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ENSO-driven coupled megadroughts in North and
South America over the last millennium

Nathan J. Steiger©'2®, Jason E. Smerdon 1, A. Park Williams"? and

Arianna M. Varuolo-Clarke ®'

1, Richard Seager

Geological evidence from the last millennium indicates that multidecadal megadroughts may have occurred simultaneously in
California and Patagonia at least once. However, it is unclear whether or not megadroughts were common in South America,
whether or not simultaneous megadroughts in North and South America occurred repeatedly, and what would cause their
simultaneous occurrence. Here we use a data-assimilation-based global hydroclimate reconstruction, which integrates pal-
aeoclimate records with constraints from a climate model, to show that there were about a dozen megadroughts in the South
American Southwest over the last millennium. Using dynamical variables from the hydroclimate reconstruction, we show that
these megadroughts were driven by the El Nifio/Southern Oscillation (ENSO). We also find that North American Southwest
and South American Southwest megadroughts have occurred simultaneously more often than expected by chance. These
coincident megadroughts were driven by an increased frequency of cold ENSO states relative to the last millennium-average
frequency. Our results establish the substantial risk that exists for ENSO-driven, coupled megadroughts in two critical

agricultural regions.

megadroughts that occurred repeatedly in western North

America during the mediaeval period and that dwarfed any
prolonged droughts observed during the 19th and 20th centuries"’.
These historical megadroughts profoundly impacted human and
ecological communities and the landscape across western North
America’. In the 1990s it was discovered that at least one mediaeval
megadrought in California coincided with prolonged drought con-
ditions in Patagonia®. It was proposed that these droughts—referred
to as ‘Stine droughts’ after their discoverer—were connected through
a decades-long polewards shift of the storm tracks in both hemi-
spheres. Since that time, several climate drivers have been impli-
cated in causing North American megadroughts, including modes
of variability in the Pacific and Atlantic Oceans as well as historical
radiative forcing®"’. In southwestern South America, Pacific Ocean
variability has been linked to interannual fluctuations in precipita-
tion and streamflow’"'?. Both palaeo- and observation-based analy-
ses suggest that the fluctuations in the interannual hydroclimates of
North and South America can be partially explained by a common
Pacific Ocean driver'”""". There is also evidence of multidecadal
coherence between precipitation-sensitive proxies in central Chile
and ENSO over the past 400 years'". Taken together, this evidence
indicates the existence of an ENSO-driven, interhemispheric link
between the hydroclimates of North and South America. Despite
this progress in understanding the occurrence and causes of mega-
droughts in North America and shorter duration droughts in South
America, little is known about the existence and characteristics of
multidecadal megadroughts in South America, let alone their con-
nection to North American megadroughts.

Understanding the possible connection between megadroughts
in North and South America is critical given the substantial impacts
of simultaneous severe droughts in both regions. The past two
decades have, perhaps coincidentally, seen long-term drying develop
in both the North American Southwest'® and central Chile", which

Over 15 years ago, tree-ring records revealed prolonged

has had considerable economic and ecological impacts. Drying in the
North American Southwest has reduced the flow of the Colorado
River” (which irrigates approximately 22,000 km? of land and pro-
vides water for over 40 million people’') and has promoted rapid
increases in ground-water extraction”’. Drying has also contributed
to several massive forest mortality events® and increased the area of
forest fires throughout the region*. Chile is among the top ten agri-
cultural exporters in the world, with central Chile being the economic
heart of the country: it is home to approximately three-quarters of
the country’s population, contains over 75% of the country’s total
irrigated agriculture and has the majority of the country’s water res-
ervoirs’>*. During the most recent severe drought (2010 until now),
central Chile has experienced precipitation deficits of up to 45% of
the 1970-2000 mean'*”. This has resulted in substantial depletion
of water resources for both agriculture and human consumption as
well as an extension of forest-fire seasons'*”’.

Megadroughts in North and South America

Here we use a newly available reconstruction product to test the
possibility and potential causes of coupled megadroughts in
the Americas (we define megadroughts as severe droughts that
last longer than a decade, see Methods for details). The Paleo
Hydrodynamics Data Assimilation product (PHYDA) is an inter-
nally consistent reconstruction that provides, among other climate
variables, globally gridded hydroclimate and sea surface tempera-
tures (SSTs) over the Common Era. PHYDA combines informa-
tion from both a global climate model and a global collection of
proxy time series to produce a probabilistic reconstruction of the
past 2,000 years (see Methods and ref. % for more information about
PHYDA). We focus our analyses on two regions in North and South
America: the North American Southwest (NASW) and the South
American Southwest (SASW) (Methods, see Extended Data Fig. 1
for boundaries and Extended Data Fig. 2 for reconstruction veri-
fication). These two regions are important agricultural centres and
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Fig. 1| Megadrought in the NASW and the SASW. a, Reconstructed PDSI of the NASW and SASW for the summer season (June-August (JJA) for NASW;

December-February (DJF) for SASW) from PHYDA? (note that the period of o

ur analyses and the baseline of the plotted PDSI is 1000-1925 ck, the

baseline is indicated by the dotted yellow line, see Methods). Lighter coloured time series are annually resolved while darker coloured time series are an

11-year lowpass filter (moving average), corresponding to the timescale used in
region are highlighted in green (NASW) and maroon (SASW), with the overlap
b, Spectral coherence between the NASW and the SASW time series shown in

the megadrought definition (Methods). Megadrought periods for each
represented by the darkest shading and an asterisk symbol above the plot.
a along with a Monte Carlo-based AR-null (significance level, a=0.05)%".

Coh, coherence. ¢, Black asterisks show the probability of the occurrence of ‘both’ NASW and SASW experiencing a megadrought and for ‘neither’

experiencing a megadrought (where the probability is the number of years experiencing both or neither conditions divided by the total number of years).
Box plots show the distribution of corresponding probabilities for a best-fit AR-null model (Methods); the central box mark of the distributions indicates
the median, the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively, and the whiskers extend to the most extreme data

points not considered outliers, approximately +2.7c.

they are climatologically similar: both regions receive the major-
ity of their precipitation in the cold season (which supplies the soil
moisture for the following growing season), and both regions con-
tain semi-arid lands and the only Mediterranean-type climate zones
in the Americas®. These two regions have also been observed to
experience large variability in long-term hydroclimate throughout
the Holocene®*'1%,

We find that megadroughts occurred repeatedly in the SASW
(Fig. 1a) and that they often co-occurred with megadroughts in the
NASW (Fig. 1a). Using a specific megadrought metric (Methods),
we find nine NASW and 12 SASW events, with seven events occur-
ring simultaneously in the two regions (one NASW drought spans
two SASW droughts). NASW droughts tend to be longer than SASW
droughts, with a mean length of 31.8 years compared with 21.2
years; this additional length in NASW droughts also makes them
more severe, with the average sum of the Palmer drought severity
index (PDSI) over the droughts being —25.7 PDSI compared with
—15.0 PDSI for the SASW. Time series of the averaged summer
PDSI”! in these two regions show an unusual degree of coherence at
interannual to decadal timescales (Fig. 1b). Among the seven iden-
tified periods of coincident drought, both the NASW and the SASW
experienced megadroughts during the classic Stine megadrought
periods (Fig. la): circa 1050-1200CE and 1250-1400cE (the
approximate, wide ranges account for the dating uncertainties of the
relic tree stumps presented in ref. *). Although ref. * identified only
the first of these events as a period of simultaneous megadrought
in California and southern Patagonia, we find evidence for much
more frequent simultaneous megadroughts in the NASW and the
SASW. The association between megadroughts in the two regions
is not by chance: the occurrence of simultaneous events exceeds the
frequency that would be expected in two unrelated time series with
the same auto-regressive (AR) statistical properties. Specifically, the
co-occurrence exceeds 2.7¢ of the AR-null distribution (Fig. 1c).
Moreover, the variability and drought periods in the SASW PDSI
time series reflect the local proxy data: they are not imparted by
North American proxy sources (Extended Data Fig. 3) nor by the
spatial covariance information used by the PHYDA reconstruction

methodology (Extended Data Figs. 4 and 5). Relatively continu-
ous historical documentary evidence overlaps with the last of our
identified megadroughts in the SASW. This evidence indicates a
severe drought in central Chile from 1769 to 1784 ck (refs. *>*),
approximately coincident with the megadrought we identify in our
proxy-based reconstructions from 1773 to 1785 CE.

Causes of coupled megadroughts

Composites of global PHYDA reconstructions of SSTs and the
PDSI for all megadroughts in the NASW and all megadroughts
in the SASW show a cold Pacific SST pattern similar to La Nifia
(Fig. 2). Consistent with previous work'’, the NASW is associ-
ated with both a La Nifna-like Pacific and a warm North Atlantic
(basin-wide mostly positive SST anomalies). SASW megadroughts
lack the warm North Atlantic and are characteristic of a typical La
Nifia pattern through the tropical Atlantic. Consistently, the years
in which neither location experienced a megadrought are charac-
teristic of El Nifio conditions in the Pacific and neutral conditions
in the Atlantic (Fig. 2). When there are megadrought conditions
in both regions, the global SST pattern is an enhanced version of
the SASW megadrought conditions, typical of a stronger La Nifia
pattern (Fig. 2). These results hold even if SASW megadrought
periods are determined using an alternative reconstruction of the
SASW PDSI that relies only on the local proxy data (Extended
Data Fig. 6); this confirms that the SST-megadrought associa-
tions are not imposed through a far-field influence of the large
North American proxy network on the PHYDA reconstruction
over South America.

The ENSO-dominant result established in Fig. 2 is also sup-
ported by the full probabilistic ensemble of the NINO3.4 index
from PHYDA: individual megadroughts in either the NASW or
the SASW correspond with colder NINO3.4 conditions, the lack of
megadrought in either location corresponds with a warm NINO3.4
shift, and simultaneous megadroughts in both regions occur with
a large negative shift in the NINO3.4 index (Fig. 3a). An increased
frequency of cold Pacific SST conditions may therefore partially
explain megadroughts and their co-occurrence.
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Fig. 2 | Mean climate states during megadrought and non-megadrought years. Composites of DJF SST and PDSI from PHYDA for all years corresponding
to NASW megadrought conditions, SASW megadrought conditions, when megadroughts do not exist in either location (Neither) and when megadroughts
exist in both locations (Both). Temperature and PDSI data are anomalies with respect to the analysis period 1000-1925 c.

Using self-organizing map (SOM) analysis®, we partition
PHYDAs DJF Pacific SST reconstruction into its fundamen-
tal flavours, similar to the observations-based analysis of ref. **
and previous PHYDA analyses'®*® (Methods). We find that when
megadroughts occur in both the NASW and the SASW, there is a
robust decrease in warm, El Nifio-like ENSO flavours (Fig. 3b, pat-
terns 1-4). There is also an unusual increase in the frequency of
flavours of ENSO that have cold SST anomalies: in Fig. 3b, pattern
numbers 5 and 7 increase 40% and 138%. These pattern increases
exceed the 97.5th percentile of a Markov chain Monte Carlo-based
null distribution (Methods). These results are robust to the choice
of the number of SOM patterns (Extended Data Fig. 7). While the
La Nina-like flavours of ENSO with a broad latitudinal extent may
be connected to longer timescale expressions of ENSO, such as the
Pacific Decadal Oscillation or the Interdecadal Pacific Oscillation”,
these ENSO flavours are also present in interannual analyses™.

To assess the relative importance of ocean-dynamical factors and
radiative forcing in explaining the hydroclimate in these regions, a
decadal-scale linear regression analysis is performed over the period
1000-1925 cE using detrended indices (Methods). Consistent with
ref. %, we find that the hydroclimate in the NASW is driven most
strongly by ENSO, with the Atlantic Multidecadal Oscillation
(AMO) index and radiative forcing explaining less than half the
NASW PDSI variance explained by NINO3.4 (Fig. 4a). Including
NINO3.4, AMO and forcing as predictors, however, improves the
regression model relative to NINO3.4 alone (Fig. 4a; the distribu-
tion of adjusted the coefficient of determination, %, for 'N+A+F
is distinct from the distribution for ‘NINO3.4; via the Kolmogorov-
Smirnov test with distribution size #=999 and a=0.05). In con-
trast to these NASW results, the NINO3.4 index has r* values that
are approximately two times higher for the SASW (Fig. 4a). In
addition, there is no discernible impact of radiative forcing on the
decadal-scale PDSI in the SASW and it does not improve the 7> val-
ues when included with the NINO3.4 index (Fig. 4a; Kolmogorov-
Smirnov test with =999 and «@=0.05). This result holds if
the radiative forcing model (see Methods) is driven solely by
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volcanic events in the Southern Hemisphere (and thus more local
to the SASW).

We do not find conclusive evidence for whether or not radiative
forcing influenced the simultaneous occurrence of megadroughts
in the NASW and the SASW (Fig. 4b), despite the fact that radia-
tive forcing has been shown to influence the occurrence of NASW
megadroughts’®. Among the seven simultaneous megadrought
events, three experience predominantly positive forcing anoma-
lies, two experience predominantly negative forcing anomalies,
one experiences average forcing anomalies and the single remain-
der experiences a mix of positive and negative forcing anomalies
(Fig. 4b). This assessment is hindered in large part by the relatively
small number of simultaneous megadrought events, making a more
sophisticated analysis (for example, logistic regression as in ref. '°)
impossible.

All our analyses rely on palaeoclimate reconstructions, which are
estimates of the past climate based on sparse and noisy measure-
ments from climatic proxies. These endemic uncertainties neces-
sitate the probabilistic analyses that we have presented herein. In
addition, although PHYDA benefits from the dynamical informa-
tion of a global climate model, it is also constrained by that model.
While PHYDAS input variables have undergone bias correction™
and PHYDA itself (including its ENSO covariances and spectra)
has been shown to validate well in multiple contexts'®***, it likely
still inherits some of the fundamental inaccuracies of the climate
model that was used in its construction®. Such inescapable fea-
tures of data-assimilation products therefore require diligence and
caution regarding interpretation, hence the additional validation
exercises that we have provided herein. Moreover, documentary
data’” and the new South American Drought Atlas® allow for
some independent validations of PHDYA, as discussed previously
for our proxy-identified drought from 1773-1785cEe. However,
documentary data are not available before the 16th century and the
South American Drought Atlas is only available back to 1400 cE,
leaving the critical mediaeval megadrought period unsampled by
these products.


http://www.nature.com/naturegeoscience

ARTICLES NATURE GEOSCIENCE

——_—

30°S 30°S 4
—93% —91%
450 LRI ‘ : asos LY ‘ ‘
150°E  180° 150°W 120°W 90°W 150°E  180° 150°W 120°W 90°W
a 45°N
0.8
3 oN
—— NASW =l 30°N - o
- == . ;
— SASW 15° N - e
8 0° 4
06 | Both L,\/\&
> - Neither 15°S ——
2 —-—- All years 30°S 4
3 -50% —~59%
° 45°8 ks /;7‘- ‘ ‘ ! 45°S s /;7‘» : ‘ ‘
= 04 r 150°E  180° 150°W 120°W 90°W 150°E  180° 150°W 120°W 90°W
Q 45° N
®©
Qo
o 30° N
o o
15° N
02
0 +40%
-2 -1 0 1 2 4505 T 2L : ‘ :
150°E  180° 150°W 120°W 90°W
NINO3.4 (°C, DJF) 45° N
30°N

15°N
0°

|-

15° S .
+138%
\

45°S /'}7\' ‘ 7
150°E  180° 150°W 120°W 90°W 150°E  180° 150°W 120°W 90°W
L N —

-1.6

-1.2 -08 -04 0 0.4 0.8 1.2 1.6

Temperature anomaly (standard units)

Fig. 3 | Frequency changes in tropical SST conditions. a, Probability density functions for the NINO3.4 index from PHYDA, including the full probabilistic
ensemble, for periods of NASW megadrought, SASW megadrought, neither location in megadrought, both locations in megadrought and a reference
distribution for all years of the analysis, 1000-1925 ct. b, SOM patterns based on detrended, standardized DJF SST data from PHYDA for the years
1000-1925 ce (see Methods). Boxes in the lower left corner of each panel show the percentage change in the frequency of occurrence of that pattern
during simultaneous megadrought years relative to the average frequency over 1000-1925 ct; grey-coloured frequency changes indicate those percentage
changes that fall within the 2.5th and 97.5th percentiles of a Markov chain Monte Carlo null distribution for each pattern (see Methods).

A last-millennium perspective

Despite the existing caveats, the global and last-millennium perspec-
tive provided by PHYDA has allowed a more definitive assessment
of the existence and causes of megadroughts in the SASW than has
previously been possible. Unlike their counterparts in the NASW,
which are also influenced by Atlantic SSTs and radiative forcing,
past megadroughts in the SASW appear to have been driven by cold
Pacific SSTs'’; ENSO is approximately twice as important a driver
for the SASW as it is for the NASW. The lack of these additional
forcings may underlie the slightly reduced persistence and severity
of the SASW megadroughts relative to those in the NASW.

This work has also shown that megadroughts have appeared
simultaneously in the NASW and the SASW throughout the past
millennium. The co-occurrence of these events cannot be explained
by chance, by shared proxy information or as an artefact of the
reconstruction methodology, but instead probably have physical
origins. In the pioneering work of ref. * it was suggested that a single
simultaneous megadrought period was driven by a persistent con-
traction of both polar vortices that would directly decrease precipi-
tation delivery to California and purportedly decrease precipitation
in Patagonia through an enhanced rain-shadow effect. Contrary
to this suggestion, we find that the more likely cause of multiple
simultaneous megadroughts was an increase in the frequency of

cold Pacific SSTs. These cold tropical Pacific Ocean states shift the
jet streams and storm tracks polewards over both North and South
America, thus inducing the coincident droughts in the NASW and
the SASW™.

Our results suggest that radiative forcing did not play a major
role in past simultaneous megadroughts. However, because there is
evidence that past NASW megadroughts were partially explained
by a positive radiative forcing (Fig. 4a and ref. '), it is reasonable to
expect that forcing may have some role in increasing the probabil-
ity of their co-occurrence with SASW megadroughts. The causes
of past megadroughts also provide only a partial insight into cur-
rent and future events, given the large magnitude of contemporary
radiative forcing. Indeed, both the NASW and central Chile have
experienced severe and prolonged droughts over the past decade
or longer, both of which have been explained partially by radiative
forcing and partially by unforced atmosphere-ocean dynamics'®”.
For both droughts, SST anomaly patterns distinct from ENSO and
including warming in the western Pacific have been invoked as
possible drivers**' but it is not clear whether these patterns arise
from natural variability or as a forced response to rising greenhouse
gases”. Either way, the large contemporary radiative forcing can in
part explain why drought has persisted even without a dominant La
Nifia driver over the same time period””.
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during a particular drought period.

Implications for future climate

Our results imply that ENSO variability has the capacity to induce
megadroughts in both North and South America at any time in
the future. It may also be that global warming could make cou-
pled megadroughts more frequent, given the known influence of
greenhouse-gas-driven drying in both areas?*=**. Projecting future
changes in these correlated extremes is nevertheless complicated
by the fact that state-of-the-art global climate models have diffi-
culty reproducing important features of ENSO* and appear to dis-
agree with observations about the response of the tropical Pacific
to historical forcings®. It is therefore essential that we improve our
understanding and modelling of the tropical Pacific in response to
increasing radiative forcing. This will improve our capacity to pre-
dict and to prepare for simultaneous megadroughts in the critical
agricultural centres of the NASW and the SASW.
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Methods

Paleo Hydrodynamics Data Assimilation product. We use PHYDA for the basis
of this study****. PHYDA was constructed using palaeoclimate data assimilation,
a reconstruction method that probabilistically fuses proxy information with the
dynamical constraints of climate models; this method simultaneously estimates
both hydroclimate fields and corresponding atmosphere—ocean states””. PHYDA
incorporates information from a network of 2,978 annually resolved proxy-data
time series” together with the Community Earth System Model (CESM) Last
Millennium Ensemble of climate model simulations™; as a data-assimilation
product, PHYDA therefore represents a statistically optimal amalgamation of
both model and proxy information (see ref. ** for details about PHYDA). PHYDA
covers the years 1-2000 CE, targeting three different temporal windows: the boreal
growing season of JJA, the austral growing season of DJF and the April to the next
calendar year March annual means.

PHYDA has been extensively validated against observational data in addition
to being compared against other palaeoclimate reconstructions'**. It has also
been shown that the ENSO and other ocean dynamics of PHYDA are not merely
a reflection of the estimated background, that is, the CESM climate model, but
have power spectra that are closer to observations than to the CESM simulation
used as the basis of PHYDA'. Additionally, it has been verified that PHYDA has
realistic ENSO-hydroclimate teleconnections, and it has been successfully used
to elucidate the dynamical causes of pancontinental droughts in North America*
and megadroughts in the NASW region'’. Extended Data Figure 2 shows a specific
verification of PHYDA’s DJF reconstruction of PDSI over the central SASW region.

For the megadrought specifications, time series analyses and regression
analyses, we use summer PDSI data for both regions, JJA averages in the NASW
and DJF averages in the SASW. The summer dry season reflects the time when
droughts are most acute. However, we note that both regions have similar
hydroclimatologies and receive the majority of their precipitation in the preceding
winter. Both the tree-ring data and the time-lagged PDSI variable therefore
incorporate information about both the summer growing season and the amount
of winter precipitation; this has been shown explicitly for the NASW*"** and is
expected to apply to the SASW given the climatological conditions (Extended Data
Fig. 1) and similarities to the NASW.

For the megadrought composites (Fig. 2 and Extended Data Fig. 6), we use the
DJF SST anomalies (the peak season of ENSO) and the DJF PDSI globally. PHYDA
has been shown to skillfully reconstruct both of these seasonal variables* and has
lower uncertainties through the last millennium for the Pacific DJF SSTs than the
JJA or annual SSTs. Despite the complexities of seasonal SST associations with
annual droughts™, these complexities appear negligible at the decadal timescale
analysed herein: the composite results are very similar for other seasonal choices
(for example, the JJA or annual mean).

Analysis period. We limit the beginning of the analysis to the year 1000 CE because
of the relative dearth of South American proxy information before that time*. As
in ref. ', we end the analysis in 1925 CE to exclude the period of most pronounced
anthropogenic warming that is likely to introduce complicating trends in the data.

North American Southwest region. Following previous work'’, the NASW region
is defined as land in the regional box bounded by 125-105° W and 31-42°N, which
wholly includes the US states of California, Nevada, Utah and Arizona, a southern
portion of Wyoming, and both Colorado and New Mexico west of the Rocky
Mountains. This regional box also includes some of the northernmost portions

of Mexico where the international border deviates from a straight line at 31°N.

For nearly all of this region, the majority of the precipitation falls during the

cold season.

South American Southwest region. We use the South American land region
bounded by 75-69° W and 26-45°S, excluding the size of a single PHYDA grid
box near 28°S at the northeastern corner of the region encompassing part of the
Chilean Altiplano (see Extended Data Fig. 1). The boxed region contains all of
central Chile and a section of western Argentina. The boundaries were selected
based on two factors: the precipitation climatology™ and the proxy availability.
The eastern boundary of this region follows the sharp gradient in the precipitation
climatology that divides areas with a majority of JJA versus DJF precipitation
(Extended Data Fig. 1a,b). The eastern and southern boundaries enclose a region
with a majority JJA precipitation signal (Extended Data Fig. 1a); like the NASW,
this corresponds to a cold-season-dominated precipitation regime. This bounded
region also contains a high density of proxy locations used in PHYDA?. These
proxy locations covary strongly with other locations in the regional box, with the
DJF PDSI at proxy locations correlating at 72> 0.6 with other locations in the box
and mean annual temperature at 2> 0.9 (Extended Data Fig. 1c,d).

Megadrought specification. Drought periods in each of the two time series were
identified as the persistently negative PDSI values relative to an 11-year moving
average™. Of these drought events, we analysed those that were both at least ten
years long® and were more severe than the 50th percentile of each region’s droughts
(where severity is the sum of the PDSI over the drought period, with more severe
being more negative); these criteria isolate the most severe ‘megadroughts’ in
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these regions. Nevertheless, the results presented here are insensitive to the precise
choice of length and percentile thresholds (for example, for the NASW, changing
the percentile threshold to the 67th and 75th adds only one and two drought
events, respectively).

Radiative forcing response. We use an estimate of the global mean temperature
response to radiative forcing from the megadrought analysis of ref. '°. This

global mean temperature response is based on a coupled energy balance model
and estimated global-scale radiative forcings over the past two millennia. The
coupled model has been shown to capture both the fast and slow components of
atmosphere-ocean global climate models as they respond to time varying radiative
forcings™. The model simulates the forced global mean temperature response to
historical estimates of greenhouse gases (CO,, N,O and CH,)”, solar irradiance™
and global volcanic forcing™. Whereas this model is not spatially resolved, we
argue that it is a conservative use of the palaeoclimate forcing time series that are
most reliable on hemispheric or global scales. See ref. '* for further specifications of
the model, its validation over the instrumental period and the resulting forced time
series over the past two millennia.

Pairwise comparisons reconstruction. We use the PaiCo (or ‘pairwise
comparisons’) reconstruction methodology® as an alternative to PHYDA for the
mean SASW time series reconstruction (Extended Data Figs. 4 and 5). PaiCo

is a robust index reconstruction methodology that has been widely used in
palaeoclimatology and palaeoclimate reconstructions of the Common Era (for
example, ref. ©'). PaiCo compares all pairs of sample values within each proxy
record and produces a time series that best matches (maximum likelihood) all of
the pairwise comparisons. The reconstruction method is loosely similar to finding
the time series that has the best Kendall’s tau correlation coefficient with all proxy
records. The resulting unitless composite time series is then scaled to match the
instrumental record, here the mean SASW PDSI from ref. ©* from 1903-1995 c.
The input proxy data for the PaiCo reconstruction are all of the moisture-sensitive
tree-ring time series (n=47) within the SASW region that were used in PHYDA.
Note that we used the moisture sensitivity as determined in the construction of
PHYDAL: if the local growing season PDSI correlated more strongly with the proxy
than the local growing season temperature (as derived from ref. ©°), the proxy

was flagged as moisture sensitive and modelled as such in the reconstruction

(see ref. ). A verification® of the PaiCo reconstruction over the SASW is shown
in Extended Data Fig. 2.

AR-null model for probability of co-occurrence. We constructed an AR-null
model to test whether or not the co-occurrence of megadroughts in both the
NASW and the SASW regions (Fig. 1a) can be explained by chance. We first
calculated” that a second-order AR model best fitted both the unsmoothed
NASW and SASW time series shown in Fig. la. We then used the coefficients
of the best-fit AR models to simulate 1,000 noise time series representing each
location. We used the same megadrought specification as above to calculate
the amount of megadrought overlap expected for these unrelated time series.
The null distribution of the probability of overlap, as well as for the absence
of drought in both locations, is shown as the box plots in Fig. 1c (‘Both’ and
‘Neither’).

Self-organizing map analysis. SOMs are a neural-network-based cluster analysis**
that have been used in climate science to describe the continuum of patterns within
a dataset (for example, refs. *>°°). Conceptually, an analysis of climate modes using
SOMs is similar to traditional principal component analysis in that the ‘nodes’ of

a SOM represent the primary modes of the underlying climate field. In contrast to
a principal component analysis, SOMs do not impose linearity and orthogonality
on states that may be related in non-linear, non-orthogonal ways; in practice this
makes SOMs more likely to correspond to physically plausible patterns®.

Here we use the SOM algorithm to assign DJF SST anomaly fields from the
Pacific to spatial patterns of a pre-set number. The SOM algorithm creates a set
of spatial patterns that maximize their similarity with the underlying SST fields
by minimizing their Euclidian distance. The algorithm then assigns each DJF SST
field to the best-matching pattern. The SOM patterns themselves are approximately
a composite of the assigned SST fields™. In addition, the SOM analysis organizes
the patterns such that similar patterns are set in nearby locations within a regular
two-dimensional grid. Thus, this full process allows for the visualization of a
reduced-space continuum of patterns in the dataset (Fig. 3 and Extended Data Fig. 7).

For the SOM analysis, we used the mean DJF SSTs from PHYDA in the largely
Pacific sector bounded by 45°N to 45°S and 135°E to 70° W. The SST fields were
detrended by removing the linear trend at each grid point over the full analysis
period, 1000-1925 CE; this detrending prevents spurious trends in the pattern
occurrence® due to the long-term cooling trend over the pre-industrial Common
Era. Because PHYDA is on a regular latitude-longitude grid, we apply an area
weighting of the SST fields according to the cosine of the latitude®.

As a test of the robustness of the findings in Fig. 3 we repeated the analysis with
six nodes (Extended Data Fig. 7). We did not include more SOM nodes than the
eight presented in the main text because eight modes of tropical Pacific variability
are already at or very near the upper limit of physical plausibility®.
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We constructed a Markov chain Monte Carlo null distribution to assess
whether or not the pattern frequency changes under ‘both’ megadrought
conditions are unusual. We first found the SOM-state transition matrix given the
best-matching unit time series. This transition matrix was then used to generate a
Markov chain-based 10,000 year SOM-state time series (that is, a synthetic 10,000
year time series, composed of SOM node numbers, that matches the statistical
characteristics of the PHYDA-based best-matching unit time series). We built up a
null distribution by sampling from this time series the same number of ‘both’ years
as observed (n=136) 1,000 times. For the SOM node frequency changes shown
in Fig. 3b, the coloured ‘unusual’ frequency changes were those that exceeded the
2.5th or 97.5th percentiles of the null distribution. Note that in Fig. 3b, node 5 is
an unusual frequency change while node 8 is not because node 5 is more common
than node 8 (17% frequency versus 11% frequency). The same null-generating
process was followed for the supplementary SOM analyses shown in Extended
Data Fig. 7.

Linear regression analysis. As in ref. '*, we performed a decadal-scale linear
regression analysis to assess the relative importance of ENSO and forcing drivers
in explaining the decadal hydroclimate over the period 1000-1925 ck for both

the NASW and the SASW (Fig. 4a). Here, decadal-scale PDSI was the predictand
and decadal-scale NINO3.4, AMO (North Atlantic SST anomalies relative to

the period 1000-1925 cg) and the modelled temperature response to radiative
forcing (see the ‘Radiative forcing response’ section above) were the predictors. We
performed the univariate and multivariate regressions within a bootstrap sampling
framework that sampled both the values in the time series and the choice of
averaging timescale: the unsmoothed time series were averaged at nine-, ten- and
eleven-year block averages and randomly sampled with replacement such that 999
(3% 333) total regressions were performed for each predictor/predictand(s) option.
This bootstrap sampling allowed us to incorporate the uncertainty associated with
the choice of time averaging, as well as account for the relatively small sample size
(n~92 at decadal timescales). Before computing the regressions, the averaged time
series were detrended with respect to the full analysis period 1000-1925 CE, in part
to remove autocorrelation (the removal of which was confirmed). The adjusted r*
values (adjusted for the number of predictors) for all 999 bootstrap regressions are
summarized by the box plots in Fig. 4a.

Data availability

All data needed to evaluate the conclusions in the paper are present in public
repositories. PHYDA and the palaeoclimate records used in its creation are publicly
available in Zenodo data repositories at https://doi.org/10.5281/zenodo.1154913
(ref. **) and https://doi.org/10.5281/zenodo.1189006 (ref. *°).

Code availability

The code for computing the SOMs is publicly available from https://github.com/
ilarinieminen/SOM-Toolbox, while the code for computing PHYDA is publicly
available from https://github.com/njsteiger/PHYDA. All additional code related to
this paper may be requested from the authors.
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Extended Data Fig. 1| South American analysis region. (a) The fraction of annual precipitation that falls within the JJA season, based on a climatology of
CRUTS3.23 from 1950 to the present®*. The SASW region analyzed here is the land area enclosed within the red bounding box. In this and all panels, the
approximately 2 degree grid of PHYDA is overlaid on South America. (b) The fraction of annual precipitation that falls within the DJF season, similar to (a).
(c) The maximum r? correlation of observations-based PDSI®? at the South American moisture-sensitive proxy locations used in PHYDA (n=60). This is
constructed by first computing the r? value between each proxy location and all other South American locations, using only the observations-based PDSI
data. The maximum value of all of these point correlation maps is displayed here. The moisture-sensitive proxy locations are those locations associated
with proxy time series that were modeled with PDSI (and not temperature) in the data assimilation framework of PHYDA. (d) Same as in (c), but using an
observations-based temperature product® and the South American temperature-sensitive proxy locations used in PHYDA (n=116). The correlations were
computed using annual mean data, defined as April to the next calendar year March (A2M).
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Extended Data Fig. 2 | Verification of the SASW reconstructions. Verification of PHYDA's reconstruction of the SASW along with a reconstruction of

this same region using only the underlying proxy data (PaiCo; using a method of ‘Pairwise Comparisons'®, see Methods and Materials) and the DJF PDSI
over this region from the ‘van der Schrier’' (VDS) PDSI product®”. PHYDA and PaiCo are shown with error bounds extending to + 2¢ of their respective
reconstruction ensembles. All PDSI time series show a DJF average. The PDSI baseline and period of comparison is 1903-1995, bounded on the oldest date
by the availability of observations-based PDSI from Ref.“? and on the newest date by the availability of proxy data for the PaiCo reconstruction. Verification
metrics for PHYDA against VDS over this time period are: r = 0.60, mean absolute error = 1.14, continuous ranked probability score = 0.87. Corresponding
verification metrics for PaiCo are: r = 0.29, mean absolute error = 1.46, continuous ranked probability score =1.20. Note that for mean absolute error and
continuous ranked probability score®, lower values are better.
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Extended Data Fig. 3 | Alternative reconstructions of the SASW from PHYDA. Reconstruction of the SASW region from the published PHYDA along
with alternative PHYDA-based reconstructions that were made with no proxies in all of North America (SASW No-NA) and no proxies in all of the North
American Southwest (SASW No-NASW). The reconstructions are displayed with an 11-year smoothing (same as in Fig. 1) for clarity of comparison at
the decadal-scale. Note that the No-NA and No-NASW reconstructions reflect not only the lack of proxies in NA and the NASW, but also the increased
influence of other non-local proxies in the absence of NA and NASW proxies. The PDSI series are shown relative to the mean of the SASW time series
over the analysis period (1000-1925).
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Extended Data Fig. 4 | Comparison of SASW reconstructions. Comparison of PHYDA's reconstruction of the SASW (the same as presented in Fig. 1) with
a reconstruction of this same region using only the underlying proxy data (SASW PaiCo). SASW PaiCo is a reconstruction based on a method of 'Pairwise
Comparisons’ (PaiCo)®° and all of the moisture-sensitive tree ring time series (n=47) within the SASW region (Fig. S1) used in PHYDA, see Methods.

The PDSI series are shown relative to the analysis period mean (1000-1925).
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Extended Data Fig. 5 | SASW time series and proxy data analysis. (a) Comparison of PHYDA and PaiCo reconstructions for the SASW, as in Fig. S4 but
for the time series over the years 1400-1800, a probable relative dry period (c.f. Fig. ). For clarity, each annual time series and uncertainties have been
smoothed using a 5-year LOWESS filter. Uncertainties extend to the 5" and 95" percentiles of the probabilistic ensemble generated by each reconstruction
method. This panel illustrates that a reconstruction method based on the local proxy data alone, PaiCo, agrees with the PHYDA reconstruction in the result
of a generally drier period from approximately 1400-1800; though this period is also marked by high interannual and multi-year variance, with many wet
years interspersed within the dry period. The PDSI anomalies are relative to the mean over 1000-1925 (c.f. Fig. 1). (b) Trend in the standardized moisture
sensitive proxy data from the years 1800-2000 in the SASW. The sign of the proxy time series have been aligned so as to correlate positively with PDSI for
this particular calculation. This panel shows that a majority of proxy data have a wetting trend from 1800-2000. (c) Box plot summaries of the distribution
of 100 year means of each proxy time series in the SASW [proxy data were aligned as in panel (b)]. For reference, the century of the 1900s is highlighted
in blue and horizontal lines across the panel indicate the top (black), middle (red), and bottom (black) box edges of the distribution for this century.

The central box mark of the distributions indicates the median, the bottom and top edges of the box indicate the 25" and 75" percentiles, the whiskers
extend to the most extreme data points not considered outliers (approximately + 2.75), with outliers indicated by circles. This panel illustrates that the
distribution of proxy values are generally shifted towards drier conditions for all centuries during the 1400-1800s, with the exception of the 1500s; this
relatively wetter century is also visible in panel (a).
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Extended Data Fig. 6 | Alternative SST and PDSI composite analysis. Composites of the original PHYDA DJF SST and DJF PDSI, as in Fig. 2, except

that the SASW megadrought years are calculated according to the alternative PaiCO reconstruction of SASW DJF PDSI (which is based solely on the
underlying proxy data, see Methods) shown in Figs. S2 and S4. The years of NASW megadrought are determined through the original PHYDA, thus the top
left 'NASW megadrought’ panel in this figure and Fig. 2 are identical. The years of SASW megadrought use the alternative PaiCo reconstruction of SASW

PDSI, thus the remaining panels differ in their constituent years from Fig. 2. Temperature and PDSI data are anomalies with respect to the analysis period
1000-1925.
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Extended Data Fig. 7 | SOM analysis using six nodes. This is the same analysis as shown in Fig. 3 but for six SOM nodes instead of eight. The SOM
patterns are based on detrended, standardized DJF SST data from PHYDA for the years 1000-1925 (see Methods). Boxes in the lower left corner of each
panel show the percent change in the frequency of occurrence of that pattern during simultaneous megadrought years relative to the average frequency
over 1000-1925; gray colored frequency changes indicate those percent changes that fall within the 2.5 and 97.5%" percentiles of a Markov chain Monte
Carlo null distribution for each pattern (see Methods).
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