetnam 1993;
Anderson and Smith 1997; Long et al. 1998; Mohr et al. 2000), terrestrial eolian deposits
(e.g., Muhs 1985; Arbogast 1996; Muhs et al. 1997; Holliday 2001; Mason et al. 2004), and
lake level reconstructions (Stine 1994; Benson et al. 2002; Yuan et al. 2004; Graham and
Hughes 2007).

1Lamb (1965) introduced the term “Medieval Warm Epoch” to refer to the period of warm European
summers and mild winters around 1100–1200 AD, and the designation Medieval Warm Period (MWP) has
been widely used for “any climatic anomaly that occurred at some time in the historical Medieval period
(500–1500 A.D)” (Bradley et al. 2003a). Other, more widely applicable, designations have been used, for
example, Medieval Climate Period (MCP) and Medieval Climate Anomaly (MCA, Stine 1994). The latter
was originally used to denote the period of dry conditions in the western US and we use it here because of its
general applicability.
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Within the past decade, new insight into the character of Medieval climate in the western US
has been afforded by a high resolution marine core reconstruction of sea surface temperature
(SST) along the central California coast (Kennett and Kennett 2000). In this record, the MCA
stands out clearly as a period of cool SSTs (2–3C less than modern values) from about 700–
1300 A.D. (see Fig. 3), timing that closely matches the period of much reduced precipitation
seen in many other proxy records from the West. This association between cool MCA coastal
waters and arid conditions across the western US seen in the proxy records is reminiscent of
large-scale common patterns of climatic variability over the North Pacific and North America
apparent in the instrumental record and in model simulations at both interannual and multi-
decadal time scales (e.g., Namias 1970; Eber 1971; Mantua et al. 1997; Cayan et al. 1998;
Nigam et al. 1999; Alexander et al. 2000; Seager et al. 2005).

More recently, other evidence relevant to the scope and mechanisms of MCA climate
change has become available from the tropical Pacific Ocean in the form of fossil coral and
marine sediment core proxy records (Cobb et al. 2003; Stott et al. 2004; Rein et al. 2004,
2005). As noted by Cobb et al. (2003) and Rein et al. (2004), these records show that the
timing of the onset and termination of the MCA dry conditions in the western US were
approximately contemporaneous with transitions into and out of La Niña-like conditions in
the tropical Pacific (c.f. Cook et al. 2004). While of interest on their own from climate and
cultural perspectives, the changes in tropical Pacific SSTs indicated by these proxy records
could explain the genesis of the MCA western droughts via familiar teleconnections
between tropical Pacific SSTs and North Pacific/North American circulation patterns
(Bjerknes 1966, 1969; Wallace and Gutzler 1981; Lau 1985, among many others).

This paper provides a broad review of MCA-LIA climate change as seen in a variety of
proxy records from western North America and examines the hypothesis that major shifts in
tropical Pacific SST patterns were an important cause of these changes. Comparisons with
examples of MCA climate change from other regions are also provided, with discussion of
possible links between them and the changes seen in the tropical Pacific and North
America. Taken together, the results show that medieval times witnessed a distinctive
pattern of climate change in many regions around the planet. As such, the findings suggest
the evolution of the concept of an Atlantic-European “Medieval Warm Period” into a
surprisingly sharp instance of Holocene climate change with near-global manifestations.

The paper is organized as follows: after this Introduction, Section 2 describes the data,
models and statistical methods and Section 3 presents the results. Section 4 provides a
summary and discussion, including comments on the relative strengths and inconsistencies
of particular results, and comments on the possible connections between MCA climate
shifts and cultural and environmental changes in the tropical Pacific.

2 Data and methods

2.1 Proxy data

Table 1 gives some basic information concerning the many terrestrial and marine proxy data
sets used in this paper (see Fig. 1 for the locations the principal North American proxy
records). More detailed information concerning many of these proxy records is given in
accompanying supplementary material Data and Methods. This additional information also
contains a brief discussion relating to the interpretation of the California fire-related proxies
(charcoal and fire scars), records we interpret (for the MCA) as primarily indicative of
winter half-year precipitation deficits.
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2.2 Climate model data

Results from both coupled ocean-atmosphere general circulation models (CGCMs) and
stand-alone atmospheric general circulation models (AGCMs) are used.

2.2.1 Coupled ocean-atmosphere general circulation models

CCSM One set of CGCM results comes from an 1,150-year simulation using the National
Center for Atmospheric Research (NCAR) Community Climate System Model (CCSM)
version 1.4 (e.g. Boville and Gent 1998). For the simulations described here, the
atmospheric component of the model was configured at triangular-31 (T31) spectral
truncation giving a spatial resolution of about 3.75° with 18 layers in the vertical (top at
5 hPa). The ocean component of the model has 45 levels, 1.8° zonal resolution, and
meridional resolution varying from 1.8° at higher latitudes to 0.8° near the equator. This
simulation was forced with estimated changes in solar irradiance, greenhouse gas
concentrations, and volcanic aerosols from 850–2000 A.D. (see Ammann et al. 2003,
2007), and the effect of this prescribed forcing is clearly apparent in the simulated surface
air temperature (and SST) records from most regions. (This version of the model also shows
robust centennial-scale fluctuations in sea ice concentration over portions of the high
latitude North Atlantic which imprint a detectible low frequency signal on temperature in
northwest Europe). The model produces more-or-less realistic El Niño variability in the
tropical Pacific (Meehl and Arblaster 1998; Otto-Bliesner et al. 2003) and related extra-
tropical teleconnection patterns. The results of this simulation show excellent agreement
with N. Hemisphere warm season temperature reconstructions over the past millennium
(Ammann et al. 2007), and model temperatures in most regions closely follow the changes
in imposed irradiance. Despite the widespread and substantial changes in near surface
temperature (land and ocean), the resulting changes in patterns of atmospheric circulation
(related to the imposed irradiance variability or otherwise) are minor, and in the Pacific

Fig. 1 Locations proxy record
for the western US
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sector particularly disagree with the sense of the substantial MCA-LIA changes suggested
by the proxy records discussed here. For the purposes of this paper, the simulation is used
as an extended control run without regard for temporal order.

ECHAM4-OPYC We also use results from 240-years of a 300-year control simulation
performed with the Max Planck Institute for Meteorology (MPI) ECHAM4 (atmospheric
component) – OPYC (ocean component) CGCM [see Roeckner et al. (1999) for
description]. For this simulation, ECHAM4 was configured at T42 resolution (approxi-
mately 2.8° latitude–longitude resolution), with 19 vertical layers (top at 10 hPa). The
ocean model has 11 vertical layers with 2.8° meridional resolution poleward of 36° latitude,
decreasing to 0.5° at the equator; zonal resolution is 2.8° everywhere. The model produces
a climatology that is realistic in many respects [see Roeckner et al. (1999) for details],
including the depiction of El Niño variability (e.g., Timmermann et al. 1999).

2.2.2 Stand-alone atmospheric general circulation models

These results come from simulations conducted (by co-authors Hoerling and Xu) with the
NCAR Community Climate Model Version 3 (CCM3, e.g., Kiehl et al. 1998) atmospheric
general circulation model (this is the atmospheric component of the CCSM coupled model
described above) configured at T42 resolution with 18 vertical layers (top at 10 hPa). These
simulations were designed to examine the atmospheric response to the MCA changes in
tropical Pacific SST suggested by the Palmyra and Mindanao (core MD98-2181)
reconstructions. To provide boundary conditions for these simulations, an idealized MCA
SST anomaly field was constructed to be approximately consistent with the Palmyra and
Mindanao SST reconstructions and with modern patterns of interannual SST variability. As
a starting point for the reconstruction, we used the first empirical orthogonal function (EOF)
of December–March tropical Pacific SSTs [104E–60W and 30N–30S; Smith and Reynolds
(2004) data for 1950–1998]. The spatial function for this first EOF mode (the familiar “El
Niño” pattern was expressed in units of SST response and scaled over the central and
eastern equatorial Pacific to give a value for the NINO3.4 index (average over 120–170W,
5N–5S) of approximately −1.5°C, in agreement with difference between modern and MCA
SSTs indicated by the Palmyra reconstruction. A separate weighting was applied over the
western and off-equatorial central Pacific so that the maximum values in the northwest
tropical Pacific were on the order of 1–1.5°C. To make the idealized SST changes in the
western Pacific like those inferred from the Mindanao reconstruction (from core MD98-
2181), a zonal extension was inserted between 178E and 174W to translate the SST
anomalies in the western ocean farther west [this was required because observed cool
(warm) SST anomalies often form in the western Pacific during El Niño (La Niña) events
tend to be found well east of the Philippines]. The anomaly field was then tapered along the
boundaries to reduce spatial gradients and added to modern monthly climatological SST
fields. Figure 2 shows a map of the inferred SST departures from modern averages.

Two model experiments were conducted, one used the modern climatological cycle of
SSTs alone (the MODERN simulation) and the other included the inferred MCA SST
changes as described above (the MCA simulation). Because El Niño variability has a non-
linear impact on climate (in large part because of the asymmetric response of precipitation
to positive and negative SST anomalies in the eastern equatorial Pacific; e.g. Hoerling et al.
1997), an idealized El Niño–La Niña cycle was imposed in tropical Pacific SSTs in both
simulations. This idealized cycle was constructed using the spatial patterns of the leading
EOF of modern SSTs (calculated separately for each calendar month over 20N–20S, and
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120E to the coast of South America for 1950–99). The EOF patterns were scaled so that the
NIÑO3 index (area-average over the region 150–90W, and 5N–5S) varies from zero in June
of Year 0 (notation of Rasmussen and Carpenter 1982), to +2°C in November–December of
Year 0, to zero again in June of Year 1, reaching a minimum of −2°C in November and
December of Year 2, and returning to zero in June of Year 3. To provide representative
sampling, both simulations were run for 40 years so that each contains 20 El Niño and 20
La Niña episodes.

2.3 Statistical methods

Most of the techniques used here are familiar and where necessary additional details are
given in the text. Windowed smoothing is applied in some cases to irregularly sampled
proxy records in which averages are taken over all data points within a sliding window with
a constant temporal width (e.g., 101 years), rather than over a fixed number of data points.

We introduce a new technique (Proxy-Surrogate Ranking, PSR) to assist in inferring past
changes in large-scale climate and circulation. PSR is an analog method [using elements
from the “trend-surface” approach described by Graumlich (1993)] in which numerical
model output is reordered to obtain temporal agreement between a proxy data series (Y)
and a corresponding subset of the model output (Y*; both Y and Y* may be multivariate).
The goal is to reorder the model output (the “surrogate” data) so that there is good serial
agreement between Y and Y*. The reordered model data can then be used to examine
possible multivariate scenarios of past climate that are consistent with the original proxy
data. For example, one might have a proxy-derived regional precipitation index (Y) and a
corresponding index from a model simulation (Y*; Y and Y* needn’t have the same
length). The model index is reordered so that it agrees well (in time) with the proxy series,
then this reordering applied to the full model output. The reordered model data can then
used to examine how, for example, 500 hPa heights may have evolved as consistent with
behavior of the original proxy index. The PSR methodology is outlined more formally in
the Appendix.

In this paper, PSR is used to contrast MCA and post-MCA near-surface temperature,
precipitation and large-scale circulation patterns as estimated from (proxy and model) a)
central California precipitation and SST, and b) tropical Pacific SST.

Fig. 2 Proxy-inferred tropical MCA Pacific SST pattern used for CCM3 experiments; values are differences
(C) from modern averages
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3 Results

3.1 Proxy records from Western and Central US

Figure 3 gives a general overview of the MCA and MCA-LIA transition in the far western
US as seen in a variety of proxy records arranged loosely from north to south. Beginning in
Northern California, the Crater Lake sediment charcoal record (inverted and smoothed over
windows of 101 years; Mohr et al. 2000) indicates increasing fire frequency beginning in
the sixth century A.D., sustained elevated frequency from the seventh through the eleventh
century (values on the order of 0.75 particles cm−2 yr−2), followed by a sharp decline during
the eleventh and twelfth centuries (to values <0.1 particles cm−2 yr−1) apparently associated
with changing climate at the MCA-LIA transition (increasing precipitation and/or
decreasing summer temperatures). As discussed later, this general pattern of increasing
fire during the MCA, then declining going into the LIA, is repeated in other fire-related
proxy records from California, and is interpreted here as being caused largely by
decreased in winter half-year precipitation (though warmer MCA summer temperatures
may have played a role as well, see Graumlich 1993 and Millar et al. 2006).

The Diamond Pond juniper-to-grass pollen ratio record (averages of samples in 101-year
blocks; Mehringer and Wigand 1990) shows a pattern of low frequency change much like
that seen in the Crater Lake charcoal record, and indicates a protracted period of decreased
wet season (autumn through spring) precipitation beginning from the fifth–thirteenth
centuries, followed by increasing precipitation beginning approximately 1200 A.D.

(coincident within dating uncertainty with the rapid decrease in Crater Lake charcoal
accumulation). The juniper-grass pollen ratio changes associated with these fluctuations are
quite large, going from typical values of about 0.28 from 500–1200 A.D. (the lowest
sustained values during the 6,000 year record) to 1.4 during the eighteenth and nineteenth
centuries. Other indices from the Diamond Pond record, including charcoal-pollen ratios
and packrat midden counts, are consistent with the climate changes inferred from the
juniper-grass pollen ratios (Mehringer and Wigand 1990; Wigand and Rhode 2002).

The San Francisco estuary diatom salinity index (DSI; Byrne et al. 2001; Starratt 2004)
indicates increasing salinity from 2,000–1,500 years BP, relatively high salinities during the
MCA, with a rapid shift towards lower salinity around 1100 A.D., implying increasing
discharge from the Sacramento/San Joaquin Rivers. The timing of the inferred increase in
discharge is approximately 100 years earlier than the onset of the LIA as seen in the Crater
Lake and Diamond Pond records (and up to 200 years earlier than changes seen elsewhere
in central California). These differences may reflect dating uncertainty and sample
resolution. The shift in the DSI (fractional representation of fresh and brackish water
diatom taxa as opposed to those found in saline environments) from about 25% during the
MCA, to >95% during the LIA indicates salinity changes from approximately 15–20‰ to
2–7‰, respectively, suggesting that MCA Sacramento-San Joaquin discharge was as much
as 40% less than twentieth century values (Byrne et al. 2001). (Note: the decline in the DSI
late in the record is thought to reflect modern upstream interventions in Sacramento-San
Joaquin river flow).

The inferred salinity – discharge record from the DSI described above can be compared
with the tree-ring based Sacramento flow reconstruction described by (Meko et al. 2001;
not shown), at least from the mid-MCA forward. The two records differ in several respects
including the timing of increasing Sacramento flow at the end of the MCA (twelfth century
in the DSI, fourteenth–fifteenth century in the tree-ring derived record) and in magnitude of
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estimated MCA flow reductions (up to 40% reductions from the DSI, 10–15% from the
tree-ring record).

Central California PDSI (average for grid squares centered at 37.5N/120W and 35N/
120W; Cook et al. 2004) shows considerably more centennial-scale variability than Crater
Lake and Diamond Pond records, but agrees approximately with those records regarding
the timing of end of the MCA (about 1200 A.D.). The PDSI record suggests that the MCA
was marked by three periods of relatively dry conditions during the late sixth–early seventh,
ninth–tenth (this particularly severe), and late twelfth–thirteenth centuries, with intervening
periods of much higher precipitation. The timing of the latter two dry periods, a common
feature of the reconstructed PDSI data through much of California (with the best agreement
through the central and south-central part of the state) coincides closely with the timing of
two deep low stands and intervening high stand of Mono Lake documented by Stine
(1994). Increasing, and less variable, PDSI values are indicated after about 1300 A.D. A
reconstruction of coastal central/southern California precipitation for California Climate
Division 6 (see Section 3.4.1) based on the PDSI record for southwest California (this
record is very similar to the combined PDSI record shown in Fig. 3) indicates that
centennial precipitation averages 75–85% of the twentieth century mean during these two
Medieval droughts, with shorter periods of much more severe conditions. Graham and

Fig. 3 Proxy climate records
from the western US; heavy hor-
izontal lines with circles indicate
the Mono Lake low stands iden-
tified by Stine (1994); approxi-
mate duration of the MCA is
indicated by grey lines; note that
the Crater Lake charcoal concen-
tration and San Francisco Bay
salinity records are inverted. The
San Francisco Bay salinity and
San Joaquin Marsh records
shown without smoothing, all
other records are averages over
sliding 101-year windows. Values
are standard deviations (σ) for the
records over the period shown;
vertical axis tick marks are sepa-
rated by 1σ
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Hughes (2007) obtain similar results (deficits of 19–25%) in centennial average central
Sierra Nevada streamflow for those two droughts.

In terms of the general timing of the transitions into and out of the MCA, the bristlecone
pine-derived central Nevada precipitation reconstructions (for Nevada Climate Division 3 –
an index of area-average precipitation for central Nevada; Hughes and Graumlich 1996)
show features similar to those in the records discussed above (see also the Great Basin
reconstruction of Hughes and Funkhouser 1998). The onset of drying is indicated at
approximately 300 A.D., slightly earlier than the changes seen in the Crater Lake and
Diamond Pond records and much as seen in the central coastal California PDSI record. The
transition out of the MCA is depicted at about 1350 A.D., 50–150 years later than
suggested by the Crater Lake, Diamond Pond and San Francisco Bay salinity records. Note
also that the difference between MCA and post-MCA reconstructed central Nevada
precipitation is relatively small (about 5%) in comparison to the values obtained for
California west of the Sierra Nevada.

The Santa Barbara Channel SST reconstruction (Kennett and Kennett 2000) shows clear
similarity to many of the records described above. Reconstructed SST declines after about
500 A.D., reaching a minimum (approximately 11°C) during the eleventh and twelfth
centuries, and then warms steadily during the nineteenth century (to approximately 13°C).
The record is punctuated by high amplitude centennial fluctuations of 1–1.5°C, but
uncertainties in the age model(s) make it impossible (though always tempting) to
convincingly match specific features with those in other records. Nevertheless, the low
frequency shifts from relatively warm pre-MCA SSTs to cooler MCA conditions, and
warming during the LIA SSTs are clear and substantial both in terms of the full Holocene
record (not shown; see Kennett and Kennett 2000), and in terms of modern SST variability
along the central California coast [the standard deviation of annual average SST for 1950–
2000 is approximately 0.7°C, slightly larger for December–March (Smith and Reynolds
(2004) data)]. It is of interest to note that the bristlecone pine reconstruction of Nevada
Climate Division 3 precipitation and reconstructed Santa Barbara channel SSTs have
maintained a consistently positive relationship at multicentennial time scales over the last
3,000+ years.

The Lower Pahranagat Lake conifer-to-saltbush pollen ratio record (Wigand 1997;
Wigand and Rhode 2002) shows a period of quite moist conditions in the southern Great
Basin at the beginning of the first millennium A.D. (pollen ratio reaching 1.75), drier
conditions between about 300–500 A.D. (pollen ratios reaching 0.55), a brief period of
increased moisture from 500–800 A.D., then a protracted MCA dry period ending about
1450 A.D. followed by increasing moisture availability through the nineteenth century (ratio
reaching about 1.5).

The final series plotted in Fig. 3 is the San Joaquin Marsh “flower” (Compositae) pollen
fraction record (Davis 1992). This record shows decreasing moisture availability (from 40%
pollen fraction) early in the first millennium (a trend that begins much earlier, see Davis
1992), then relatively low values until the fifteenth century A.D. (pollen fractions of about
10%) when the record climbs sharply (to 60% during the eighteenth century). Boxt et al.
(1999) document similar timing (1300–1400 A.D.) for evidence of increased flow in their
analysis of a well-dated core (approximately 10 14C dates between 0 and 1600 A.D.) from
nearby Bouton Creek. This timing is in good agreement with the Pahranagat Lake and
bristlecone pine reconstructions. [Note: It is worth pointing out that the magnitude and
abruptness of the inferred MCA-LIA transition is unique in the entire 6,000 year San
Joaquin Marsh record (Davis 1992). At the same time, although the MCA-LIA transition is
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apparent in the San Joaquin Marsh vicinity, a detailed sediment core analysis from a coastal
wetland 100 km to the southeast (Los Peñasquitos Lagoon near San Diego; Cole and Wahl
2000) reveals no clear signal of an MCA-LIA transition.

Considering all of the records in Fig. 3 (and recognizing that any specific age ranges will
be somewhat arbitrary), there emerges a general sense that in California the MCA covered
approximately 400–1300 A.D., with the most extreme conditions occurring between 800 and
1250 A.D. At the same time there is regional variability, particularly with respect to the
timing of the “MCA-LIA transition” (a vague concept in any case). While many of the
records suggest a transition beginning between 1100 and 1200 A.D., other records (central
California PDSI, the bristlecone Nevada precipitation reconstruction, Pahranagat Lake, and
San Joaquin Marsh) suggest a rather later transition ranging from approximately 1250–
1450 A.D. It seems likely that these differences reflect differential proxy responses, dating
uncertainties, and varying regional climate signals (e.g., Dettinger et al. 1998) rather than
important attributes of MCA climate change in the western US.

Figure 4 shows the California fire-related proxy records (described in Section 2)
arranged (as in Fig. 3) more-or-less north to south. As described by Mohr et al. (2000) the
records from Bluff and Crater Lakes (northern California) indicate increasing fire frequency
beginning early in the first millennium B.C., peaking between 400 and 1300 A.D., then
decreasing (very abruptly in the Crater Lake record) apparently in association with the
increasing cool season precipitation at the onset of the LIA (other records from the region

Fig. 4 Fire-related proxy records
from California; the reconstructed
PDSI record for central California
(bottom; inverted) is shown for
comparison; the approximate du-
ration of the MCA is indicated by
grey lines. All records show
averages over sliding 25-year
windows. Values are standard
deviations (σ) for the smoothed
records over the period of record
shown; vertical axis tick marks
are separated by 1σ. Dotted lines
emphasize alignment of maxima
in the Seven Meadows charcoal
record and dry periods in the
PDSI record
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show similar behavior, see Daniels et al. 2005). The Sequoia Groves fire-scar record
[Swetnam 1993; processed here to give a binary record (one if three or more groves had
fire, zero otherwise) then smoothed with a 25-year running mean], shows timing similar to
the Crater Lake record, with fire activity increasing in stages-first in the eighth century,
again in the early tenth century, and once more in the twelfth century (during the two peaks
at this time, the “four or more groves with fire” index was exceeded in more than 30% of
the years) – then decreasing abruptly beginning early in the thirteenth century. The
composite Seven Meadows charcoal deposition rate record (Anderson and Smith 1997)
shows high amplitude variability at time scales from decades to centuries with an overall
envelope similar to the Crater Lake and Sequoia records. Charcoal concentrations peak four
times after about 500 A.D. in general synchrony with the tendencies in the Sequoia Groves
record and fall rapidly during the thirteenth century. The agreement between the major
charcoal peaks in the Seven Meadows record and the driest periods in the reconstructed
PDSI record for the grid square covering the central Sierra Nevada (shown inverted in
Fig. 4) emphasizes the role of precipitation deficits in contributing to the timing of periods
of increased MCA fire incidence this region.

3.2 Analyses of gridded PDSI data

In this section, the Cook et al. (2004) gridded PDSI reconstruction is used to more fully
examine the spatial-temporal structure of MCA-LIA precipitation changes over the western
US, here using EOF analysis rather than the “drought area index” approach employed by
Cook et al. (2004). The EOF analyses were performed using the 900–1992 “no missing”
dataset (Section 2). A 15-year running average applied prior to analysis to emphasize lower
frequency variability. Figure 5a shows the spatial pattern for the first EOF mode from a
covariance matrix-based analysis in terms of correlations between the (15-year running
mean) grid point time series and the temporal function (50% of the total variance of the
smoothed data). The spatial signature for this mode reflects the broad spatial coherence of
low frequency precipitation variability across the western US, as reported earlier by Hughes
and Funkhouser (1998), with correlations exceeding 0.8 (indicating dry MCA, and moist
LIA, conditions) reaching across the Great Basin to the Rocky Mountains, and from
Wyoming to Arizona and New Mexico. The time function for this EOF (Fig. 5c) shows a
shift towards more moist conditions with markedly fewer extended dry periods after the late
thirteenth century, with suggestions of especially dry periods during the tenth, twelfth, and
early-to-mid thirteenth centuries, timing that corresponds approximately with the low stands
of western Great Basin lakes (Mono, Pyramid, Walker) noted by Stine (1990, 1994),
Benson et al. (2002), and Yuan et al. (2004). Also shown in Fig. 5c is the (15-year running
averages) Palmyra coral-based NINO3.4 SST reconstruction (Cobb et al. 2003). Beyond the
general timing of the increasing precipitation through the last millennium, there are
indications of agreement on shorter timescales for the segments covering the twelfth and
fourteenth centuries, but such agreement is not obvious for the other segments.

To focus more closely on signal coherence rather than signal amplitude, a correlation
matrix-based EOF analysis (Fig. 5b) was also conducted using the 15-year smoothed “no
miss” PDSI dataset as described above. In these results, the MCA-LIA signal is captured in
the second EOF mode [21% of the standardized variance; the first mode (not shown) is
dominated completely by multi-decadal variability in southern British Columbia]. For the
second correlation EOF mode, the maximum positive correlations (dry MCA) are found
over Nevada and in comparison with the covariance matrix results the higher correlations
are shifted west and northwest, reflecting coherent but lower amplitude PDSI variability
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Fig. 5 a Loading patterns (ex-
pressed as correlations with tem-
poral amplitudes) for first
covariance mode EOF calculated
from the gridded reconstructed
PDSI data for all points with no
missing data from 900–1989 A.D.
The data were filtered with a 15-
year moving average prior to the
EOF analysis. This mode
accounts for 50% of the total
variance; correlations between the
gridded time series and the tem-
poral amplitude are shown. b As
in panel a, but for the second
EOF mode calculated using the
correlation matrix (21% of the
total standardized variance). Gray
shading in each panel indicates
spatial domain of EOF analysis.
c Temporal amplitudes from the
first covariance mode EOF (light;
see panel a). The Palmyra coral
NINO3.4 SST reconstruction
(dark; arbitrarily scaled) is shown
for comparison
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over California and western Nevada, consistent with the results of Hughes and Funkhouser
(1998). Another difference between the covariance and correlation EOF results is the
amplification of the negative correlations (up to 0.4) over western British Columbia in the
latter. While PDSI variability in this region may relate more closely to late spring and early
summer (rather than winter) conditions, the dipole-like correlation pattern second
correlation EOF (Fig. 5b) is suggestive of well-known patterns of precipitation change
associated with interannual to inter-decadal Pacific climate variability (e.g., Cayan et al.
1998). The temporal function for this second correlation-based EOF mode is nearly
identical to that for the first covariance mode in Fig. 5c.

To get a clearer idea of the patterns and magnitudes of MCA vs. LIA changes in PDSI
(and some idea of the patterns of change in precipitation), Fig. 6 shows differences between
the reconstructed PDSI averages (non-smoothed data from the “no missing” dataset) for
900–1200 A.D. less that for 1550–1850 A.D. scaled by the overall standard deviation for
those 600 years. By this measure, the largest negative changes (−0.4 to −0.5 σ) are
distributed in a pattern similar to that seen in the correlation-based EOF (Fig. 5b), with the
largest negative values (drier MCA) extending from southern Wyoming and western
Nebraska south through the Great Basin and extending west into central California. Large
increases in reconstructed PDSI (0.5–0.7 σ; more moist MCA) appear in British Columbia
[the area-average record for this region (not shown) shows sharply decreasing PDSI
between 900 and 1200 A.D.], again indicative of the tendency for meridional polarity in
MCA-LIA winter-spring climate changes over the western North America, likely the
signature of shifts in large-scale circulation patterns. [The statistical significance of the grid
point differences in the MCA-LIA means were estimated with a t-test (see Fig. 6). The
significance levels obtained are little affected for reasonable choices of the number of
degrees of freedom – a value of 200° was used here, allowing for the typical decorrelation
time for the gridded PDSI data of 2 years].

3.3 MCA-LIA changes in the tropical Pacific

Figure 7 shows the three tropical Pacific marine proxy records described in Section 2
[(Palmyra coral, coastal Peru (core SO147-106KL) and Mindanao (core MD98-2181)],
along with the Santa Barbara Channel SST reconstruction (repeated from Fig. 3). The

Fig. 6 Differences in recon-
structed PDSI means for 900–
1200 A.D.–1500–1850 A.D.; values
are scaled by the standard devia-
tion of the (unsmoothed) data for
each gridpoint over 600-year
comparison period and are shown
only where t-test confidence levels
for the difference in the means
exceed the 90%; contours show
the 95 and 99% t-test confidence
levels
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Mindanao SST reconstruction (Stott et al. 2004) shows SSTs in the northwestern equatorial
Pacific increasing (downward in the inverted record shown in Fig. 7) in stages beginning
about 300 A.D., reaching 1C above the modern regional annual average (i.e., about 28.5 C)
during the fifth century A.D., and 29C during the eight–ninth centuries and again in the
thirteenth–fourteenth centuries. After the thirteenth–fourteenth centuries SSTs decline to
near modern (reconstructed) values by the fifteenth century. The MCA increases in SST are
substantial, representing 1.4–2.0 times the modern standard deviation of annual average
SST of about 0.7C. Also note that modern SST variability in this region shows little
association with either El Niño or Pacific decadal variability, both of which have their
major northwestern tropical Pacific expression farther east (these generally vary in
opposition to those in the central and eastern tropical Pacific).

In contrast to the much warmer (than modern) MCA SSTs indicated in the Mindanao
(core MD98-2181) western Pacific reconstruction, the Palmyra NINO3.4 reconstruction
(Cobb et al. 2003) suggests that MCA SSTs in the central equatorial Pacific SSTs were
much cooler than (as much as −2°C) than in the modern climate, then warmed rapidly
through the fifteenth century. The segment averages (Fig. 7) mask the considerable higher
frequency variability apparent in the complete records [see Cobb et al. (2003) for complete
discussion; 15-year smoothed records are shown in Fig. 5c], and the long inter-segment
gaps further challenge interpretation. Nevertheless, the SST changes between the first three
segments are much larger than the 2σ bounds on the segment means, and the reconstructed

Fig. 7 Pacific Ocean marine
proxy records; values (as anoma-
lies) are °C for the Mindanao,
Palmyra (NINO3.4) and Santa
Barbara SST reconstructions and
standard deviations (of the
smoothed data) for the Peru river
discharge reconstruction. The
Mindanao, Santa Barbara and
Peru records are averages over
sliding 51, 101, and 51-year
windows, respectively. The Pal-
myra data are anomalies with
respect to the full reconstructed
NINO3.4 SST record, plot shows
segment means (circles), 95%
confidence limits (horizontal
lines) and segment time span
(vertical bars). Heavy horizontal
lines with filled circles (bottom)
indicate nominal periods for the
Mono Lake low stands (from
Stine 1994)
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MCA SSTs averages are more than two (interannual) standard deviations below modern
annual averages. As discussed by Cobb et al. (2003), the magnitude of the reconstructed
Palmyra SST fluctuations may be somewhat exaggerated by the effects of sea water δ18O
changes associated fluctuations in precipitation and changes in upwelling and horizontal
advection (“salinity” effects) – and more refined thermometry measurements [e.g. Mg/Ca
(Mitsuguchi et al. 1996)] may eventually resolve this issue. In any case, Woodroffe and
Gagan (2000) and Woodroffe et al. (2003) considered this issue in some detail in their
Holocene SST reconstructions from nearby Christmas Island and determined that the
impact of water mass isotopic variability (the “salinity” effect) on δ18O SST reconstruction
was modest.

The opposing trends in reconstructed SST in the core MD98-2181 (Mindanao) and
Palmyra records over the past millennium suggest the intriguing scenario of an MCA
marked not only of a relatively cooler eastern and central tropical Pacific, but also by
substantial warming in the western equatorial ocean (i.e., a substantial increase in the
equatorial Pacific zonal SST gradient). Further, the Mindanao record raises the suggestion
that the Palmyra record portrays just the latter half of the MCA episode, i.e. a preceding
cooling phase is not covered. Support for this scenario comes from the riverine sediment
concentration record from Core SO147-106KL from near-coastal central Peru (Rein et al.
2004, 2005). This record shows increasingly large excursions towards low concentrations
of riverine deposits [indicative of reduced flood frequencies in coastal northern Peru and
Ecuador] beginning during the early first millennium A.D., approximately coincident with
the onset of warming in the Mindanao SST reconstruction. The record is marked by a
particularly large decrease during the eighth century AD, with further declines leading to
minimum values during the tenth–twelfth centuries. A rapid recovery towards higher
terrestrial material concentrations begins early in the thirteenth century [in close synchrony
with the precipitation and fire related changes in California (Figs. 2 and 3)].

The Santa Barbara Channel SST reconstruction (repeated from Fig. 3) is also shown in
Fig. 7. The remarkable similarity between this record and those from the tropical Pacific (a
2°C decrease in SST between 300 and 1100 A.D., with superimposed energetic centennial
fluctuations; rising SSTs after the twelfth century) is clear and consistent with (tropical-mid-
latitude) associations apparent in both the instrumental record and model results, and well
understood on the basis of physical processes.

3.4 Syntheses

3.4.1 Cross-proxy reconstruction vs. cross-instrumental record relationships

While the qualitative consistency between the associations noted among proxy reconstruc-
tions and those found in observations and model results is suggestive of the character of
climate change, quantitative consistency allows increased confidence in the precision of the
proxy records. In this section, two such cross-proxy comparison analyses are presented
relating to the association between tropical Pacific SSTs (Palmyra reconstruction) and
California climate.

The positive association between precipitation in much of the western US and tropical
Pacific SSTs as seen in the instrumental record is well known (e.g., Ropelewski and Halpert
1987; Schonher and Nicholson 1989; Redmond and Koch 1991), and qualitatively supports
the idea of a connection between the cool eastern tropical Pacific SSTs (Figs. 5c, and 7) and
generally dry conditions across the western US (Figs. 3, 4, 5, and 6) during the MCA.
Beyond qualitative support, the question arises whether the proxy-inferred precipitation
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changes over the western US are of the magnitude that would be expected given the proxy-
inferred changes in tropical Pacific SSTs?

Addressing this question requires first an estimate of the magnitude of MCA reductions
in western US precipitation. As a starting point for such an analysis, a statistical model was
constructed relating reconstructed PDSI (average for the two grid points centered at 35N
120W and 35N 117.5W) to observed precipitation over coastal central and Southern
California (California Climate Division 6; November–May totals for 1895–96 to 1997–98).
The resulting exponential model gives a good fit (R=0.83*) in which divisional
precipitation showing an increasingly positive response as reconstructed PDSI increases.
This relationship was then used to produce a reconstruction of regional precipitation from
the reconstructed PDSI data. The relationship between these data and Palmyra-inferred
NINO3.4 SST is shown in Fig. 8 (for this figure the reconstructed precipitation and SST
records were smoothed with a 15-year running mean to allow for dating uncertainty in the
latter). The resulting scatter plot shows an approximately linear relationship giving an
increase of about 100 mm of seasonal total precipitation over the 24–28C range covered by
the proxy SST record. Figure 8 also shows the distribution between historical NINO3.4
SST (Kaplan et al. 1998 data) and California Division 6 precipitation. This distribution
shows a positive association (as expected) but the slope is steeper than that in the proxy
reconstructions. (Note: the dip in the observed distribution near 27°C results primarily from
a relatively small number of particularly dry years that occurred when SSTs were not
especially cool; these include 1943, 1945, 1947, 1961, 1964, 1990, 2002). Recognizing the

Fig. 8 Coastal southern
California (California Climate
Division 6) December–May
precipitation plotted as a function
of NINO3.4 SST. Open circles
show proxy reconstructed
precipitation (see text) vs. the
Palmyra coral NINO3.4 SST
reconstruction. Filled squares
show the same relationship for
observed California Division 6
precipitation vs. NINO3.4
[Kaplan et al. (1998) data]. Proxy
data are from15-year running
means; instrumental data are
15-sample averages from season-
al means sorted on the basis of
NINO3.4 SST
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substantial uncertainties underlying the proxy-based reconstructions, and the fact that
historical NINO3.4 data is somewhat uncertain in the early years, the results in Fig. 8 may
be summarized as (at least) consistent with the hypothesis that the two distributions reflect
the same underlying processes.

Another “cross-proxy” relationship that can be tested quantitatively is that between
tropical Pacific and central California coastal SSTs. This relationship is strong in the
instrumental record, as emphasized by the mapped correlations (Fig. 9) between December–
March-average Pacific Basin SSTs and NINO3 SST [Smith and Reynolds (2004) data;
broadly similar patterns are found at multi-decadal time scales, e.g., Cayan et al. 1998; Mantua
et al. 1997]. Of particular note in Fig. 9 are the correlations between SSTs in the tropical
Pacific and those along the coast of California, which emphasize the strong positive
association between SSTs in these regions. To investigate whether this relationship is similar
in the proxy reconstructions and observed data, Fig. 10 shows December–March south-
central California coastal SSTs [data from Smith and Reynolds (2004); 2° grid square
centered at 34N 120W 1853–54 to 2001–02] with those from the NINO3.4 region (5N–5S,
170W–120W) for the instrumental record, and for those inferred from the Santa Barbara
Channel and Palmyra NINO3.4 SST reconstructions. When plotted as annual averages, the
observational data show an approximately linear relationship in which a 1.0°C increase in
NINO3.4 SST is associated with a 0.70°C increase in coastal California SST (0.67°C coastal
per 1.0°C NINO3.4 for 15-year averages). The proxy data show reasonably good agreement
with these values, with slopes of 0.45 and 0.62°C coastal per 1.0° NINO3.4 for averages
calculated over the Palmyra segment intervals or Santa Barbara Channel reconstruction
sample intervals, respectively. [Note that when the observational data are plotted as (paired)
15-year running means, the approximately linear relationship is apparent only in the data after
about 1950 (see Fig. 10 in which this period is seen in the upper right limb of the smoothed
data). Whether this departure from a more or less monotonic relationship for longer term
averaging is an artifact or represents the actual behavior has not been investigated.]

As mentioned in the Introduction, the evidence from proxy records for cool SSTs off
coastal California and in the central and eastern tropical Pacific, along with arid conditions
in the western US during the MCA, has obvious similarities to patterns seen in the modern
climate record in association with El Niño/La Niña (ENSO) and Pacific inter-decadal
variability. At the same time, it is worth keeping in mind that there are (at least) two clear
differences between the “canonical” patterns constructed from the modern record and what

Fig. 9 Correlations between
December–March NINO3.4 SST
and SST elsewhere [Smith and
Reynolds (2004) data, analysis
period 1950–2003)]; regions
where correlations are above 0.6
are shaded
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the MCA proxy data show for the western US. First, the MCA arid conditions evidently
covered nearly all the western US, changing sign near the Canadian-US border (Fig. 6). In
contrast, modern precipitation patterns associated with ENSO and Pacific inter-decadal
variability generally show a change in sign running west-to-east across the south-central
part of the western US (e.g. Mantua et al. 1997), nearly 1,000 km to the south of its position
in Fig. 6. This point of dissimilarity indicates that the circulation changes that characterize the
MCA were (at least for protracted times) different than those seen in typical modern
composites, perhaps with cool season eastern North Pacific westerlies withdrawing north of
the extreme locations seen in the instrumental era (see discussions in Rajagopalan et al.
2000 concerning modern variability in composite patterns). Second, the MCA droughts in
the western US far exceed those in the modern record (and over the past 500 years or more) in
terms of persistence. This persistence argues for long-lived changes in the surface forcing
fields that determine favored longwave configurations in the westerlies. These two points of
dissimilarity emphasize that while circulation analogues from modern times are likely of
value for guidance, their quantitative applicability may be limited.

3.4.2 Inferences from model data

Composites based on California temperature and SST Numerical model results offer an
opportunity to extrapolate the proxy-inferred changes in precipitation and SSTs described
above. As a first means of doing so, we apply the PSR methodology (see Section 2.3 and
Appendix) to results from the NCAR and MPI coupled models (see Section 2 for
discussions of models and methodology). In the first set of PSR analyses, the proxy data
vector (Y) is given by values of the Santa Barbara Channel SST reconstruction (linearly
interpolated to annual values for this analysis) and the reconstructed precipitation record for
California Climate Division 6 described above The corresponding surrogate data vectors
(Y*) are composed of A) area-averaged SST from the region 33–35N, 130–123W, and B)
area-averaged precipitation over the region 34–37N and 118–120W (both December–
March averages), taken from the CCSM and MPI coupled models. The measure of
similarity (S) is simply the Euclidean distance between the Y and Y*, with coordinates of
each expressed in terms of fraction of climatology (precipitation) and °C (SST).

Fig. 10 South-central coastal
California SST plotted as a func-
tion of NINO3.4 SST. Circles
show proxy data (from Santa
Barbara Basin and Palmyra coral
reconstructions) averaged over
the five sections of the Palmyra
coral record. Crosses show the
values from the instrumental re-
cord [Smith and Reynolds (2004)
data; analysis period 1900–2002];
California coastal SSTs from grid
point at 34N/119W
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Figure 11a shows MCA-LIA differences between PSR-derived December–March
averages in CCSM sea level pressure (SLP), precipitation, and surface air temperature
(averages for 950–1250 A.D. less those for 1550–1850 A.D.). The SLP pattern show strong
ridging over the North Pacific, with positive anomalies of up to 10 hPa over the Northeast

Fig. 11 a Differences between CCSM model PSR composites conditioned on proxy California coastal SST
and precipitation for 950–1250 A.D. and 1550–1850 A.D. for SLP (hPa, bottom left), precipitation (difference
as a percent of the average for the 600 years; top left), and surface air temperature (C, top right). Contour
intervals are 2 hPa, 10% and 0.4C, respectively. b As in panel a, but from the MPI model
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Pacific (>1σ over much of the northeast Pacific) indicative of a weakened Aleutian Low.
The precipitation composite difference shows decreases of 10% over a large parts of the
western US and Canada, and 20–30% over central and Northern California and southern
Oregon. The surface air temperature difference map suggests that the dry MCA winters
were cool (2–3°C cooler than the LIA) across the western US and Canada. The pattern of
temperature differences over the North Pacific shows negative anomalies in the east (as
constrained by the compositing process) and positive anomalies in the central ocean, as
would be expected with the accompanying SLP pattern.

An identical analysis applied to the MPI ECHAM4 / OPYC coupled model output
(Fig. 11b), produces magnitudes and patterns of change over the northeast Pacific and
western North America that are similar those obtained from the CCSM (Fig. 11a). A
notable difference is that negative precipitation anomalies in the MPI pattern extend only
into the western parts of California and Oregon rather than well into the interior western
and west-central US as indicated in the CCSM results and as seen in reconstructed
precipitation for the Great Basin (Hughes and Funkhouser 1998) and the PDSI composites
(Fig. 6; Cook et al. 2004). The MPI and CCSM results also differ considerably in the
tropics and subtropics with former showing a La Niña-like SST pattern and much reduced
precipitation over the near-equatorial central and eastern Pacific, with extensive areas of
associated above normal precipitation in the Pacific sub-tropics and over the western
tropical Pacific.

When considering Fig. 11a and b, it is worthwhile to recall that these PCR composites
are based (in part) on central California precipitation. This choice of indices tends to isolate
both the spatial coverage of the region of MCA aridity in the western US to southern
Oregon and California (unlike the patterns in Figs. 5a, b and 6), and limits the eastward
extent of the north Pacific positive SLP differences into the interior western US. By
construction, a composite based on regional precipitation (or “drought index”) over the western
US and SSTwould produce MCA precipitation deficits over the west and it would likely show
the North Pacific region of SLP differences extending somewhat farther to the east.

Composites based on MCA-LIA differences based on Palmyra SST Figure 12a–b show the
PSR-derived MCA-LIA composite differences for CCSM and MPI coupled models
constructed on the basis of the Palmyra coral NINO3.4 SST. The time periods used for
comparison correspond to segments 1 and 2 of the Palmyra record (MCA; 928–961 A.D. and
1149–1220 A.D.), and segments 3 and 4 (LIA; 1317–1463 A.D. and 1635–1703 A.D.) (see
Fig. 5c). For these composites, the similarity measure was the (absolute) difference between
the Palmyra and model simulated NINO3.4 anomalies (calculated from the full records for
all data sets). [Note: because the range of the Palmyra coral-based NINO3.4 reconstruction
is larger than that in the coupled model (MPI especially) results, the same model years are
selected during a few short periods of time and have been retained in the PSR reconstructed
data sets).

The NINO3-based MCA-LIA differences for CCSM (Fig. 12a) show an SLP pattern
similar to those derived on the basis of the California proxy data (Fig. 11a, b), though the
maximum SLP differences over the North Pacific are smaller (6 hPa as opposed to 10 hPa)
and the ridging over the eastern North Pacific extends slightly farther east in the Palmyra
composite. Similarly, the precipitation differences are smaller in magnitude to those seen in
Fig. 11a, though reductions of more than 10% cover much of the far western US, with 20–
30% reductions over much of California. A difference between the North American and
tropical Pacific-based precipitation-based MCA-LIA differences is that the region of
reduced precipitation over the eastern North Pacific and California is moved slightly
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southeastward in the latter. The results show increased precipitation across northern Mexico
and south-central US (a spurious response of CCSM to El Niño variability), in this case
extending southwestward into the off-equatorial tropical Pacific to connect with an
enhanced ITCZ (precipitation increases on the order of 30%, while rainfall over the central

Fig. 12 a As in Fig. 11a, but for CCSM model PSR composites conditioned on Palmyra coral reconstruction
of NINO3.4 SST; differences are for portions of the period 928–1220 and 1317–1703 for which there are
reconstructed data. b As in panel a, but from the MPI model
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equatorial Pacific shows MCA reductions up to 50%. The CCM Palmyra-based MCA-LIA
surface air temperature difference pattern is similar in character to that based on the
California proxy records (Fig. 11a), though again the extra-tropical values are generally
smaller (particularly in the eastern North Pacific), and (by construction) the cool tropical
Pacific stands out clearly.

Comments similar to those above apply to the comparison between the MPI model
Palmyra-based (Fig. 12b) and California proxy-based MCA-LIA composite differences
(Fig. 11b). Again, the extra-tropical responses are similar in pattern but are smaller in
magnitude in the former, the precipitation changes over the western US are positioned
farther south. The patterns over the tropical Pacific are similar in either set of difference
maps (as expected with the similar SST fields).

Results from prescribed proxy-inferred SST experiments Figure 13a shows MCA-modern
differences from the CCM3 proxy-derived SST experiments (see Section 2.2.2) for
November–March. The 500 hPa (500 hPa fields are shown as SLP data were not archived)
differences show a pattern much like that seen in the PSR composite difference maps
(Figs. 11 and 12), though the largest changes over the North Pacific (40 m) are quite
modest, and suggest SLP differences of about 4 hPa [using a rough correspondence of 10:1
for 500 hPa height anomalies (in meters) to SLP anomalies (in hPa)]. The precipitation map
shows a pattern similar to the PSR reconstructions, though the magnitude is only about
10% of the modern mean. The surface air temperature differences are also relatively small
(−1°C maximum) in comparison to those in the PSR composites and limited in extent to
southwest Canada and the northwest US.

The CCM3 simulation difference maps for March–June (Fig. 13b) from the prescribed
SST simulations portray more extreme climate changes over North America. The 500 hPa
field shows a zonally elongated pattern with larger negative anomalies over Canada (in
comparison to the November–March result). The resulting enhanced westerly components
result in a belt of decreases in precipitation of 15–20% across much of the central and
south-east US. This pattern is much like that obtained by Herweijer et al. (2006; cf. Seager
et al. 2005) for decadal mean PDSI anomalies in their AGCM simulations of two MCA
North American droughts (these simulations also use tropical Pacific SSTs developed from
the Palmyra record as prescribed forcing), and similar patterns appear in PSR coupled
model SLP composites for March–June (analogous to those in Figs. 11 and 12, not shown).
A recent analysis of the morphology of modern sand dunes and those that were active
during the MCA in the Nebraska Sand Hills (central US) provides observational evidence
for such a shift towards more westerly wind components during the MCA (Sridhar et al.
2006). Their work shows while the modern wind regime produces west-southwest to east
northeast transverse dunes, the fossil MCA dunes are longitudinal, oriented in a west-
northwest to east-southeast direction. Simulations show this MCA orientation requires a
westerly shift (from southerly towards southwesterly) in the prevailing winds during spring
and summer, a change qualitatively consistent with the “cool tropical Pacific forcing”
model results discussed above.

3.4.3 The MCA signal in other regions

While the character of medieval climate has been described and debated for nearly half a
century, it seems useful at this point to consider records from outside the regions focused on
above as they may relate to the changes described above, in particular to the suggestion of a
substantial MCA excursion in tropical Pacific SSTs. A recent record that shows
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Fig. 13 a MCA vs. MODERN simulation differences for November–March conditions from the CCM3
experiments for 500 hPa heights (m, bottom left), precipitation (difference as percent of MODERN
simulation value, top left), and surface air temperature (C, top right). Contour intervals are 10 m, 10% and
0.4 C, respectively. b As in panel a, but for March–June
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considerable similarity to some of those shown earlier from the tropical Pacific and western
US is the speleothem δ18O record from Spannagel Cave in the Austrian Alps (Mangini et al.
2005; see Table 1; Fig. 14). Using a calibration of this isotopic record against reconstructed
annual average Alps temperature (derived from historical records back to 1500; Luterbacher
et al. 2004), Mangini et al. suggest that high altitude (∼2,400 m) MCA alpine temperatures
were relatively warm, averaging 1.7°C above LIA values and about the same as present-day
values. Basing their argument on modern measurements of isotopic concentrations in
Alpine meteoric water, Mangini et al. hypothesize that the apparent temperature signal in
speleothem δ18O reflects changes in the seasonal timing, trajectories and source regions of
the air masses from which regional precipitation derives [less depleted in summer than
winter, and for more marine (south and west) than more continental (north and east)
trajectories]. One possibility that arises from this line of reasoning is that the MCA-LIA
fluctuations in Spannagel δ18O may record changes in the strength of the winter westerlies
across Europe, often described through changes in the North Atlantic Oscillation [NAO, an
index of the meridional SLP gradient across the North Atlantic, e.g., Hurrell (1995)], with
Alps precipitation becoming isotopically lighter when the westerlies are relatively strong
and NAO index is high. Interpreted in this light, the Spannagel record would indicate
stronger cool season westerlies across Europe during the MCA (high NAO Index), a pattern
associated with warmer temperatures and higher precipitation across northern Europe. As
can be seen in Fig. 14, the timing of the changes in the Spannagel record closely follow
those from the tropical and mid-latitude Pacific (cf. Fig. 7), and from the western US

Fig. 14 Geographically distribut-
ed proxy records that show
MCA-LIA variability like seen in
the western US and tropical Pa-
cific (compare with Figs. 3, 4 and
7). The England winter precipita-
tion, Bermuda Rise SST, Lake
Naivasha level, and Chile flood
deposition [Laguna Aculeo, after
Jenny et al. (2002)] records are
unsmoothed, the Alps winter
temperature (Spannagel Cave),
Scotland (Uamh an Tartair Cave)
T/P, temperature/precipitation,
Panama (Chilibrillo Cave) δ18O,
Peru (core SO147-106KL) river
discharge and central California
PDSI records are smoothed over
sliding 25-year, the Laguna
Chichancanab δ18O record over
51-year windows. Values are
standard deviations (σ) for the
smoothed records over the period
of record shown; vertical axis tick
marks are separated by 1σ
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(cf., Figs. 3 and 4), indicating that the MCA epoch of cool (eastern) tropical SSTs and
strong (winter) high pressure over the eastern North Pacific may also have been marked by
a generally high NAO Index. A possible mechanism for this correspondence is examined
later. [Note: the inference that the Spannagel record represents cool season rather than warm
season temperatures is supported by the correlation between 25-year block-averaged
Spannagel δ18O (with an age adjustment of 20 years) and reconstructed Alps winter
temperature since 1500 (area-average from the data of Casty et al. 2005; cf. Mangini et al.
2005, their Fig. 4) is 0.61, while for summer temperature the correlation is −0.05 (the
correlation with reconstructed winter precipitation from the Casty et al. data is 0.05).

The suggestion of enhanced winter westerlies across northern Europe is finds some
(though not complete) support in other records. For example, the reconstruction of England
winter precipitation from Lamb (1965; the first description of a Medieval climate anomaly;
Fig. 14) shows high winter precipitation (indicating a high NAO) during latter part of the
MCA decreasing rapidly at about 1300 A.D., in close agreement with the timing seen in the
Spannagel isotopic record. The idea of a high winter MCA NAO index and enhanced
westerlies has also posited by Pfister et al. (1998) in relation to (relatively sparse) historical
evidence (and perhaps most persuasively on the basis of horticultural accounts) for
relatively mild MCA European winter temperatures, or at least relatively rare incursions of
Arctic air masses (cf. Lamb 1965, 1977; Alexandre 1987). Similarly, the historically-based
Low Country winter temperature reconstruction of van Engelen et al. (2001) (also
Shabalova and van Engelen 2003; note that this record and those of Alexandre and Pfister
et al. are not completely independent) is sparse before about 1300 A.D. and is ambivalent on
the question of a MCAwinter temperature in western Europe. The interpretation of the pre-
1300 portion this latter record can be altered entirely depending on whether “absence of
evidence” of any kind (i.e., no reports of severe or mild winters) is interpreted as suggesting
infrequent severe winters (if it is not, the record is simply sparse and distinctive mostly in
indicating frequent severe winters during the 10th century; if it is, the record suggests
generally mild MCA winters and, perhaps coincidentally, closely resembles the Scotland
and Austrian Alps speleothem records described below).

Proxy evidence supporting enhanced MCA westerlies over northwestern Europe is
provided by the speleothem record from Uamh an Tartair (cave) in northwest Scotland
(Fig. 14; Proctor et al. 2000, 2002). Calibrating with regional precipitation and temperature
records, these authors show that speleothem growth rate is closely associated with the
temperature-precipitation ratio and argue that growth rate changes through the late
Holocene have been governed principally by precipitation variability (which is strongly
correlated over Scotland with the NAO). If this interpretation is correct, then the wet MCA
winters in Scotland and England indicated by the Uamh an Tartair record and Lamb’s (1965)
reconstruction, and the light isotopic signature in the Spannagel record, are common
signatures of enhanced winter westerlies, increased fluxes of Atlantic moisture into Europe,
and a higher NAO index during the MCA.

One of the records often used to portray the timing and character of MCA-LIA climate
change (e.g., deMenocal et al. 2000; Mangini et al. 2005) is the Bermuda Rise (Sargasso
Sea) sediment core foraminifera δ18O-based SST reconstruction (Keigwin 1996; see
Table 1). This record (Fig. 14) indicates that annual average subtropical northwestern
Atlantic SSTs were more than 1°C warmer than present during the MCA then decreased
beginning in the eleventh century, in approximate correspondence with the general trend of
the records shown in Fig. 14 (also Figs. 3, 4 and 7). Interestingly, modern SSTs in this
region are strongly correlated with the NAO (e.g., Czaja and Frankignoul 2002; warmer
SSTs when the NAO is positive).
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Other widely cited instances of medieval climate variability are the 1 kyr BP Yucatan
droughts that have been inferred to have had major cultural impacts on the Maya (e.g., Gill
2000). As exemplified by the Laguna Chichancanab ostracod δ18O record (Fig. 14; Hodell
et al. 1995, a proxy for evaporation-precipitation), proxy records from the region indicate a
trend towards decreasing precipitation from 500 B.C. through the ninth and tenth centuries
A.D., when a series of deep droughts apparently disrupted Classic Maya culture (e.g., Gill
2000). The general pattern of variability in this record is similar to others shown in Fig. 14
(and in Figs. 3, 4, and 6), and notably the period of severe Yucatan drought is coincides
with the first of the deep MCA California droughts, as well as the beginning of the most
extreme parts of the MCA in many records, including Palmyra and Peruvian coastal core
SO147-106KL.

Haug et al. (2003) present evidence suggesting that particular periods of early MCA
Yucatan droughts can be matched with specific periods of reduced river inflow into the
southern Caribbean (i.e., reduced northern S. American precipitation). Using 14C AMS-
dated, biannually resolved titanium concentrations from a core from the Cariaco Basin (off
eastern Venezuela; titanium is a proxy tracer for riverine sediment deposition; the high
resolution record covers approximately 750–930 A.D.), these authors suggest a one-to-one
correspondence between individual multi-year periods of inferred low river flow in
Caribbean South America with specific Yucatan droughts described by Gill (2000) on the
basis of archeological records (timing further supported by comparison between the
Chichancanab and other lacustrine isotopic records with the Cariaco titanium record). While
this evidence suggests temporal correspondence between several relatively dry multi-year
periods in Yucatan and northern Venezuela, the Cariaco Basin titanium record clearly
indicates that the MCAwas relatively wet (in comparison to the LIA, and thus opposing the
changes suggested in Yucatan) in northern Venezuela (including the Orinoco River basin),
with substantial drying later from the early sixteenth through late nineteenth centuries (the
timing of the latter being much like that seen Quelccaya record, see Peterson and Haug 2006).

The case for regional drying across Central America during the MCA is further
supported by the well-dated (U-Th), high-resolution speleothem δ18O record from
Chilibrillo Cave in Panama (Fig. 14; Lachniet et al. 2004). The Chilibrillo record is
consistent with that from Laguna Chichancanab in indicting general drying trend during the
first millennium AD and particularly dry conditions during the MCA (extrapolation of the
“modern climate” relationship between meteoric water δ18O and precipitation amount in
Panama to modern and MCA speleothem δ18O suggests that long-term average MCA
precipitation was about 20% less than the modern average). In addition, the Chilibrillo
record shows excellent agreement with the Haug et al. (2003) data [cross-correlations
between the two records (both smoothed with 11-year running means] peak sharply at 0.54
at a lag of 3 years; not shown]. It is unfortunate that the Chilibrillo record ends in 1310 A.D.,
near where many records would place the close of the MCA, but up to that point the record
shows no indication of a downward trend in δ18O (increasing precipitation); however, the
record does provide additional evidence for a relatively dry MCA in portions of Central
America.

These associations argue for generally dry conditions and instances of regional decadal-
scale drought during the early MCA across southern Caribbean and Central America. The
similarity in the general timing of the records from this region and the others described here
suggests the possibility of common causal factors for the Yucatan droughts and other MCA
extremes. At the same time, it is worth noting that modern Yucatan precipitation shows
little association with tropical Pacific SSTs or with the NAO, nor does it exhibit strong
correlations with SSTs in nearby regions (the same is true in the CCSM and MPI coupled
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model results). Further complicating the interpretation of a dry MCA in Central American
and southern Caribbean within the context of evidence for cool tropical Pacific SSTs is the
fact that the modern climate record shows a clear inverse association between northern
South American and southern Central American precipitation and eastern tropical Pacific
SSTs (Estoque et al. 1985; Poveda and Mesa 1996; Ropelewski and Halpert 1987; George
et al. 1998; Enfield and Alfaro 1999).

Also shown in Fig. 14 is the reconstructed record of lake level from Lake Naivasha
(southwestern Kenya; Verschuren et al. 2000). This diatom- and chironomid-inferred
(salinity proxies) reconstruction indicates that the level of this shallow, freshwater lake
reached very low levels (<3 m; low rainfall) during the MCA, and increased to very high
levels (>36 m; high rainfall) during the LIA. The timing of MCA-LIA transition agrees
closely with many other records, as do some of the shorter time scale fluctuations (e.g., the
Spannagel δ18O record). During the October–December wet season (the “Short Rains,” one
of two wet seasons in the region) central East African rainfall shows a modest positive
association with eastern Pacific sea surface temperatures (e.g. Nicholson and Entekhabi
1987; Nicholson and Kim 1997). The precipitation changes underlying this relationship
appear to be driven directly by altered Indian Ocean SST patterns (Goddard and Graham
1999), which in turn tend to fluctuate in concert with those in the central and eastern
tropical Pacific (e.g. Tourre and White 1995). For the “Short Rains” then, the apparent
coincidence of cool eastern Pacific SSTs and decreased central East African precipitation
during the MCA fits well with associations seen in modern climatology [and argues for a
cool (warm) western (eastern) tropical Indian Ocean during the MCA]. (Note: In the
modern climate, the February–April “Long Rains” are more reliable and not strongly
connected with tropical Pacific variability (e.g., Ogallo et al. 1988; Rowell et al. 1994;
Mutai and Ward 2000). While it is possible that the Long Rains played a (possibly
dominant) role in MCA East African precipitation changes, it is not clear what signature
such a correspondence would have with other far-field proxy records].

The final record shown in Fig. 14 is an index of flood sediment deposition (wet sediment
density) from Laguna Aculeo from central Chile, near Santiago (Jenny et al. 2002). Austral
winter half-year precipitation in central Chile is modulated by El Niño variability much as it
is in the western US (but more strongly) with the probability of extreme precipitation events
being considerably higher during warm episodes (Ropelewski and Halpert 1987; Grimm et
al. 2000; for example, typical values of the linear correlation between NINO3 SST and
austral winter average station precipitation in central Chile is 0.4–0.5). The Laguna Aculeo
flood deposit record indicates low frequencies of high inflows after approximately 700 A.D.

and a sharp increase at approximately 1300 A.D. The similarity between the timing and
sharpness of the changes in this and those seen in several others discussed earlier (notably
the Peru river flow reconstruction and several from the western US) argues for a common
causal mechanism.

A winter European connection? A final set of analyses explores the possibility that cool
tropical Pacific SSTs contributed to the tendency for warm and moist MCAwinters in parts
of northern and central Europe. As noted earlier, this hypothesis is suggested by the
correspondence between European winter precipitation and temperature reconstructions
(Fig. 14) and proxy records from the tropical Pacific and western US (Figs. 3, 4, 7, 14). The
idea that changes in tropical Pacific SSTs could leave an imprint on European climate finds
some support from analyses of instrumental period records (van Loon and Madden 1981;
Fraedrich and Müller 1992; Pozo-Vázquez et al. 2001, 2005; Mariotti et al. 2002;
Greatbatch et al. 2004) and has been explored in model experiments (Merkel and Latif
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2002; Greatbatch et al. 2004; Brönnimann et al. 2004), and recently using historically-based
reconstructions for the past 300 years (Brönnimann et al. 2006).

Fraedrich and Müller (1992), extending earlier work by van Loon and Madden (1981),
Kiladis and Diaz (1989) and others, examined the response of SLP, temperature and
precipitation over Europe (using station data) during 26 tropical Pacific “warm events”
(El Niños) and 22 “cold events” (La Niñas) between 1880 and 1988. Their results, in large
part consistent with earlier work, show a tendency for northern Europe to be cool and dry
with high SLP during warm events with opposing conditions during cold events; southern
and central Europe show the reverse response. Fraedrich and Müller go on to show (using
daily surface weather charts and radiosonde data from 1952–89) that the observed response
is due to southward (warm events) or northward (cool events) shifts in the preferred cyclone
track and associated changes in the positions of large-scale circulation features across the
northeast Atlantic.

These general results have been corroborated by subsequent studies of observed
circulation and precipitation patterns, though studies covering the recent period suggest the
response is not particularly systematic (Pozo-Vázquez et al. 2001, 2005; Greatbatch et al.
2004) and shows marked seasonality (Mariotti et al. 2002). Most recently, Brönnimann
et al. (2006) studied the ENSO – European climate relationship through the past 300 years
using field reconstructions of European precipitation and temperature and a several
El Niño-related indices (historical and proxy). Their results show a clear response similar in
most respects to those noted, including a relatively strong connection with the NAO (El Niño
SSTs high, NAO low). Studies with atmospheric models (Merkel and Latif 2002;
Brönnimann et al. 2004; Greatbatch et al. 2004) reproduce both the general characteristics
seen in the studies noted above (precipitation, temperature and circulation patterns;
preferred cyclone tracks), and reinforce the point that the specific results obtained (with
regard to the impacts of El Niño and La Niña events) are sensitive to both averaging time
(random effects) and the background states (e.g., extra-tropical Pacific SSTs), echoing van
Loon and Madden’s (1981) point that the distance between the North Atlantic and Europe
from the tropical Pacific makes it “...not surprising if at times the influence of the
oscillation is superceded by other effects.”

In the context of the remarks above, Fig. 15 shows differences in North Atlantic and
European December–March 2-meter temperatures and 500 HPa anomalies between the
results of the CCM3 MCA and MODERN experiments described earlier (see Fig. 13a, b).
The results show MCA warming over northern and central Europe, with 2-m temperature
anomalies of 0.6–1.0°C over much of northwestern Europe and reaching 1.6°C over the
Urals. This pattern is accompanied by the familiar signature of a positive NAO pattern in
the 500 hPa anomaly field. Other analyses (not shown) using area-averaged temperatures
(50–70N, 5–50E) show these (20 member ensemble) differences are significant well above
the 99th percentile. This basic result is qualitatively repeated in the PSR MCA-LIA
composite difference maps (Fig. 16) for the CCSM and MPI coupled model results formed
(as in Figs. 11 and 12) on the basis of (1) tropical Pacific SSTs, or (2) California
precipitation and SSTs. Each of these composite difference maps shows warmer MCA
temperatures over northern Europe (1.6–2.0°C maximums; generally reaching farther west
and south in the MPI results) and patterns of SLP change that produce increased westerly
flow across northern Europe. These changes are associated with increases in inferred MCA
precipitation of 5–10% over northwestern Europe (not shown), consistent with values
obtained for modern climate by Pozo-Vázquez et al. (2005).

To illustrate the relationship between tropical Pacific SSTs and European winter
temperatures in the simulations more clearly, Fig. 17 shows scatter plots of December–

Climatic Change



March northern European 2-m temperature (5–50E, 50–70W) vs. NINO3.4 SST anomalies
from the CCSM and MPI results. When stratified according to NINO3.4 SST and
aggregated over 15 sample blocks, the negative relationship for both models is clear and
indicates a decrease of 0.6–0.8°C in northern European temperature per 1.0°C increase in
NINO3.4 SST. At the same time note that the correlations between the raw December–

Fig. 16 Differences in December–March average surface air temperature (°C; thin contours, contour interval 0.4
C; shading indicates differences larger than 0.8) and SLP (hPa; heavy contours; contour interval 1 hPa) from
PSR-derived composites. Plots on the right-hand side (panels C and D) are from the California proxy SST-
precipitation PSR composites (as in Fig. 11a, and b) and show differences between averages for 950–1250 A.D.

less those for 1550–1850 A.D. Left hand panels (A and B) show differences from the Palmyra coral NINO3.4
PSR composites (as in Fig. 12a, b) and show differences for available portions of the Palmyra record between
averages for 928–1220 A.D. (106 available years) less those for 1317–1703 A.D. (116 available years). Lower
panels (A and D) show CCSM model results; upper panels (B and C) show MPI model results

Fig. 15 Ensemble mean differences in December–March average surface air temperature (°C, thin contours,
contour interval 0.4 C; shading indicates differences larger than 0.8) and 500 hPa heights (m, heavy
contours; contour interval 5 m) between the CCM3 MCA and MODERN simulations
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March average NINO3.4 and northern European temperature series for these models are
quite modest, −0.23 for CCSM (n=1150) and −0.31 for MPI (n=240), emphasizing the
point of van Loon and Madden (1981) regarding the relative weakness of the response to
tropical Pacific SST variability over the North Atlantic and Europe. Nevertheless, as can be
seen in Figs. 16 and 17, averaging over many realizations reveals a substantial effect. This
same averaging effect would explain why a tropical Pacific-European relationship, one that
is relatively weak at interannual time scales, would appear robustly at centennial time scales
given low frequency changes in forcing.

Given the results above, it is not surprising that a similar degree of association is found
in between central California precipitation and European winter temperature (not shown)
from the CCSM and MPI results, with correlations for December–March averages of −0.23
for CCSM, −0.25 for MPI (sample sizes as above). This result is consistent with the
association between, for example, the Spannagel δ18O record and the California
precipitation (and fire-related) proxy records. Likewise, scatter plots of simulated central
North Pacific SLP (area-average 130–170W, 35–50N) vs. the NAO (difference in area-
averages for 20W–80W, 35–50N and 20E–80W, 60–80W) from the two coupled models
(Fig. 18) show a systematic positive association (correlations of 0.38 and 0.48 for CCSM
and MPI, respectively). The relative strength of the relationship between these two mid-
latitude circulation indices suggests the possibility that the similarity between western US,
tropical Pacific and European proxy records at centennial (MCA to LIA) timescales reflects
a time-averaged “distillation” of favored low wavenumber configurations in the Northern
Hemisphere westerlies [as implied by Figs. 11 and 13 (northeast Pacific/North America)
and Figs. 15 and 16 (northeast Atlantic/Europe)] which are, in turn, controlled to some
degree by changing tropical Pacific SSTs.

The interpretation outlined above requires a note of caution. As in observations (e.g.
Greatbatch et al. 2004), the associations obtained using the coupled model results can change
in the magnitude depending on the temporal filtering that is applied. For example, for the
MPI simulation (which is relatively short and has little centennial variability), the association
between NINO3.4 and northern European temperature becomes stronger (R=−0.52;
significance level >95% by Fisher’s z-transform) when the records are smoothed with a
15-year running mean. For the CCSM simulation, which has substantial centennial-scale

Fig. 17 December–March north-
ern European surface air temper-
ature anomalies (5–50E; 50–70N)
plotted as a function of NINO3.4
SST anomaly from the CCSM
(light circles) and MPI (crosses)
simulations; plotted values are
15-sample averages from the data
ordered according to NINO3.4
values. Heavy (thin) lines show
linear regression fits
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temperature variability (see Section 2), the association between NINO3.4 SST and northern
European temperature disappears when each is smoothed with a 15-year running mean.
When the same exercise is applied to the California precipitation and European temperature
series, the relationships for both models retain the same sense, but are weakened. On the other
hand, for both models the correlations between central North Pacific SLP and the NAO are
strengthened to between 0.5 and 0.6 in both models when the 15-year running mean is
applied. These results emphasize the point that different sorts of boundary-forced climate
variability can produce different frequency- and variable-dependent responses in different
variables, even in the “perfect data” world of climate simulations.

4 Summary and discussion

This foregoing presentation is divided two main parts. The first presents a comparative
review of a variety of proxy records and reconstructions bearing on MCA climate change in
the western US and the tropical Pacific. The second frames the patterns of variability seen
in these records (and some others from widely distributed locations) within the context of
the hypothesis that cool tropical Pacific SSTs contributed to some defining attributes of
MCA climate.

The results of the first part reprise evidence for the long established view of the
medieval centuries as a time of recurrent deep drought in the western US (LaMarche 1974;
Stine 1994) and describe some new evidence suggesting that average MCA conditions in
the tropical Pacific resembled those experienced during extreme La Niña conditions in the
modern climate. The findings in the second part show that cool tropical Pacific SSTs are
consistent with MCA climate change inferred from the proxy records in the western US and
(more tenuously) in other regions as well.

The review of the proxy records for western North America given here is not exhaustive
but hopefully complimentary to much more complete analyses (some referred to in the text)
that examine specific records in detail, many of which provide comparisons with other
records as well. A notable gap in this presentation is discussion of evidence for MCA
drought in the central US. There is considerable literature relating to this topic, much of it

Fig. 18 NAO index plotted as a
function of central North Pacific
SLP from the CCSM and MPI
simulations. The NAO index is
defined (as in Hurrell 1995) as
the difference between area-
average SLP (hPa) in the regions
80W–20E, 30–50N and 80–20W,
60–80N; central North Pacific
SLP is the area-average for 170–
130W and 35–50N. Plotted val-
ues are individual (unsmoothed)
December–March averages. The
two distributions are offset by
20 hPa for the NAO (vertical
axis) for clarity
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covering evidence for MCA dune mobilization and lacustrine reconstructions of salinity
and eolian deposition. Examples of the former include Muhs (1985), Arbogast (1996),
Muhs et al. (1997), Holliday (2001) and Mason et al. (2004) who describe the evidence for
dune mobilization in the western Great Plains from northern New Mexico to North Dakota,
generally in the period 800–1300 A.D. (cf. Forman et al. 2001 for a general review). Largely
consistent inferences are drawn from the continental lacustrine records. For example, the
Elk Lake (Minnesota; Dean 1997) record shows large peaks in quartz deposition during the
eleventh and twelfth centuries (indicating soil mobilization and/or eolian deposition) and
elevated fractional populations of the diatom M. granulata, suggesting increased wind
mixing. Consistent with this timing, peaks in salinity (indicating precipitation deficits)
appear at about the same time in both the Elk Lake (Laird et al. 2003) and Moon Lake
(Minnesota; Laird et al. 1998) records (interestingly, records from nearby lakes to the north
show different behavior, suggesting a perspective of the mid-continent MCA droughts as
shifts in climatic gradients, rather than continental-scale features).

When considering the central hypothesis of this paper (a relatively cool MCA tropical
Pacific), it should be noted that two prominent proxy records related to tropical Pacific
variability show behavior apparently inconsistent with generally cool SSTs in the eastern
tropical Pacific during the MCA. These include the Quelccaya ice cap δ18O and
accumulation records (Peru; Thompson et al. 1984, 2000) and Laguna Pallcacocha
sediment record (Ecuador; Rodbell et al. 1999; Moy et al. 2002). With regard to the
Quelccaya record, there is good evidence based on other Andean ice cores, in situ data,
modeling results and meteorological considerations that there is a shared isotopic signal in
some different cores over past centuries and b) that the imprint of modern El Niño
variability is recorded in tropical Andean ice cap isotopic concentrations (Garreaud and
Aceituno 2001; Vuille et al. 2003a,b; Bradley et al. 2003b; c.f. Hoffmann et al. 2003;
Seimon 2003), and probably in accumulation as well (Hardy et al. 2003). It is notable then
that the Quelccaya δ18O record (not shown) shows little multi-centennial change in δ18O
during the MCA, with major decreases beginning in the early sixteenth century reaching a
minimum in the early nineteenth century. If it is assumed that the Quelccaya δ18O record
responds principally to changes in eastern tropical Pacific SST, not only is the sense of this
change opposite to that expected on the basis of warming SSTs during the LIA, but the
sixteenth century shift occurs two to three centuries after the MCA-LIA transition as seen in
many other records. A further conflicting issue is that the Quelccaya accumulation record
(not shown) neither resembles the (inverted) δ18O record, nor the character and timing of
MCA climate changes suggested by Palmyra coral or Peruvian riverine deposit records (and
others shown in Fig. 7). A possible explanation for these apparent inconsistencies may be
that although the isotopic content of meteoric water at Quelccaya is modulated by El Niño-
related changes in atmospheric circulation and stability (Garreaud and Aceituno 2001;
Vuille et al. 2003a), the source region for Quelccaya precipitation is the tropical Atlantic
(Thompson et al. 2000; Vuille et al. 2003a,b). Thus, the Quelccaya δ18O and accumulation
records may reflect the influence of a variety of factors (including tropical Atlantic SSTs)
that are preferentially reflected at different time scales [in this regard it is of interest to note
that the post-MCA Quelccaya δ18O record resembles aspects of the reconstructed SST
record from off northeast Africa (de Menocal et al. 2000)].

The sediment core record from Laguna Pallcacocha near the crest of the Ecuadorian
Andes (Moy et al. 2002; c.f., Rodbell et al. 1999) contains light-colored laminae marking
the deposition of clastic material into the lake and its watershed during high rainfall events
which are expected to occur more frequently during El Niño episodes (c.f. Graham 2004).
However, the variability in the Pallcacocha record (not shown) during MCA and LIA is
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difficult to interpret. During the MCA, total clastic deposition rates are high but the
frequency of high amplitude events is relatively low; in contrast, after the fourteenth
century (going into the LIA), deposition rates decrease sharply and the frequency of high
amplitude events increases. The timing of these changes is in approximate agreement with
the MCA-LIA transition seen in other records, but as with the Quelccaya record, the record
seems ambiguous with regard to MCA and LIA conditions in the tropical Pacific. Whether
the Quelccaya and Pallcacocha records argue conclusively against La Niña-like conditions
in medieval times, or whether other processes (affecting isotopic variability and sediment
deposition patterns in the equatorial Andes) mask the effects of a cool MCA tropical Pacific
in these records, is a matter that must await future findings to be resolved.

It is worthwhile to consider the relative confidence that should be assigned to ideas that
have been presented. First, the evidence for an arid MCA in the western and central US
with severe century-scale regional droughts is compelling. There seems little doubt that
multi-decadal periods saw decreases in regional California precipitation on the order of 15–
25%, with much more severe conditions lasting a decade or more. To frame the severity of
these MCA droughts in the context of modern precipitation variability, the 50-year periods
beginning in 906 and 947 A.D. (calculated from non-overlapping blocks starting 47 A.D.)
were the two driest in the reconstructed California Division 6 record, registering 73 and
76% of the reconstructed average for 1886–97 (the calibration period), respectively. The
corresponding values for the 50-year periods beginning 1897 and 1947 are 106 and 95%.
Six of the 10 driest (independent) decades in that record occurred during the century
beginning in 897 A.D., these ranging from 62 to 75% of the long-term mean; in comparison,
the decades beginning in 1897 A.D. had a corresponding range of 85% (1947) to 126%
(1937, third wettest in the reconstructed record). Hughes and Funkhouser (1998) provide a
similar perspective from the Great Basin, for example, only one, two and four, respectively,
of the 10 driest 50-, 20- and 10-year periods since AD 234 occurred after 1500 A.D., and
none occurred in the twentieth century. The first, second and first driest, respectively, 50-,
20- and 10-year periods occurred in the tenth century, and were conservatively estimated to
be of the order of 88, 84 and 77% of the instrumental mean. These periods of medieval
drought in California, the Great Basin, and western US in general were remarkable not only
for aridity but for persistence (Stine 1994; Cook et al. 2004; Graham and Hughes 2007) and
were undoubtedly accompanied by pronounced changes in winter and spring circulation
patterns over (at least) the North Pacific and North America (cf. Seager et al. 2005;
Herweijer et al. 2006; Sridhar et al. 2006). [Note: while our analyses for the western US
concentrate on boreal winter and spring MCA precipitation deficits, some evidence suggests
that medieval times saw increased in summer precipitation in the interior southwestern US
(e.g. Petersen 1988, 1994; Davis 1994; Wigand and Rhode 2002)].

Direct evidence for La Niña-like conditions in the tropical Pacific during the MCA is
intriguing, but not as compelling as that for arid conditions in the western US. At present, the
case rests largely on the Palmyra coral and Peru riverine sediment deposition records, with
additional support from the Mindanao and Santa Barbara Channel SST reconstructions, and
archeological evidence from coastal Peru discussed below. Important indirect evidence
comes from close agreement between the timing in the tropical Pacific and western US and
Chilean (Laguna Aculeo) proxy records, the physically consistent cross-proxy tropical-mid-
latitude relationships, and the model-derived results suggesting that SST anomalies like those
indicated by the Palmyra reconstruction would produce substantial reductions in precipitation
in the western and central US (this paper and Herweijer et al. 2006). At the same time, the
Quelccaya and Pallcacocha records, at least according to their usual interpretation, appear
inconsistent or ambivalent with the idea of a cool MCA tropical Pacific.
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A connection has been tentatively drawn between the proxy and historical evidence for
warm northern European winters during the MCA and the impacts of cool tropical Pacific
SSTs on NH winter circulation. This latter suggestion is based on model results and
observational studies presented here and elsewhere by others. The warmer MCA northern
European temperatures result from increased winter west to southwesterly flow across the
region (more positive NAO). A first point regarding this idea is that although there is some
clear evidence for mild northern European winters during the MCA, it is but neither
compelling nor well quantified in terms of magnitude, time or space (see discussions in
Pfister et al. 1998; van Engelen et al. 2001; Proctor et al. 2002; Shabalova and van Engelen
2003; Mangini et al. 2005). With regard to a connection between northern European winter
climate and tropical Pacific SSTs, observational and model-derived results show broad, but
not uniform, consensus. That this association is not particularly strong and can thus be
masked or altered by random effects or boundary conditions elsewhere (e.g., van Loon and
Madden 1981; Greatbatch et al. 2004; Hurrell et al. 2004; Hoerling et al. 2004). Whatever
the forcing mechanism, our results and others (e.g. Brönnimann et al. 2004) suggest a
tendency for an association between ridging (troughing) over the central North Pacific and a
positive (negative) NAO index, a result quite consistent with the MCA-LIA association
between dry (wet) conditions in the western US and mild (cold) European winters inferred
(tentatively) from proxy and historical reconstructions.

A major part of the initial motivation for this work arose from recognition of the approximate
coincidence between the cooling coastal SSTs found the Santa Barbara Basin SST
reconstruction) and increasing MCA aridity in California (Kennett and Kennett 2000). This
finding arises within the context of the archeological perspective linking medieval drought with
increasing violence and the emergence of institutionalized social hierarchies in the Santa Barbara
region of central/southern California (e.g., Arnold 1992, 1997; Raab and Larson 1997; Jones et
al. 1999; Kennett and Kennett 2000). These authors present evidence supporting a scenario in
which reduced availability of water and changes in marine productivity favored societal
organization more focused on defense of resources and more organized division of labor.

Archeological records elsewhere also suggest a link between cultural shifts and MCA
climate changes. Well known examples of such suggested links include the apparent impact
of drought on the Tiwanaku near Lake Titicaca during the latter part of the MCA (Binford
et al. 1997) and the previously noted evidence concerning the Maya in Yucatan (Gill 2000).
The case for climate-culture interactions has also been argued for Moche, an advanced
culture that evolved during the first millennium A.D. along the north-central coast of Peru, in
part through the construction of sophisticated irrigation works to help manage the flow
from westward flowing rivers fed by Andean highland precipitation. These works included
reservoirs in the Andean foothills and stone-lined canals that conveyed water from the
reservoirs to agricultural centers in coastal valleys up to 25 km away (e.g., Kosok 1940;
Farrington and Park 1978; Nials et al. 1979a,b). Moche culture flourished between
approximately 300 and 600 A.D., and underwent a major reorganization late in that period
(Nials et al. 1979a,b; Moseley et al. 1981; Moseley and Deeds 1982; Shimada et al. 1991;
Dillehay and Kolata 2004). This reorganization included the occupation of more northerly
sites and inland centers near the canal intakes, apparent abandonment of more southerly
centers, and a general decline in the development of sophisticated infrastructures. Shimada
et al. (1991; cf. Dillehay and Kolata 2004), have suggested that the transition marks the
cultural response to an extended drought (563–594 A.D.; see Fig. 19) inferred from the
Quelccaya accumulation record.

Although dating uncertainties preclude convincing comparison with the Shimada et al.
(1991) chronology for sixth century Moche transition and Quelccaya accumulation-inferred
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drought, it is of interest that the Peruvian river sediment discharge reconstruction (Rein
et al. 2004, 2005) portrays the period of Moche development as one of amplifying
precipitation variability. This variability may be reflected in the widespread evidence of
damage to irrigation systems and agricultural lands from flooding and dune encroachment
around the fourth century (Moseley et al. 1981; Moseley and Deeds 1982; cf. Shimada et al.
1991) Further, and particularly intriguing, is the apparent coincidence between the abrupt
disappearance of Moche “as a distinctive cultural phenomenon” (Dillehay and Kolata 2004)
at about 800 A.D. and the abrupt collapse of riverine sediment deposition as seen in the
Peruvian coastal core (SO147-106KL) data at the entry into the very dry conditions of the
MCA proper (Fig. 19).

During the post-Moche period, Chimú culture developed slowly and by 1200 A.D.

dominated the northern Peruvian coastal region as an advanced society until being absorbed
by the Incas during the fifteenth century (Dillehay and Kolata 2004). It is not clear whether
there is a climatic connection between Chimú ascendancy and the twelfth century MCA-to-
LIA transition indicated in the SO147-106KL record (and others at about the same time),
but the impact of (apparently) El Niño-related lowland precipitation events is apparent in
geological and archeological evidence from this time (Dillehay and Kolata 2004), as it is for
the Moche period, in the evidence of both dune mobilization (late thirteenth century) and
flash flooding. As shown in Fig. 19, the timing of the Chimú flood events matches closely
with the onset of the LIA indicated by the SO147-106KL record and others from western
North America (see Figs. 3 and 4).

In geographical counterpoint to the contemporaneous evolution of Chimú culture in
northern Peru, Nunn (2000) reviews a suite of evidence for sharp cultural and
environmental changes in the western tropical Pacific at the MCA-LIA transition, identified

Fig. 19 Northern Peru River sediment discharge reconstruction (SO147-106KL lithics; solid curve;
standardized running 25-year block means) and Palmyra coral reconstructed NINO3.4 SSTA (triangles;
C; segment averages). Solid horizontal line with circles shows approximate duration of Moche culture in
north-central coastal Peru (center circle marks approximate center of 563–594 A.D. drought inferred by
Shimada et al. (1991). Solidhorizontal line with squares marks approximate duration of Chimú culture. Gray
curve shows aggregate probability distribution (arbitrarily scaled) of calibrated AMS 14C dates for late
twelfth–mid-fifteenth century A.D. floods for flash floods affecting the Chimú region [from Table 1 of
Dillehay and Kolata (2004)]
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as “the A.D. 1300 event” by regional archeologists and paleo-scientists. If the Palmyra SST
reconstruction and SO147-106KL record are taken at face value, the scale of climate
change in this region would have been comparable to the well documented socially and
ecologically disruptive effects of a switch from modern La Niña to El Niño conditions, with
a good deal of the shift taking place in perhaps a century. In the western tropical Pacific,
these climatic effects would include major changes in precipitation distributions (e.g.,
Figs. 12 and 13), altered wind patterns and decreased sea level. In this regard, it is
noteworthy then that Nunn’s (2000) review includes a number of citations for evidence of
decreasing sea level in that region dated to 1300–1400 A.D. Nunn (2000) also notes that the
period of long-distance voyaging in the western Pacific at about 1300 A.D., approximately
contemporaneous with the apparent MCA-LIA transition. The suggestion of a connection
with climate change for this cultural shift has been raised previously (Bridgeman 1983;
Finney 1985; Nunn 1994), and is a topic that might fruitfully be reevaluated.

Much of wide-ranging physical and cultural evidence for MCA-LIA Pacific climate change
described by Nunn (2000) is difficult to frame neatly (in terms of geography, timing, or
magnitude) within the context of the scenario for decreasing tropical Pacific zonal SST
gradients during the twelfth–fourteenth centuries suggested by the proxy records described
earlier. Although some of the evidence cited by Nunn (2000) is open to alternative inter-
pretation, much of it is qualitatively consistent with a shift from an MCA La Niña-like state to
something more like modern conditions; certainly the timing of “around 1300 A.D.” for the
western Pacific environmental and cultural changes is provocative in itself.

The nexus between long-established evidence for medieval drought in the western US
(and perhaps in mid-latitude Chile) and recent evidence suggesting a cool tropical Pacific
may provide a causal mechanism for the former and support for the reality of the latter. It
also offers a partial response to the query posed by Hughes and Diaz more than a decade
ago (Hughes and Diaz 1994), if not a “Medieval Warm Period,” then a substantial
“Medieval Climate Anomaly,” a significant transient in Holocene climate that affected a
large area of the Pacific Sector during medieval time, from about 500–1300 A.D. In
addition, this synergy in cause and effect makes suggestions of some of the more distant
climate effects from altered tropical Pacific SSTs more plausible (on dynamical grounds)
and may afford opportunities to better understand other aspects of MCA climate change.

While the near-global scale of MCA climate change seems to be becoming more apparent,
important questions remain concerning Late Holocene climate. The foremost among these
concerns the state of the tropical Pacific in medieval times. Fortunately, yet to be analyzed
fossil corals exist that may well go far towards resolving this question. Other questions
concern the inconsistencies and gaps in the climate record – these might be filled by new, well
quantified, proxy records of particular interest (e.g., of low latitude Indian Ocean and Atlantic
SSTs, European winter temperature, Indo-Pacific precipitation, Meso-American precipita-
tion). Other important questions concern mechanisms – for example, what changes in
boundary conditions caused the apparent MCA boreal winter circulation shifts (if not tropical
Pacific SSTs, then what)? and what processes could cause the tropical Pacific to cool
substantially and then warm again centuries later? This latter topic has seen innovative initial
work (Mann et al. 2005; c.f. Clement et al. 1996, 2000a,b) but requires further study.
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Appendix

Description of Proxy Surrogate Reconstruction Method

Proxy Surrogate Reconstruction (PSR) is an analog method in which the temporal sequence
of multi-variate output from a model simulation is reordered to obtain agreement between
an index variable (Y*) from the model simulation with corresponding proxy data (Y; both
Y and Y* may be uni- or multivariate). The idea is to reorder the model output (the
“surrogate” dataset) so that there is good serial agreement between Y and Y*. When this is
done, possible scenarios of past climate variability can be examined in any desired fields
from the reordered model output. The methodology is outlined formally below.

(1) Denote a proxy time series as [ti, Yi], where the t is the time index (e.g., corresponding
to particular year) associated with the ith (i=1, n) record, and Y is an arbitrary
(possibly vector) element from a proxy reconstruction(s) (e.g., reconstructed Niño3
SST).

(2) Denote corresponding time series from some surrogate data set (e.g. climate model

output) as t�j ; Y
*
i

h i
, with (j=1, m). Note that the lengths of Y and Y* are not

necessarily the same. It is assumed that Y* bears some meaningful correspondence
with Y. Note that (as deemed appropriate) both Y and Y* may be transformed
expressions of the original proxy reconstruction and model values [i.e., Y=f(P) and
Y*=g(M)].

(3) Define a measure Si,j=h(Y, Y*) that indicates the similarity between Yi and Y*j
(assume that smaller values of S indicate increasing similarity).

(4) For each (proxy) element of Yi, select the member of Y* (from the surrogate data set)
most similar to Yi (i.e., it has the minimum Si,N) – call it ½Y*k . Enter k as the ith
member of an ordering vector, P. When complete, P defines a reordering of the
surrogate data set constructed on the basis of the similarity (S) between Y and Y*, and
matching the time indices of the former (so that in the sense measured by S, Y�

P ið Þ
corresponds to Yi).

As noted above, the record lengths of Y and Y* need not be equal – if N is smaller than
M, then the candidate data set will be sub-sampled, and if N is larger than M the candidate
sample will be over-sampled (and the set Y�

P will contain repeated elements).
This technique has the advantages of allowing broad flexibility in the definition of

“similarity,” and if the surrogate set is multi-variate model output (as in this paper), the
cross-spatial and cross-variable relationships inherent in model physics are conserved. This
last point allows suggestions to be entertained concerning the evolution of fields other than
those directly involved in the construction of Y*. The method has the primary disadvantage
of being relevant only where the range of Y is covered by Y*, and of course is subject to
assumptions concerning whether the relationship between the proxy and model indices (Y
and Y*) is meaningful, and their relationships to reality.

In this paper PSR is applied in two examples. In one case, Y and Y* are 2-d vectors
[model and proxy-based SST off south-central California and central California precipitation

Climatic Change



(see Section 3.4.1). In a second application, Y and Y* are scalars (model and proxy-inferred
NINO3 SST). In both cases the measure of similarity (S) defined as the (Euclidean) distance
between Y and Y*.
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