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the NADA for the MCA (1100–1500 CE) and the post-
MCA (1501–2000 CE) periods.

d. Model experiments

Our experiments comprise four 5-member ensemble
simulations usingModelE (Table 1). Each experiment is
based on a set of unique forcing, land surface, and SST
boundary conditions, and each ensemble member is
initialized using different initial states for the atmo-
sphere and land surface. Our base run is SST-MOD,
a historical (1857–2005 CE) control run forced with
observational period solar (Wang et al. 2005), volcanic

(Hansen et al. 2002; Sato et al. 1993), and greenhouse
gas forcings (Hansen and Sato 2004), as well as SSTs
prescribed according to Kaplan et al. (1998). Unless
otherwise indicated, all anomalies for the MCA model
ensembles are calculated relative to the ensemble
mean for 1857–2005 CE from SST-MOD. All MCA
model ensembles are forced with transient, recon-
structed estimates of forcing from greenhouse gas
concentrations (Schmidt et al. 2011), solar variability
(Delaygue and Bard 2011), and the reconstructed tropi-
cal Pacific SSTs from 1321 to 1461 CE. In SST-Only, we
use the default land surface and MCA SST forcing only.

FIG. 2. Monthly (a) temperature and (b) precipitation climatology (1961–90) for the central plains region (328–448N,
1058–958W), calculated from our modern-day SST-forced ensemble and the CRU 2.1 climate grids (green line).

FIG. 3. Summer season (JJA) PDSI anomalies from the North American Drought Atlas
(NADA), averaged over the central plains region (328–448N, 1058–958W). Droughts in this
region (a) during the late Medieval Climate Anomaly (MCA) were generally more persis-
tent than (b) droughts after 1500 CE. Both time series were smoothed with a 5-yr low-pass
(lowess spline) filter.
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been used with good success to validate and inform a
variety of modeling studies investigating historical and
paleo-droughts over North America (e.g., Cook et al.
2011; Herweijer et al. 2006, 2007; Oglesby et al. 2012;
Seager et al. 2008a).

b. Model description

For our experiments, we used a version of the God-
dard Institute for Space Studies (GISS) atmospheric
GCM ‘‘ModelE’’ (Schmidt et al. 2006), extensively up-
dated in preparation for experiments as part of the Fifth
Assessment Report of the Intergovernmental Panel on
Climate Change (G. A. Schmidt et al. 2013, unpublished
manuscript). This current version has a horizontal res-
olution of 28 3 2.58 latitude/longitude with 40 vertical
layers in the atmosphere. Each land cell is divided into
vegetated and bare soil columns with six vertical layers
that extend to a maximum depth of 3.5m (heat and
moisture budgets are calculated separately for each
soil column). Vegetation is prescribed using Matthews
(1983), and photosynthesis and stomatal conductance
parameterizations are based on Farquhar et al. (1980)
and Ball et al. (1987), respectively. Included within
ModelE is a mineral dust aerosol model (Miller et al.
2006). In the default setup, dust aerosols are emitted to
the atmosphere as a function of soil moisture and wind
speed from regions identified by the source map of
Ginoux et al. (2001), representing sediment filled topo-
graphic depressions that persist over geologic time
scales. Once airborne, dust aerosols alter the radiative
budget within the atmosphere, increasing shortwave
reflection and longwave absorption. In the current ver-
sion of the model, dust aerosols have no microphysical
interactions. Studies using the immediately preceding
Fourth Assessment Report version of the model have
demonstrated the ability of ModelE to produce high-
fidelity simulations of the modern-day climate, in-
cluding historical trends and variability (Hansen et al.
2007; Schmidt et al. 2006). Over North America, SST
teleconnections are well resolved, and a variety of
studies have successfully used ModelE to investigate
twentieth-century hydroclimate variability over this
region (e.g., Cook et al. 2008, 2009; Ruiz-Barradas and
Nigam 2006).

c. Boundary conditions

For our historical ensemble (1857–2005 CE, described
below), we used SST forcing from the Kaplan et al.
(1998) dataset. For our MCA ensembles (1321–1461
CE), the SST forcing was prescribed using a coral-based
SST reconstruction for the tropical Pacific (308S–308N)
(Cobb et al. 2003). Oxygen isotope anomalies for the
MCA portion of the Cobb et al. coral record were

calculated relative to the monthly climatology for 1886–
1998CE and converted to SST anomalies for low ($6 yr)
and high (,6 yr) frequency components of the record
separately, based on regressions against theKaplan et al.
dataset. Outside the tropical Pacific, SSTs were taken
from the model runs of Seager et al. (2008a). In their
experiments, Seager et al. (2008a) prescribed the Cobb
et al. (2003) reconstruction in the tropical Pacific, cou-
pling these SSTs elsewhere to a thermodynamic mixed
layer ocean. SSTs outside the tropical Pacific there-
fore reflect the influence of tropical Pacific variability
communicated primarily through atmospheric tele-
connections. Annual SST anomalies in the Ni~no-3.4 re-
gion, calculated relative to the 1857–2005 CEmean from
Kaplan et al. (1998), indicate a cooler than normal
ENSO state during the late MCA (Fig. 1a). The tropical
Pacific SSTs and ENSO variability reconstructed from
the Cobb et al. (2003) coral records are generally sup-
ported by independent evidence for anomalously warm
SSTs in the western tropical Pacific (Newton et al. 2006)
and cool SSTs in the eastern tropical Pacific (Conroy
et al. 2009b; Graham et al. 2007; Seager et al. 2007a)

FIG. 1. (a) Ni~no-3.4 SST anomalies and (b) dune mobilization
region (328–448N, 1058–958W) for the Medieval Climate Anomaly
experiments. All MCA experiments (SST-Only, SST1BSOIL, and
SST1BSOIL1DUST) use the same SST forcing, based on a coral
reconstruction of SSTs in the tropical Pacific. Anomalies are relative
to the 1856–2005 mean SSTs in the Ni~no-3.4 region from the Kaplan
SST dataset. Dune mobilization region is used to define the 50%
bare soil area in the SST1BSOIL and SST1BSOIL1DUST ex-
periments and the dust source region in the SST1BSOIL1DUST
experiment.
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increased wind erosion and emission of dust with drier
conditions. At a lag of 1 yr, with precipitation leading
dust emissions, the correlation is still significant (r 5
20.40); higher rainfall in one year will lead to reduced
dust emissions in the following year as the land surface
memory carries the positive soil moisture anomaly for-
ward in time. The correlation with dust emissions lead-
ing precipitation by one year is smaller (r 520.17), but
still significant and negative. A dusty year will inhibit
precipitation, making the soils drier. This dry soil mois-
ture anomaly carries forward in time, allowing increased
dust emissions that further act to inhibit precipitation the
next year.
Our results are promising and support the idea that

land surface feedbacks from aeolian activity during the
MCA played an important role in reinforcing the meg-
adroughts in the plains. These feedbacks have been
hinted at previously in studies of the Dust Bowl (Cook
et al. 2008, 2009), the only observational era drought
with land degradation and aeolian activity approaching
the same scale as the megadroughts. Even more so than
for the Dust Bowl, however, large uncertainties remain

in both the timing and magnitude of drought forcings
during the MCA. Further refinement of the land surface
boundary condition estimates, especially the time un-
certainties, would allow for better comparisons between
the model simulations and specific events. For SSTs,
additional proxies from corals or sediment records in the
Pacific and Atlantic would help decrease uncertainties
and increase the spatial coverage of the SST recon-
structions in these basins.
We also note that, due to limitations of ModelE, we

were forced to prescribe the land surface changes and
dust aerosol source as time-invariant boundary condi-
tions. In the real world, the vegetation, aeolian system,
and climate system are tightly coupled, and we would
expect the droughts to initiate independently (e.g., from
SST forcing), driving the vegetation mortality and wind
erosion that would feedback to amplify the original
drought. Even with a fully coupled model including
dynamic vegetation, however, there would still be un-
certainties concerning the time scale of vegetation re-
covery andmortality and the subsequent stabilization or
activation of the dune systems. For example, Mangan

FIG. 12. Ensemble average summer season (JJA) PDSI calculated from our MCA simula-
tions and averaged over the central plains region (328–448N, 1058–958W): (a) SST-Only,
(b) SST1BSOIL, and (c) SST1BSOIL1DUST. PDSI anomalies for all MCA runs were
normalized relative to 1857–2005 CE from the SST-MOD ensemble.

4426 JOURNAL OF CL IMATE VOLUME 26

increased wind erosion and emission of dust with drier
conditions. At a lag of 1 yr, with precipitation leading
dust emissions, the correlation is still significant (r 5
20.40); higher rainfall in one year will lead to reduced
dust emissions in the following year as the land surface
memory carries the positive soil moisture anomaly for-
ward in time. The correlation with dust emissions lead-
ing precipitation by one year is smaller (r 520.17), but
still significant and negative. A dusty year will inhibit
precipitation, making the soils drier. This dry soil mois-
ture anomaly carries forward in time, allowing increased
dust emissions that further act to inhibit precipitation the
next year.
Our results are promising and support the idea that

land surface feedbacks from aeolian activity during the
MCA played an important role in reinforcing the meg-
adroughts in the plains. These feedbacks have been
hinted at previously in studies of the Dust Bowl (Cook
et al. 2008, 2009), the only observational era drought
with land degradation and aeolian activity approaching
the same scale as the megadroughts. Even more so than
for the Dust Bowl, however, large uncertainties remain

in both the timing and magnitude of drought forcings
during the MCA. Further refinement of the land surface
boundary condition estimates, especially the time un-
certainties, would allow for better comparisons between
the model simulations and specific events. For SSTs,
additional proxies from corals or sediment records in the
Pacific and Atlantic would help decrease uncertainties
and increase the spatial coverage of the SST recon-
structions in these basins.
We also note that, due to limitations of ModelE, we

were forced to prescribe the land surface changes and
dust aerosol source as time-invariant boundary condi-
tions. In the real world, the vegetation, aeolian system,
and climate system are tightly coupled, and we would
expect the droughts to initiate independently (e.g., from
SST forcing), driving the vegetation mortality and wind
erosion that would feedback to amplify the original
drought. Even with a fully coupled model including
dynamic vegetation, however, there would still be un-
certainties concerning the time scale of vegetation re-
covery andmortality and the subsequent stabilization or
activation of the dune systems. For example, Mangan

FIG. 12. Ensemble average summer season (JJA) PDSI calculated from our MCA simula-
tions and averaged over the central plains region (328–448N, 1058–958W): (a) SST-Only,
(b) SST1BSOIL, and (c) SST1BSOIL1DUST. PDSI anomalies for all MCA runs were
normalized relative to 1857–2005 CE from the SST-MOD ensemble.

4426 JOURNAL OF CL IMATE VOLUME 26



et al. (2004) used a model of nutrient cycling and eco-
system dynamics to demonstrate that vegetation on dune
systems can respond rapidly to interannual precipita-
tion changes. Conversely, geomorphological studies
suggest that vegetation recovery and dune stabilization
may take decades to a century or more in some regions
(Hugenholtz and Wolfe 2005; Wolfe and Hugenholtz
2009). Interestingly, the major reduction in precipita-
tion (June) and increase in drought intensity (JJA)
in our SST1BSOIL1DUST ensemble occurs during
what would be the primary growing season for the warm
season grasses that populate the central plains. The tim-
ing of the drying in our forced runs is therefore consistent
with the drying that would be needed to drive the vege-
tation mortality and land degradation response in a cou-
pled model. Accurately simulating the time scale of these
interactions is a critical modeling challenge and will be
necessary in order to estimate the full capacity of dune
and vegetation feedbacks to amplify and sustain droughts
in this region.
Our experiments provide support for the idea that

surface factors, especially the dust aerosols, can explain
the persistence of the medieval megadroughts over the
central plains. Regions outside the central plains also
experienced persistent megadroughts during the MCA,

but with no evidence for additional forcing from local
land degradation. Examples include megadroughts that
occurred in California (Cook et al. 2010; Stine 1994),
Colorado (Gray et al. 2011; Meko et al. 2007; Routson
et al. 2011), and the U. S. Southwest (Woodhouse et al.
2010) and some droughts with a near-continental scale
(Herweijer et al. 2007; Stahle et al. 2007). While our
study provides support for the importance of the land
surface and dust aerosols during the central plains
megadroughts, we do not suggest that this is an impor-
tant feedback in, for example, the Southwest. Instead, it
is likely that the relative roles of ocean forcing, atmo-
spheric variability, and land surface feedbacks in gen-
erating megadroughts vary across the continent.
In the short term, the land surface dynamics that

amplified the megadroughts and Dust Bowl are unlikely
to play a major role in the intensification of future
droughts. During the Dust Bowl, much of the dust storm
activity originated from small farms with few erosion
control measures and annual crops that were extremely
vulnerable to moisture deficits. The initiation of this
drought, forced by cold SSTs in the tropical Pacific
(Schubert et al. 2004; Seager et al. 2008b), caused
widespread crop failures over the central and southern
plains, exposing highly erodible top soil. In response, the

FIG. 13. ACF for the ensemble average JJA central plains PDSI (328–448N, 1058–958W) from the (a) SST-Only, (b) SST1BSOIL, and
(c) SST1BSOIL1DUST model runs. PDSI in the SST1BSOIL1DUST ensemble, driven by the dust aerosol–forced drying, is the only
scenario that can generate significant persistence at time scales similar to the MCA PDSI from the NADA. (d),(e),(f) Even after the
adjustment to zero mean, SST1BSOIL1DUST is the only the scenario with significant persistence at lags of 2 and 3 yr, similar to the
autocorrelation of the adjusted NADA PDSI.
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in different ways for different models (Fig. 5). In par-
ticular, the MIROC and MPI control simulations have
more persistent droughts than the corresponding forced
simulations. This was also found for the ECHAM4
and the global Hamburg Ocean Primitive Equation
(ECHO-G) model (Coats et al. 2013b) and suggests that
the forcing in somemodelsmay act to interrupt persistent
hydroclimate features via, for instance, volcanic driven
changes to circulation and precipitation. Nevertheless,
the analyzedmodels are split between showing greater or
fewer numbers of 10-, 15-, and 20-yr droughts in the
forced versus the control simulations (BCC tends to have
more persistent droughts in the forced simulation, while

the range overlaps for CCSM4, GISS-E2-R, and MPI-
ESM). Furthermore, 10 of the 18 possible combinations
of model and drought length yield control values that
fall within the range estimated from the forced simula-
tions. There is thus no compelling evidence in the ana-
lyzed collection of models for an important and
consistent role played by exogenous forcing in driving
simulated hydroclimate variability on decadal time
scales. To simplify dynamical interpretations, the di-
agnosis of megadrought dynamical causes will thus be
completed using the 500-yr control simulations from
each of these models (all analyses hereafter, unless
noted, are with these control simulations).

FIG. 3. Proxy-reconstructed and simulated PDSI for the period 850–2005 CE averaged over
the NASW region. Annual anomalies (black lines) are shown, along with smoothed versions
using a 20-yr low-pass filter (blue lines). The red highlighted periods in the annual time series
are the five largest droughts, as determined by the 2S2E drought definition and the cumulative
drought severity ranking.
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b. Diagnosis of megadrought dynamical causes

While the NASW average PDSI indicates that models
are capable of simulating megadroughts, the inherent
persistence and multiple inputs to PDSI justify the need
to determine if changes to precipitation or the surface
energy balance, and in what season, are driving these
features. An analysis of the surface energy balance and
precipitation fields during megadroughts in the winter
and summer seasons indicates that megadroughts are
consistently associated with anomalously high winter
precipitation over the Northwest and low winter pre-
cipitation over the Southwest coastal regions of North
America in all of the simulations (Fig. 6). This spatial
pattern is reminiscent of the precipitation anomaly
during La Niña winter and spring [e.g., Seager et al.
(2014), their Fig. 1], but recent work has suggested that
atmospheric-only dynamics can produce this feature
(Coats et al. 2013b).

To assess how the PMIP3 models generate
megadroughts, Fig. 7 investigates the association of
model megadroughts with various climate modes. If the
magnitude of the circle in Fig. 7a is at the 100% drying
level, then 100% of the megadrought years are co-
incident in time with index values of a given dynamic
mode that are typically associated with dry conditions in
the NASW (based on the references listed in Table 2).
The values for each individual megadrought are also
plotted in Fig. 7b. To test the statistical significance of
these associations, we use a bootstrapping method
(Schreiber and Schmitz 2000) to produce 5000 surrogate
indices that exactly preserve the distribution of each
dynamic-mode index while largely preserving the spec-
tral characteristics (there will be a slight whitening of the
surrogate spectrum). The magnitude of the artificial in-
dices was recorded for eachmegadrought year identified
in the NASW PDSI time series. Significance at the 95%
level is achieved if the drying or wettingmode of the true

FIG. 4. (left) The number of 10-, 15-, and 20-yr droughts and (right) the average cumulative
drought severity for droughts of each length for the full length of the forced simulations, as
compared to drought length and severity observed in the NADA reconstruction.

TABLE 3. Forcing series used to run the last-millennium simulations (from http://pmip3.lsce.ipsl.fr). The Joos table is available online at
https://wiki.lsce.ipsl.fr/pmip3/lib/exe/fetch.php/pmip3:design:lm:ghg_lawdome_giss_merge_c5mip_24jul09.1-2000.txt.

Orbital GHG Volcanic Solar

BCC_CSM1.1 PMIP3 table Joos table Gao et al. (2008) Vieira and Solanki (2010) and
Wang et al. (2005) back

CCSM4 Internally calculated Joos table Gao et al. (2008) Vieira and Solanki (2010)
GISS-E2-R Internally calculated Joos table Crowley et al. (2008) Vieira and Solanki (2010) and

Wang et al. (2005) back
IPSL-CM5A-LR Internally calculated Joos table Gao et al. (2008) Vieira and Solanki (2010) and

Wang et al. (2005) back
MPI-ESM PMIP3 table Joos table Gao et al. (2008) Vieira and Solanki (2010) and

Wang et al. (2005) back
MIROC-ESM PMIP3 table Joos table; CO2 is

model predicted
Crowley et al. (2008) Delaygue and Bard (2009) and

Wang et al. (2005) back
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Only IPSL and CCSM4 have 
consistently cold tropical Pacific

SST Forcing

on these time scales. As noted in Karnauskas et al.
(2012), this pattern is consistent with the internal Pacific
centennial oscillation (PCO) mode of variability. It
is thus the PCO that produces the tropical Pacific mean-
state changes in the CCSM that are then driving
megadroughts in the NASW.
This suggests that predominantly internal variability

of the tropical Pacific Ocean, manifest as changes to the
mean state, can drive megadroughts in the CCSM. It is
difficult, however, to determine unequivocally that ex-
ogenous forcing does not impact mean-state changes in
the model, particularly given that forcing can project
onto internal modes of climate variability (Palmer
1993). Nevertheless, a comparison of trends in the
TPGR on multidecadal time scales in the forced and

control simulations indicate that the PCO-driven mean-
state changes in the control simulation are as large as
any in the forced run (Fig. 11; justification for the use of
a 56-yr window to calculate the trend is provided in the
following subsection).

3) WHY THE CCSM?

Why does the CCSM have an extratropical hydro-
climate response to mean-state changes in the TPGR,
and why do other models not exhibit similar behavior?
First, the CCSM, of all the PMIP3 models, yields the
largest trends in the TPGR on multidecadal time scales
(up to 0.158Cdecade21 for 56-yr periods; Fig. 11). The
56-yr period was chosen to reflect the length of
the National Centers for Environmental Prediction

FIG. 7. (a) The percent occurrence of the wetting and drying mode of each dynamical index
during the five most severe megadroughts, considered together, with the filled circles being
those index–drought combinations that are significant at the 95% level (using the significance
test outlined in section 4b). (b) As in (a), but for each of the individual megadroughts (marked
by a cross—five in total). The shaded regions in (b) are the range in 95% significance level for
the individual megadroughts. In both (a) and (b), for index–drought combinations at 100%
drying, every year of the individual megadrought [in (b)] or the five identifiedmegadroughts [in
(a)] would have a modal index value (e.g., the TPGR index for ENSO) associated with dry
conditions in the NASW (vice versa for wetting).
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How do drought trends in CMIP5 
projections compare to the past? 
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How will future droughts 
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Uncertainties in reconstructions?

Seasonality differences in instrumental versus 
reconstructed PDSI?
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