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or modern period, considerably adding to the previous report of an
MCA megadrought in southern Finland (29), and it now more com-
pletely defines the spatial pattern and extent of dryness during that time.
In contrast, the Romania and Ukraine regions of eastern Europe have
more similar patterns of dryness, and northern Fennoscandia and Russia
have more similar patterns of wetness, in all three epochs. Notably, the
overall timing of MCA dryness in north-central Europe is consistent
with that described for large areas of North America (26, 27) (see later
discussion).

A summary of the history of drought and wetness since 870 CE in
the core region of OldWorld MCA drought (Fig. 3A, yellow rectangle)
is presented in Fig. 3B.Theoverallmean±1s error is−0.44±0.04 scPDSI
units from the expected mean of zero for the 1928–1978 calibration
period, which reflects the general tendency for drier conditions in the
preindustrial past. In contrast, the most recent period (1998–2012) has
been anomalously wet (+0.97 ± 0.24). It is necessary to go back to 1721–
1739 to find a wetter period of comparable duration (+1.55 ± 0.24). As a
relative index of drought, scPDSI has a high degree of spatial compara-
bility across a broad range of precipitation climatologies (30). This allows
us to compare this drought to another reconstructed medieval mega-
drought occurring at around the same time in western North America

(26). The 1000–1200 CEmegadrought over north-central Europe has a
reconstructed mean of −0.72 ± 0.10 scPDSI units. By comparison, the
worst megadrought in the California andNevada regions of the NADA
(26) lasted from 832 to 1074 CE (−0.84 ± 0.09, calculated after adjusting
the mean of the California/Nevada series to match that of the north-
central Europe series over their 870–2005 common interval). Thus, in
terms of relative dryness as modeled by the scPDSI, this MCA mega-
drought in the OWDA is comparable to one of the more exceptional
MCA megadroughts in the NADA.

Besides theMCA, Fig. 3B also reveals the occurrence of a mid–15th-
centurymegadrought in north-central Europe. Themost intense drought
phase lasted for 37 years from 1437 to 1473CE (−1.84 ± 0.20), with only
two isolated years of positive scPDSI. The timing of thismegadrought is
similar to that of the worst drought reconstructed to have occurred over
the past 1000 years in the southeastern United States (27). This suggests
the existence of some common hydroclimate forcing across the North
Atlantic, perhaps related to Atlantic Ocean sea surface temperature
variations and/or theNorth Atlantic Oscillation (31, 32). Finally, a third
megadrought occurred from1779 to 1827 (−1.34 ± 0.16). This period has
a subperiod of “major long-duration drought” (33) from 1798 to 1808
(−1.89 ± 0.38) in England andWales identified from early instrumental
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Fig. 4. The NHDA based on the OWDA, NADA, and MADA. (A) The temperate latitude regions of drought atlases within the dashed boxes are em-
phasized for purposes of comparison because not all drought atlases have boreal (for example, MADA) or tropical (for example, OWDA) reconstructions.
(B) The original annually resolved drought reconstructions in each region were averaged from 1000 to 1989 CE, transformed into standard normal de-
viates (Z scores), and low pass–filtered to emphasize variability that was >30 years in duration. The low pass–filtered average series were renormalized
to eliminate any differential weighting by region and averaged to produce the NHDA records (not renormalized) shown in black.

R E S EARCH ART I C L E

Cook et al. Sci. Adv. 2015;1:e1500561 6 November 2015 5 of 9

 on N
ovem

ber 6, 2015
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

Cook et al. (2015)

“Drought Atlases” now cover a huge area of the world

NADA = North American Drought Atlas
OWDA = Old World Drought Atlas

MADA = Monsoon Asia Drought Atlas



Drought atlases: evidence for prolonged ‘megadroughts’

fered from severe drought, as well as ex-
tensive areas of Mexico, particularly in the
northern and western parts of the country. In
many of these areas, the 2002 drought was
actually part of an ongoing drought that started
in late 1999 or before, with widespread
drought conditions already persisting for È3
years. Drought abated in many areas by late
2002 to early 2003, but severe drought
conditions have continued to affect the in-
terior western United States throughout the
2004 summer (2).

This drought highlights both the extreme
vulnerability of the semi-arid western United
States to precipitation deficits and the need
to better understand long-term drought var-
iability and its causes in North America. To
this end, we have used centuries-long, an-
nually resolved tree-ring records to recon-
struct annual changes in both drought and
wetness over large portions of North Amer-
ica. The reconstructed drought metric is the
summer-season Palmer Drought Severity In-
dex (PDSI) (3), a widely used measure of
relative drought and wetness over the United
States (4) and other global land areas (5, 6).

New PDSI reconstructions have been pro-
duced on a 286-point 2.5- by 2.5- regular grid
(Fig. 1) (7). This grid covers most of North
America and is a substantial expansion of an
earlier 155-point 2- by 3- drought reconstruc-
tion grid that covered only the coterminous
United States (8). In addition, our drought
reconstructions are 600 to 1200 years long
over much of the U.S. portion of the North
American grid (particularly in the western
United States), a substantial increase over the
È300 years available from the previously
published reconstructions, which all began in
1700. Finally, the variance restoration we
apply to the grid point reconstructions (7)
allows for updates of those records to AD
2003 with instrumental PDSI data. Together,
these attributes enable us to compare the
current western U.S. drought to those that
are reconstructed to have occurred as far back
as AD 800, a time period that includes the so-
called Medieval Warm Period (MWP).

The region of interest here is contained
within an irregular black polygon on the
North American grid (Fig. 1), an area that
we henceforth refer to simply as the West.
Each of the 103 grid points in the West has a
summer PDSI reconstruction that covers the
common interval AD 1380 to 1978, with a
minimum of 68 grid points having recon-

structions that extend back to AD 800. These
reconstructions were produced with a well-
tested principal components regression pro-
cedure developed previously to robustly
reconstruct drought across the coterminous

United States (8, 9), but now with a much
denser network of 602 centuries- to millennia-
long tree-ring chronologies used as predic-
tors of PDSI (7). As before (8), a split cal-
ibration and verification scheme was used to
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Fig. 1. The North
American summer
drought reconstruction
grid and the (mostly)
western U.S. region,
circumscribed by the
thick black irregular
polygon. Out of the
286 total grid points,
103 are contained with-
in the Western region.
Each of the 103 grid
points has an annu-
ally resolved drought
reconstruction that
extends back to at
least AD 1380, with
68 extending back to
AD 800. These form
the basis for our recon-
struction of area af-
fected by drought in
the West (7).

Fig. 2. (A) Smoothed
DAI reconstruction
(solid black curve) for
the West, showing
two-tailed 95% boot-
strap confidence inter-
vals (dashed black
curves) and the long-
term mean (thin hor-
izontal black line). Sixty-
year smoothing was
applied to highlight
the multidecadal to
centennial changes in
aridity. The four driest
epochs (P G 0.05, those
with confidence limits
above the long-term
mean in Fig. 2A) are be-
fore AD 1300, whereas
the four wettest (P G
0.05) epochs occur af-
ter that date. The dif-
ference between the
means of the AD 900
to 1300 period (red line,
42.4%) and AD 1900 to
2003 period (blue line,
30%) are also appar-
ent. The 12.4% differ-
ence between the two
periods translates into
an average drought area (PDSI G –1) increase of 41.3% in the West during the earlier period. This
difference is statistically significant (P G 0.001) given an equality-of-means t test with degrees of
freedom corrected for first-order autocorrelation. Even so, some of the AD 900 to 1300 period
PDSI estimates are extrapolations, because they fall outside the range of the instrumental PDSI
data in the AD 1928 to 1978 calibration period (7). As regression-based estimates, these
extrapolations have greater uncertainty compared to those that fall within the range of the
calibration period. However, they are still based on the actual growth histories of highly drought-
sensitive trees. Therefore, we argue that our DAI reconstruction is indicative of what really
happened in the West, even during the AD 900 to 1300 period of elevated aridity (7). (B) The
annually resolved AD 1900 to 2003 portion, which more clearly reveals the severity of the
current drought relative to others in the 20th century and an irregular trend (red smoothed
curve) toward increasing aridity since 1900.
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CESM: new large ensemble capabilities

CESM Last Millennium Ensemble (CESM LME): 
Otto-Bliesner et al. 2016

Multiple ensembles, varying sizes: different combinations of climate forcings 850-2005
(Orbital, solar, volcanic, GHG, ozone/aerosol, land use/land cover, all of the above)



Megadrought and climate modes: “big data” problem

200-year moving window

Megadrought persistence, risk

Risk = % years in megadrought
Climate variability: 
ENSO amplitude

Palmer Drought Severity Index (PDSI), North American Southwest: LME
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and ENSO–AMO amplitude, creating a set of 5 times
(number of runs) epochal values for each. The effects of
ENSO/AMO are then estimated as the changes in per-
sistence or risk associated with differencing epochs of
‘‘high’’ (above the 60th percentile) and ‘‘low’’ (below
the 40th percentile) variance in eachmode of variability.
In this and other cases, the significance of differences is
evaluated by applying theWilcoxon rank-sum test to the
set of all events at each grid point. The use of a non-
parametric test allows us to avoid assumptions regarding
the underlying probability distribution function (PDF)
of event persistences/risk.
Figures 3d–g show that both ENSO and the AMO

influence megaevent persistence in many locations: high
ENSO variance leads to shorter megadroughts and
longermegapluvials in the SAHEL,AUS, and SAMONS
regions. In contrast, high ENSO variance lengthens
megadroughts and shortens megapluvials in CMEX and
EAMAZ (Figs. 3d,e). Interestingly, the simulated ENSO
influence in the southwestern United States is relatively
small; megadroughts tend to lengthen and megapluvials
to shorten somewhat, but CMEX shows much larger
changes in both megadrought and megapluvial events
due to ENSO. Figures 3f and 3g show that the AMO’s
effects are weaker than ENSO’s in many regions.
However, high AMO variance lengthens SWUSMEX
megadrought and shortens megadrought in NAMAZ.
Megapluvials are not as strongly influenced by the AMO,
indicating that AMO influences on hydroclimate are less
symmetric with respect to the sign of the anomaly than
ENSO impacts.

Changes to ENSO and the AMO also alter the overall
risk of megadrought as defined in section 2, which is
depicted in Fig. 4. Stronger ENSO variability is tied to
risk reductions in AUS, SAHEL, and SAMONS: this
results from changes in both megadrought and mega-
pluvial lengths. In all three regions, epochs of stronger
ENSO variance are associated with shorter mega-
drought and longer megapluvial events, which together
account for the reduction in the proportion of time spent
in megadrought conditions. However, the risk increases
in CMEX; based on Fig. 3, this seems to relate to re-
duced persistence of megapluvial periods. The changes
to megadrought risk due to AMO variability are much
weaker (Fig. 4c); only in the northernmost Amazon and
portions of the Middle East do these changes become
statistically significant. These influences are summarized
for all study regions in Table 3.
To understand the mechanisms for the ENSO- and

AMO-driven effects in Fig. 3, it is necessary to examine
how changes in ENSO and AMO variance lead to
1) shifts in mean conditions throughout the tropics and
midlatitudes (i.e., by rectification of high vs low ENSO–
AMO teleconnection patterns into the mean state) and
2) changes in hydroclimate statistics due to changing the
frequency and/or magnitude of positive or negative ex-
tremes. The net effect of changing ENSO–AMO vari-
ance is likely some combination of both. We also note
that it is possible for interactions between ENSO and
the AMO to affect the occurrence of megadrought; this
has been shown in simulations and the proxy record in
the past (Feng et al. 2008; Oglesby et al. 2012; Coats et al.

FIG. 4. (a) Anomalies in megadrought risk during periods of low ENSO variance. (b),(c) Effects of ENSO and the AMO on the overall
risk ofmegadrought in the full set of LME simulations over the 850–1849 period, respectively. (d)As in (a),(b), but for the effects of volcanic
forcing. Stippling indicates locations where differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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risk of megadrought as defined in section 2, which is
depicted in Fig. 4. Stronger ENSO variability is tied to
risk reductions in AUS, SAHEL, and SAMONS: this
results from changes in both megadrought and mega-
pluvial lengths. In all three regions, epochs of stronger
ENSO variance are associated with shorter mega-
drought and longer megapluvial events, which together
account for the reduction in the proportion of time spent
in megadrought conditions. However, the risk increases
in CMEX; based on Fig. 3, this seems to relate to re-
duced persistence of megapluvial periods. The changes
to megadrought risk due to AMO variability are much
weaker (Fig. 4c); only in the northernmost Amazon and
portions of the Middle East do these changes become
statistically significant. These influences are summarized
for all study regions in Table 3.
To understand the mechanisms for the ENSO- and

AMO-driven effects in Fig. 3, it is necessary to examine
how changes in ENSO and AMO variance lead to
1) shifts in mean conditions throughout the tropics and
midlatitudes (i.e., by rectification of high vs low ENSO–
AMO teleconnection patterns into the mean state) and
2) changes in hydroclimate statistics due to changing the
frequency and/or magnitude of positive or negative ex-
tremes. The net effect of changing ENSO–AMO vari-
ance is likely some combination of both. We also note
that it is possible for interactions between ENSO and
the AMO to affect the occurrence of megadrought; this
has been shown in simulations and the proxy record in
the past (Feng et al. 2008; Oglesby et al. 2012; Coats et al.

FIG. 4. (a) Anomalies in megadrought risk during periods of low ENSO variance. (b),(c) Effects of ENSO and the AMO on the overall
risk ofmegadrought in the full set of LME simulations over the 850–1849 period, respectively. (d)As in (a),(b), but for the effects of volcanic
forcing. Stippling indicates locations where differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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weaker (Fig. 4c); only in the northernmost Amazon and
portions of the Middle East do these changes become
statistically significant. These influences are summarized
for all study regions in Table 3.
To understand the mechanisms for the ENSO- and

AMO-driven effects in Fig. 3, it is necessary to examine
how changes in ENSO and AMO variance lead to
1) shifts in mean conditions throughout the tropics and
midlatitudes (i.e., by rectification of high vs low ENSO–
AMO teleconnection patterns into the mean state) and
2) changes in hydroclimate statistics due to changing the
frequency and/or magnitude of positive or negative ex-
tremes. The net effect of changing ENSO–AMO vari-
ance is likely some combination of both. We also note
that it is possible for interactions between ENSO and
the AMO to affect the occurrence of megadrought; this
has been shown in simulations and the proxy record in
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(Fig. 3a) does not show a clear relationship with mega-
event persistence in most locations, with a few excep-
tions for high-variance regions (e.g., the low event
persistences along theU.S.West Coast, northernAfrica,
and western Australia).

We next investigate the influence of ENSO and the
AMO on the persistence of megaevents, as well as
megadrought risk. We use 200-yr nonoverlapping sub-
intervals of PDSI and modal index time series to cal-
culate the properties of megadroughts and megapluvials

FIG. 3. Effects of ENSO, the AMO, and volcanic forcing on the persistence of megadrought and megapluvial periods in the full LME
(units of yr), including all full-forcing and single-forcing members, over the 850–1849 period. (a) Variance of PDSI in the LME. (b),(c)
Mean megadrought and megapluvial persistence across all LME simulations, respectively. (d),(e) Differences between megadrought–
megapluvial persistences in high vs lowENSO epochs, respectively. (f),(g) As in (d),(e), but for theAMO. (h),(i) Difference inmegadrought
and megapluvial persistences between LME simulations with and without the inclusion of volcanic forcing, respectively. Stippling indicates
locations where differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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event persistence in most locations, with a few excep-
tions for high-variance regions (e.g., the low event
persistences along theU.S.West Coast, northernAfrica,
and western Australia).

We next investigate the influence of ENSO and the
AMO on the persistence of megaevents, as well as
megadrought risk. We use 200-yr nonoverlapping sub-
intervals of PDSI and modal index time series to cal-
culate the properties of megadroughts and megapluvials

FIG. 3. Effects of ENSO, the AMO, and volcanic forcing on the persistence of megadrought and megapluvial periods in the full LME
(units of yr), including all full-forcing and single-forcing members, over the 850–1849 period. (a) Variance of PDSI in the LME. (b),(c)
Mean megadrought and megapluvial persistence across all LME simulations, respectively. (d),(e) Differences between megadrought–
megapluvial persistences in high vs lowENSO epochs, respectively. (f),(g) As in (d),(e), but for theAMO. (h),(i) Difference inmegadrought
and megapluvial persistences between LME simulations with and without the inclusion of volcanic forcing, respectively. Stippling indicates
locations where differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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ENSO ‘kicks’ regional hydroclimate in and out of drought

La Niña

Probability distribution function of NINO3.4 anomalies 
in start, end year of megadroughts

El Niño

NINO3.4 (std. dev.) Stevenson et al. (2018)

SOUTHWEST US

Volcanically induced changes to megaevent persis-
tence are generally smaller than the persistence changes
due to ENSO and theAMOand inmost locations do not
pass the threshold for statistical significance. There are
only a few locations that seem to exhibit a coherent and
significant response to volcanism: for megadroughts,
such locations are eastern Australia and a small portion
of the easternUnited States, where persistence shortens.
Changes to megapluvials, in contrast, are strongest in
the northern Amazon and central/southern Mexico; in
all cases, the persistence of megapluvials increases due
to volcanic forcing. We hypothesize that these shifts are
due to volcanically induced cooling of the land surface,
which favors wetter soil conditions via impacts on
evapotranspiration. This is also borne out by the mean
wetting in themajority of study regions, shown in 0–30-cm

soil moisture in Fig. 5h. Interestingly, the majority of our
study regions do not exhibit much change in megaevent
persistence due strictly to volcanic forcing; the patterns
associated with volcanic impacts appear quite distinct
from ENSO–AMO effects.
In addition to direct influences on climate, volcanic

forcing may also alter the expression of megadroughts
and megapluvials through (i) modifying the amplitude
of climate modes or (ii) changing the structure of tele-
connections associated with those modes. The PDFs in
Fig. 8 provide insight into (i) by showing the distribution
of Niño-3.4 and AMO index values in sets of LME
simulations with and without volcanic forcing. Minimal
differences are present in the Niño-3.4 values (Fig. 8a).
However, the volcanic and nonvolcanic AMO PDFs do
differ significantly, bearing strong resemblances to the

FIG. 6. (a)–(g) PDFs of theNiño-3.4 index (8C) during starting and ending years ofmegadroughts in study regions of interest. Black lines
indicate the overall Niño-3.4 PDF for all LME simulations, blue lines are the Niño-3.4 value during the starting year of megadrought
events, and red lines are the value during the ending year of megadrought. Low- and high-variance epochs are plotted separately.
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FIG. 6. (a)–(g) PDFs of theNiño-3.4 index (8C) during starting and ending years ofmegadroughts in study regions of interest. Black lines
indicate the overall Niño-3.4 PDF for all LME simulations, blue lines are the Niño-3.4 value during the starting year of megadrought
events, and red lines are the value during the ending year of megadrought. Low- and high-variance epochs are plotted separately.
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CESM Last Millennium Ensemble (CESM LME): 
Otto-Bliesner et al. 2016

Multiple ensembles, varying sizes: different combinations of climate forcings 850-2005
(Orbital, solar, volcanic, GHG, ozone/aerosol, land use/land cover, all of the above)

CESM Large Ensemble: Kay et al. (2016)
30+ members, 20th century: 1920-2005;  21st century: 2006-2100 (RCP8.5)

CESM: new large ensemble capabilities



CESM: El Nino, La Nina events both strengthen under climate change

Community Earth System Model (NCAR)

Central equatorial Pacific variability (NINO3.4 variance)
“Business as usual” climate scenarios

Fasullo, Stevenson, & Otto-Bliesner 2018
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21st century: drying projected for western N. America,  Amazon

Stevenson et al. (2019), in prep
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Megadrought risk increases in regions experiencing drying trends
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Warming reduces El Niño-induced drought termination in the western US

North American Southwest (30-45ºN, 95-115ºW) 0-30cm soil moisture
Exceedance probability = likelihood of JJA threshold exceedance given DJF NINO3.4 SSTA
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Warming increases La Niña-induced drought termination in Australia

Australia (20-40ºS, 120-160ºE) 0-30cm soil moisture
Exceedance probability = likelihood of JJA threshold exceedance given DJF NINO3.4 SSTA
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Warming increases La Niña-induced drought termination in Australia

Australia (20-40ºS, 120-160ºE) 0-30cm soil moisture
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Warming increases La Nina-induced drought termination in Australia

Australia (20-40ºS, 120-160ºE) 0-30cm soil moisture
Exceedance probability = likelihood of JJA threshold exceedance given DJF NINO3.4 SSTA
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Conclusions

Megadroughts arise from internal atmospheric variability, coupled atmosphere/ocean/land 
processes, and impacts from external climate change  

- Stronger tropical Pacific variability (ENSO) tends to reduce persistence of megadrought in the 
Southwest US, Australia, monsoon Asia 

- Effects on persistence largely due to tendency for El Niño/La Niña to favor transitions between 
drought/pluvial states 

- Changes to future ENSO are uncertain, but impacts of El Niño/La Niña likely to strengthen  

- El Niño-induced megadrought termination in the US SW will still likely decrease due to overall 21st 
century warming trend 

- La Niña-related megadrought termination in Australia likely to increase: trends not as large 

Potential for changes to the predictability of “megadrought” start/end times due to tropical 
Pacific conditions; understanding future changes to ENSO and its teleconnections is key


