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Abstract Multidecadal droughts that occurred during the Medieval Climate Anomaly represent an
important target for validating the ability of climate models to adequately characterize drought risk
over the near-term future. A prominent hypothesis is that these megadroughts were driven by a
centuries-long radiatively forced shift in the mean state of the tropical Pacific Ocean. Here we use a
novel combination of spatiotemporal tree ring reconstructions of Northern Hemisphere hydroclimate to
infer the atmosphere-ocean dynamics that coincide with megadroughts over the American West and find
that these features are consistently associated with 10-30year periods of frequent cold El Nifio-Southern
Oscillation conditions and not a centuries-long shift in the mean of the tropical Pacific Ocean. These
results suggest an important role for internal variability in driving past megadroughts. State-of-the-art
climate models from the Coupled Model Intercomparison Project Phase 5, however, do not simulate a
consistent association between megadroughts and internal variability of the tropical Pacific Ocean, with
implications for our confidence in megadrought risk projections.

1. Introduction

State-of-the-art coupled general circulation models (CGCMs) consistently project that much of the American
West (125°W-105°W, 25°N-42.5°N) will dry over the coming decades [Cook et al., 2015]. While the persistence
and severity of this drying are beyond the range of observed variability (1871 to present), paleoclimate esti-
mates suggest that drying on decadal-to-multidecadal time scales has been a prominent, albeit infrequent,
feature of the Common Era (C.E.) in the American West [Stine, 1994; Stahle et al., 2000; Cook et al., 2010a;
Herweijer et al., 2007; Meko et al., 2007; Cook et al., 2016b]. Understanding the atmosphere-ocean dynamics
that coincide with these so-called megadroughts is critical for determining whether CGCMs are capable of
simulating multidecadal drought events and whether they do so for the correct dynamical reasons [Coats
et al, 2013, 2015a; Stevenson et al., 2015]. Such evaluations provide confidence that future projections of
drought risk derived from CGCMs adequately incorporate multidecadal hydroclimate variability [Ault
et al., 2014].

Characterizing megadrought dynamics are complicated by the fact that the majority of megadroughts
occurred during the Medieval Climate Anomaly (MCA, approximately 850-1300 C.E. [Jansen et al., 2007;
Seager et al., 2008]), a period for which there are no direct observations of the atmosphere-ocean system.
Nevertheless, a prominent hypothesis is that the MCA megadroughts were driven by a centuries-long shift
in the mean of eastern and central tropical Pacific sea surface temperatures (SSTs) toward persistently cold
conditions (hereinafter tropical Pacific mean shift [Herweijer et al., 2007; Seager et al., 2008; Graham et al.,
2007]). It has been proposed that the tropical Pacific mean shift arose as an ocean dynamical thermostat
response [Clement et al., 1996] to relatively high radiative forcing [Crowley, 2000], and the hypothesis has
been tested by using a range of reconstruction techniques and proxy networks [Seager et al., 2007, 2008;
Graham et al., 2007, 2011; Mann et al., 2009; Emile-Geay et al., 2013], as well as pseudoproxy experiments
[Smerdon et al., 2016; Wang et al., 2014]. These studies, however, are largely inconclusive, and there is insuffi-
cient evidence to support or disprove the hypothesis that megadroughts are exogenously forced or driven by
a tropical Pacific mean shift [Cook et al., 2016b]. In support of the latter assertion, available reconstructions of
tropical Pacific SSTs disagree on the association between megadroughts and the tropical Pacific (Figure S1
and Text S1, section A in the supporting information).
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In this study we do not attempt another reconstruction. Instead, we infer the past state of the dominant
modes of Northern Hemisphere atmosphere-ocean variability by using the spatial patterns they impose on
multiple, existing, and independent tree ring-based reconstructions of Northern Hemisphere hydroclimate
variability. Specifically, we use the instrumental record (1871-2005 C.E.) of the El Niflo-Southern Oscillation
(ENSO—Nifo3.4 index), Atlantic Multidecadal Oscillation (AMO [Enfield et al, 2001]), Pacific Decadal
Oscillation (PDO [Mantua et al., 1997]), and North Atlantic Oscillation (NAO) to define the patterns of hydro-
climate associated with these modes of variability (hereinafter, modes of variability will to refer to the ENSO,
AMO, PDO, and NAO), in isolation and in combination, in the tree ring reconstructed North American Drought
Atlas (NADA [Cook et al., 2014]), Monsoon Asia Drought Atlas (MADA [Cook et al., 2010b]), and newly devel-
oped Old World Drought Atlas (OWDA [Cook et al., 2016a]). We then identify preinstrumental analogues of
these patterns in the first combined analysis of the three drought atlases to determine the most likely
atmosphere-ocean state for each year back to 1000 C.E. (hereinafter the climate analogues framework—see
section 3 for description and Text S2, sections A-C and Figures S2, S3, S4, S5, and S6 for method validation).
Importantly, there are multiple levels of independence between the observations of these modes of variabil-
ity and the drought atlases and between each individual drought atlas (see Text S1, section B for further dis-
cussion). Our analyses therefore allow us to address two questions: (1) what is the state of the ENSO, AMO,
PDO, and NAO during megadroughts in the American West? and (2) are the characteristics of these modes
of variability during megadroughts consistent with internal variability or do they require radiative forcing?

2. Data

Reconstructed PDSI data are from three sources. The first is the updated NADA version 2a, with improved spa-
tial coverage and resolution [Cook et al., 2014]. The data are reconstructed on a 0.5° latitude-longitude grid of
JJA average PDSI values using more than 1600 tree ring chronologies. The second is the OWDA [Cook et al.,
20164, also reconstructed on a 0.5° latitude-longitude grid of JJA average PDSI values using 106 tree ring
chronologies from across Europe. Both the NADA and OWDA are used over the period 1000-2005 C.E. The
third is the MADA [Cook et al., 2010b], reconstructed on a 2.5° latitude-longitude grid of JJA average PDSI
values using 327 tree ring chronologies. The MADA is employed over the period 1250-2005 C.E. when there
is sufficient proxy sample depth over the spatial range. All three reconstructed PDSI data sets have been
regridded to a common 2.5° latitude-longitude grid for our analyses.

All climate indices are calculated for the period of 1871-2005 C.E. using sea surface temperature (SST) obser-
vations from the National Oceanic and Atmospheric Administration (NOAA) extended reconstructed SST data
set (NOAA ERSSTv3b [Smith and Reynolds, 2003]) or surface pressure from the NOAA twentieth century rea-
nalysis [Compo et al., 2011]. Both data sources are fully independent of the aforementioned tree ring recon-
structions. The Nifo3.4 index was calculated by averaging December-January-February (DJF) SST over the
region 170°W-120°W, 5°S-5°N (hereinafter, the state of ENSO will refer to the state of the Nif03.4 index).
The PDO was evaluated by calculating the empirical orthogonal functions (EOFs) of SST over the extratropical
Pacific basin (60°W-75°E, 20°N-90°N), and subsequently taking the DJF average of the principle component
time series corresponding to the first EOF [Mantua et al., 1997] (positive values corresponding to a warm
tropical and North Pacific Ocean). The AMO was calculated by averaging JJA Atlantic SSTs over the region
80°W-0°E, 0°N-60°N, subtracting the global average of JJA SSTs between 60°S-60°N and then 10 year low-
pass filtering [Enfield et al., 2001]. The NAO was calculated from the twentieth century reanalysis as the sea
level pressure difference between the Subtropical (Azores) High (37.82°N, 25.75°W) and the Subpolar Low
(65.08°N, 22.73°W) for the November-December-January-February-March (NDJFM) period. Sensitivity of the
methodology and results to the choice of three different observational data sets is addressed in Text S2,
section D.

3. Climate Analogues Framework

The following steps describe the climate analogues framework, with the final subsection providing a brief
description of the method validation (the full method validation can be found in Text S2, sections A-C).

3.1. Sorting the Dynamics

The instrumental record (1871-2005 C.E.) is segmented into years that are in the top (positive), middle
(neutral), and bottom (negative) third of the full distribution of the ENSO, AMO, PDO, and NAO indices.
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3.2. Defining Impact Maps

Hydroclimate composites are produced from a simplified version of the collection of drought atlases
where each spatiotemporal grid point is assigned 1 for wet (positive PDSI) and 0 for dry. The composites
are calculated for all years that fall in the positive, neutral, or negative state of each mode (12 in total—
three for each of the four modes of variability). The positive ENSO composite, for instance, is a composite
of the three drought atlases over all years in the instrumental record with a positive ENSO state (top third).
The composites are also calculated for all combinations of two-to-four modes. For instance, composites are
calculated for all years with a positive ENSO state and each of the nine states of the other three modes
(e.g., positive ENSO and positive AMO; two-mode combinations), as well as all combinations of three
and four modes using the same logic. These composites are estimates of the impact of the four modes
of variability on hydroclimate in the drought atlases (hereinafter impact maps). Specifically, each impact
map determines if the positive, negative, or neutral state of each mode, or some combination of the states
of multiple modes, tends to produce wetting or drying at each spatial grid point. Because of standardiza-
tion employed in the drought atlases, wetting or drying in each impact map is relative to the period
1928-1978 C.E, 1928-1978 C.E, and 1951-1989 C.E.in the NADA, OWDA, and MADA, respectively. To
encourage sufficient sampling within the impact maps we only employ impact maps for which at least
4years within the instrumental record have the defined atmosphere-ocean state. This restriction yields a
total of 154 impact maps (of 255 possible).

All impact maps are calculated by using JJA PDSI with the atmosphere-ocean state defined by the preceding
DJF average ENSO or PDO indices, the preceding NDJFM average NAO index, or the contemporaneous JJA
average AMO index. PDSl is an integrated metric of soil moisture with 10-18 months of inherent persistence.
JJA PDSI over the American West, for instance, primarily reflects variability in cool season (winter and early
spring) precipitation [St. George et al., 2010]. The dominant hydroclimate impacts of these modes of variability
are thus likely to be captured despite the varying seasonality of impacts across the Northern Hemisphere. For
instance, in Figure S2, the canonical impacts of the four modes of variability are clearly evident in the
impact maps.

3.3. Dynamical Time Series

For each year back to 1000 C.E. the pattern of hydroclimate in the drought atlases is compared to each
of the 154 impact maps using a centered pattern correlation statistic (CPCS [Santer et al, 1995]), a
measure of the similarity of patterns equivalent to a Pearson’s linear correlation coefficient in space rather
than in time. For the period after 1250 C.E.,, the impact map that best matches the spatial pattern of
reconstructed hydroclimate across all three drought atlases in a given year (highest CPCS) defines the
atmosphere-ocean state for that year. For 1000 C.E.-~1249 C.E., however, the spatial pattern of reconstructed
hydroclimate is compared to the impact maps only over the NADA and OWDA regions (as the MADA begins
in 1250 C.E.).

Not all of the 154 impact maps provide a value for the state of all four modes. The impact map that corre-
sponds to just a positive ENSO state, for instance, does not provide a value for the state of the PDO, AMO,
and NAO. For years in which the chosen impact map (highest CPCS) corresponds to a one-, two-, or three-
mode combination, secondary impact maps are also chosen in order to provide values for the modes that
were not a part of the highest CPCS combination. To do so, the impact map with the next highest CPCS
and a value for at least one of the missing modes is chosen as the secondary impact map. This process con-
tinues until a value for all four modes is determined in a given year. In each case the secondary impact maps
have to be dynamically consistent with the first impact map, and each other (for instance, if the primary
impact maps were for a positive ENSO state the secondary impact maps cannot have a neutral or negative
ENSO state). For the climate analogues framework completed herein the 5th, 50th, and 95th percentiles of
the CPCS between the drought atlases and the impact maps that define the atmosphere-ocean state in each
year are 0.20, 0.30, and 0.49, respectively.

3.4. Time Series Filtering

The dynamical time series derived from the climate analogues framework are 10year low-pass filtered
using a 10-point Butterworth filter to elucidate the decadal-to-multidecadal variability of the four modes of
variability.
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Figure 1. (a) Time series of estimated ENSO, PDO, AMO, and NAO states with the five identified megadroughts denoted by the colored regions (the darker blues
denote more persistent and severe megadroughts). The time series show a 10 year low-pass filtered (10-point Butterworth filter) version of the estimated states
using the results from the climate analogues framework (section 3). If the time series reaches the “positive” hash on the vertical axis (this label denotes the maximum
value the time series can attain) then all of the individual years contributing to the 10 year low-pass filtered value would be positive. The start and end of the MCA
(1000-1300 C.E.) is marked by the vertical bars at the top of the figure. The second to bottom figure shows the American West PDSI time series from the NADA, in
which the megadroughts were identified. The bottom figure shows the combinations of two solar (Vieira [Vieira and Solanki, 2009] and Shapiro [Shapiro et al., 2011]
and two volcanic (GRA [Gao et al., 2008 and CEA [Crowley, 2000]) forcing data sets for the period of 1000-2000 C.E. (b) The association between the five identified
megadroughts and the time series of estimated ENSO, PDO, AMO, and NAO states in Figure 1a. For associations at 100% positive, every year of the identified drought
has a value that is positive (and vice versa for 100% “negative”). The colored squares are the results for each of the five megadroughts considered individually. The
shaded regions in Figure 1b are the 95% significance level for these five megadroughts using a distribution and autocorrelation preserving bootstrapping method to
test statistical significance (Text S2, section G)—the different lengths of each of the five megadroughts results in the range of the 95% significance level. The circles
show values for all five identified megadroughts considered collectively (values correspond to all years identified as being megadrought years), with the filled circles
being those associations that are significant at the 95% level. (c) The values for all five identified megadroughts considered collectively but calculated using subsets
of the full Northern Hemisphere dendroclimatic reconstructions. All of these indicate a statistically significant association between megadroughts and ENSO except
for the case in which the OWDA is considered alone.

3.5. Method Validation

Four 500 year control simulations [Taylor et al., 2012] are used in a pseudoproxy context to test the climate
analogues framework (Text S2, sections A-C). The method is significantly skillful for the ENSO and NAO,
and this behavior is not highly model-dependent; however, skill is limited for the AMO and PDO. The inability
to reproduce the AMO and PDO appears to be related to difficulty constraining their impacts on hydroclimate
over the Northern Hemisphere given the long time scales of variability inherent to these modes and the short
135year (1871-2005 C.E.) training interval. Nevertheless, model representation of the hydroclimate impacts
of the PDO and AMO is poor [Coats et al., 2015b], and the pseudoproxy-derived skill for these modes may be a
pessimistic representation of actual skill. Additionally, the climate analogues framework is found to be rela-
tively insensitive to choice of observational data set (Text S2, section D and Figure S7) and to changes in
the tree ring site distribution and density over the analysis period (Text S2, section E, Figure S8, and Table S2).

4, Results and Conclusions

Consistent with prior analyses [Coats et al., 2013, 2015a], we define a drought as beginning with two conse-
cutive years of negative hydroclimate anomalies and ending with two consecutive years of positive hydrocli-
mate anomalies, with the sum of hydroclimate anomalies between the start and end of each drought
determining the rank. Focus is limited to the five most severe and persistent (highest-ranked) droughts over
the American West in the NADA for the period of 1000-2005 C.E. (hereinafter megadroughts). Using the out-
put of the climate analogues framework (Figure 1a) we assess the percentage of megadrought years that
have positive or negative values of the ENSO, PDO, AMO, and NAO (Figure 1b). Megadroughts over the
American West are consistently and significantly tied to periods with a higher than average frequency of cold
ENSO conditions, with 96% of megadrought years having negative ENSO values in Figure 1a. The significance
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Figure 2. (left column) Drought atlas and (right column) impact map composites for the five identified megadrought
periods. The drought atlas composites are the actual hydroclimate patterns during each megadrought. The impact

map composites (see Text S1, section C for further discussion) are the hydroclimate patterns during each megadrought
implied by the atmosphere-ocean states estimated from the climate analogues framework in Figure 1. Composites are
shown for each of the five identified megadroughts (dates on the left side of each row) and all five megadroughts
considered collectively (“All Events”"—uvalues correspond to all years identified as being megadrought years).

of this association is found to be present regardless of the underlying regions employed in the climate
analogues framework (with the only exception being when just the OWDA is used—Figure 1c), providing
confidence that the association is robust and not dependent on ENSO teleconnections to the NADA, the
drought atlas in which the megadroughts were identified. Instead, megadroughts over the American West
occur as a part of hemisphere-scale hydroclimate patterns (Figure 2a) that are characteristic of a negative
ENSO state (Figure 2b and Text S1, section C).

The three most severe and persistent megadroughts in the American West over the last millennium occurred
during the MCA (Figure 1). While the limitations of the tree ring record constrain our analyses to the period
after 1000 C.E,, all five of the most severe and persistent megadroughts would fall within the MCA in the
broad sense [Coats et al., 2015a, 2016; Seager et al., 2008]. MCA megadrought severity and clustering, along
with strong coupling of American West hydroclimate to tropical Pacific SSTs and a hypothesized ocean
dynamical thermostat response to high radiative forcing, have led to speculation that there was a tropical
Pacific mean shift over the extent of the MCA [Herweijer et al, 2007; Seager et al., 2007; Graham et al.,
20071. The tropical Pacific, however, does not appear to have persistently cold conditions during the MCA,
or more generally during any MCA-length (300 year) period (Figure 1a), contradicting the hypothesis that
there was a radiatively forced tropical Pacific mean shift. Confidence in this conclusion requires that the
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Figure 3. (a) Fraction of years with a negative value in the time series of ENSO states from Figure 1a for sliding windows of
50, 100, 200, and 300 year length. The horizontal axis shows the first year of each window. (b) Histogram of the fraction
of years in each 300 year segment (length of the MCA) with a negative ENSO value. The value corresponding to the MCA
(1000-1300 C.E.) is plotted as the vertical dashed line.

climate analogues framework can capture 300 year tropical Pacific mean shifts similar to what was suggested
to have occurred during the MCA [Mann et al.[2009]], and pseudoproxy experiments demonstrate that this is
the case (Figure S9 and Text S2, section F).

Shorter 10-30year periods with a higher than average frequency of cold ENSO conditions (hereinafter, tropi-
cal Pacific cold states will be used to specifically refer to periods with a higher than average frequency of cold
ENSO conditions), however, are a relatively consistent feature of last-millennium ENSO variability (Figure 1a).
It is these features that coincide with the five identified megadroughts (Figure 1b). While the MCA has a high
incidence of 10-30 year tropical Pacific cold states, the temporal clustering is not unique when compared to
other 300 year periods. The 300 year period beginning in the late sixteenth century, for instance, also has a
high incidence of tropical Pacific cold states (Figures 1a and 3a). Likewise, the fraction of negative ENSO
values (Figure 1a) during the MCA is not unique when compared to other 300 year periods (95th percentile,
Figure 3b). Finally, the three tropical Pacific cold states that coincide with the MCA megadroughts are not the
most exceptional of the last millennium when ranked by the number of consecutive negative ENSO years
(they are the 4th, 5th, and 14th ranked).

Tropical Pacific cold states during the MCA are neither more prevalent nor exceptional in character, suggest-
ing that other modes of atmosphere-ocean variability may have played a secondary role in determining the
severity and clustering of MCA megadroughts. There were warm conditions in the Atlantic during the MCA, as
the AMO is predominantly positive from ~1100-1300 C.E. (Figure 1a). In fact, the MCA is the 300 year period
with the highest inferred occurrence of years with both a negative ENSO state and positive state of the AMO.
A potential mechanism would involve warm tropical North Atlantic SSTs and associated local and interbasin
tropospheric heating driving equatorward descending flow over the American West that suppresses summer
precipitation [Kushnir et al., 2010] and modulating ENSO-driven tropical Pacific precipitation and associated
teleconnections during winter [Enfield et al., 2001; Kushnir et al., 2010]. This background drying and
modulated ENSO impact during the MCA would then allow 10-30 year tropical Pacific cold states to produce
particularly severe megadroughts. Important caveats, however, are that the AMO was not positive during the
early part of the MCA (Figure 1a), and it is difficult for the climate analogues framework to reproduce the state
of the AMO because of poor sampling of such low-frequency modes over the 135 year training interval
(Figures S3, S4, S5, and S6 and Text S2, sections A-C). Further research on the state of the AMO during the
MCA will be necessary to provide confidence in this result, but time series modeling [Coats et al., 2016]
and model-based analyses have suggested an important role for the AMO in driving drying over North
America during the MCA ([Feng et al., 2008; Oglesby et al., 2011]—also see Text S2, section D).

With regard to the forced versus internal origins of megadroughts, the 10-30 year tropical Pacific cold states
that coincide with megadroughts (Figure 1) appear to be well within the range of internal variability. This
includes the tropical Pacific cold states during the MCA, which were neither more persistent nor more preva-
lent than those in other 300 year periods and, which were associated with average solar and volcanic
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have required radiative forcing if the
AMO is associated with long time scales
of predominantly internal variability,
although the origins and character of
the AMO are being actively debated [Clement et al., 2015; Zhang et al., 2016]. If this is the case then no externally
forced atmosphere-ocean dynamics are needed to explain megadroughts, including the clustering and severity
of megadroughts during the MCA, with internal variability likely playing an important role.
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Figure 4. The association between the five most persistent and severe
droughts over the American West (megadroughts) and the ENSO state in
four preindustrial control simulations from CGCMs (Table S1). The circles
show the values for all five identified megadroughts considered collectively
(values correspond to all years identified as being megadrought years in
each simulation), with the filled circles being those associations that are
significant at the 95% level. The shaded regions show the associations
implied by the climate analogues frameworks computed as a part of the
pseudoproxy experiments in Text S2, section A. The dark gray shaded region
is the 25th to 75th percentiles of these associations with the light gray
shaded region representing the full range. The dashed line is the value for
the actual climate analogues framework from Figure 1b.

These results have implications for the evaluation of CGCMs and their regional hydroclimate projections of
economically, culturally, and agriculturally significant areas of the American West. CGCMs consistently simu-
late megadroughts driven by internal variability, but under a range of different atmosphere-ocean states
[Coats et al., 2013, 2015a; Stevenson et al., 2015]. There are, however, some CGCMs that simulate a significant
association between megadroughts and the tropical Pacific Ocean (e.g., CCSM and IPSL in Figure 4).
Nevertheless, the consistency of this association is much weaker than in the real world, according to this
analysis, even when considering the uncertainty of the climate analogues framework (Figure 4). While we
are less confident in a role for the AMO in driving background drying during the MCA, most CGCMs also
lack a realistic AMO and associated hydroclimate impacts over the American West [Coats et al., 2015b].
Fundamentally, these conclusions imply that CGCM-based hydroclimate projections may not account for
the full range of potential future trajectories in the Pacific and likely also the Atlantic Oceans, and their
associated hydroclimate impacts, and thus may struggle to accurately represent megadrought risk in the
near-term future.
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