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ABSTRACT

During the late Medieval Climate Anomaly (MCA, 1100-1500 C.E.), much of western North

America experienced recurrent periods of drought spanning decades or longer. These ‘megadroughts’

had exceptional persistence compared to more recent events and many climate models have

difficulty reproducing droughts of similar duration. We conduct a suite of general circulation

model experiments to test the impact of reconstructed sea surface temperature (SST) and

land surface forcing during the megadroughts. The land surface forcing is conceptualized

as a set of dune mobilization boundary conditions, derived from available geomorphological

evidence and modeled as increased bare soil area and a dust aerosol source over the Central

Plains (105oE–95oE, 32oE–44oE). Cold tropical Pacific SST forcing and other MCA radiative

forcings (solar, volcanoes, etc) stimulate warming and drying over the Central Plains, but

can not reproduce the persistence of the megadroughts. In our simulation with additional

forcing from dust aerosols, the dust increases the shortwave planetary albedo, reducing en-

ergy inputs to the surface and the planetary boundary layer. This energy deficit increases

atmospheric stability, inhibiting vertical movement and convection which reduces cloud cover

and subsequent precipitation over the Central Plains. To compare against available drought

reconstructions for the MCA, we calculated the Palmer Severity Drought Index (PDSI) from

our model runs. Droughts simulated in our scenario with dust aerosols have significantly

longer persistence time scales than the model experiments with only SST and bare soil forc-

ing. Specifically, inclusion of dust aerosols extends significant autocorrelation out to a lag

of 3 years, matching the persistence of tree ring reconstructed estimates of PDSI during

the MCA. Results from this study provide the first model based evidence that dust aerosol

forcing and land surface changes can explain the persistence of the MCA megadroughts,
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although uncertainties remain in the formulation of the boundary conditions and the future

importance of these feedbacks as western North America moves into an anthropogenically

warmer and drier world.
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1. Introduction

During the late Medieval Climate Anomaly (MCA), hydroclimate in western North America

and the Great Plains was defined largely by episodic droughts that typically persisted for

multiple decades or longer (Cook et al. 2004, 2007, 2010; Herweijer et al. 2007; Stahle et al.

2007). These droughts had significant ecological and societal consequences, causing major

disruptions in regional civilizations (e.g., Benson et al. 2007b,a; Douglass 1929) and leading

to widespread vegetation mortality and dune mobilization (Forman et al. 2001; Hanson et al.

2010; Miao et al. 2007). These so called ‘megadroughts’ are not only unprecedented in the

instrumental record, but are also largely absent in climate reconstructions of the last 500

years. With modern droughts already exacting significant societal costs (Cook et al. 2007),

there is much interest in understanding the processes that drive the persistence of the MCA

megadroughts and assessing the possibility of such droughts occurring in the future (Cook

et al. 2010).

Investigations into the forcing of the megadroughts have focused primarily on the role

of sea surface temperature (SST) forcing during the MCA, especially shifts in the tropical

Pacific (Burgman et al. 2010; Seager et al. 2008a), the Atlantic (Oglesby et al. 2011), or

both (Feng et al. 2008). Drought over the southern United States and Great Plains regions

is favored by cold phases of the El Niño Southern Oscillation (ENSO) (i.e., La Niña condi-

tions) and warm SSTs in the tropical Atlantic (e.g., Kushnir et al. 2010; Nigam et al. 2011;

Schubert et al. 2009; Seager et al. 2005), and there is evidence in the paleorecord for cooler

tropical Pacific SSTs during much of the MCA (Cobb et al. 2003). General circulation mod-

els (GCM), forced by either idealized (Feng et al. 2008) or reconstructed (Burgman et al.

3



2010; Seager et al. 2008a) SST fields can stimulate some drying over North America, but

still have difficulty reproducing the magnitude and persistence of the MCA megadroughts.

Aside from remote SST-forced teleconnections, land surface feedbacks also play a critical

role in modulating drought and hydroclimatic variability. For example, positive soil moisture

feedbacks on precipitation have been identified in many regions of the world, including the

Great Plains and central North America (e.g., Findell et al. 2011; Koster et al. 2004; Meng

and Quiring 2010). More recently, work on the Dust Bowl drought of the 1930s points to

land degradation (i.e., vegetation mortality, wind erosion, and dust aerosols) acting as an

amplifier of regional drought (Cook et al. 2008, 2009). In those studies, Cook et. al. found

that inclusion of dust aerosols and reduced vegetation cover caused significant warming and

drying over the Great Plains, increasing the fidelity of their simulated Dust Bowl tempera-

ture and precipitation anomalies. Precipitation reductions occurred via the well-established

‘Charney’ mechanism (Charney 1975; Charney et al. 1977), relating increased albedo (in our

case from dust aerosols) to increased shortwave reflectance and reductions in net radiative

fluxes at the surface and top of the atmosphere. With less energy available to drive verti-

cal movement of the atmosphere, convection and precipitation were subsequently reduced.

Conceptually, the Charney feedback is similar to the mechanism elucidated by Neelin and

Held (1987), where an energy deficit at the surface must be balanced by decreases in energy

export through increased subsidence and reductions in vertical movement and convection.

These feedbacks may be especially important to consider for the MCA megadroughts, given

the large-scale vegetation mortality, wind erosion, and dust aerosol transport that occurred

during this interval, as inferred from records of paleo-dunes (Forman et al. 2001; Hanson

et al. 2010; Miao et al. 2007).
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To date, however, the impact of the dune mobilization, vegetation mortality, and dust

aerosols on the MCA megadroughts is understudied. While several papers have specu-

lated that these landscape impacts may have amplified these droughts (Feng et al. 2008;

Seager et al. 2008b), only one study to date has explicitly tested surface impacts on the

megadroughts within a modeling framework (Cook et al. 2011). They found that vegetation

mortality alone (i.e., without wind erosion or dust feedbacks) was insufficient to amplify

the model-simulated droughts or reproduce the drought persistence seen in the paleorecord.

Here, we expand on the experiments of Cook et al. (2011), presenting a new ensemble of

simulations including wind erosion and dust aerosol forcing. We frame our analysis around

two questions: 1) Can forcing from dune mobilization, conceptualized as reduced vegetation

coverage and a dust aerosol source, intensify simulated MCA megadroughts? and 2) Does

inclusion of these surface factors increase the simulated persistence of these megadroughts?

2. Methods and Data

a. North American Drought Atlas

We use information on drought history in North America from the North America Drought

Atlas (NADA) version 2a (Cook et al. 2004, 2007), a gridded (2.5ox2.5o) tree ring based re-

construction of the Palmer Drought Severity Index (PDSI, Palmer 1965) for boreal summer

(June-July-August, JJA). PDSI is a locally normalized index of drought that incorporates

both moisture supply (precipitation) and demand (evaporation as a function of tempera-

ture) in its calculation. Positive values of PDSI indicate wetter than normal conditions and
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negative values indicate drier than normal conditions. Despite the JJA focus of the NADA,

PDSI has a memory timescale of about 12 months, allowing it to incorporate information

on temperature and precipitation throughout the year. PDSI from the NADA has been

used with good success in 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. 2011; Seager et al. 2008a)

b. Model Description

For our experiments, we used a version of the Goddard Institute for Space Studies (GISS)

atmospheric GCM ‘ModelE’ (Schmidt et al. 2006), extensively updated in preparation for

experiments as part of the Fifth Assessment Report of the Intergovernmental Panel on Cli-

mate Change). This current version has a horizontal resolution of 2ox2.5o 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 3.5 meters (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 the source

map of Ginoux et al. (2001), representing sediment filled topographic 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 version
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of the model, dust aerosols have no microphysical interactions. Studies using the the imme-

diately preceding version of the model have demonstrated the ability of ModelE to produce

high fidelity simulations of the modern day climate, including historical trends and variabil-

ity (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 C.E., described below) we use SST forcing from the

Kaplan et al. (1998) dataset. For our MCA ensembles (1321-1461 C.E.), the SST forcing

is prescribed using a coral based SST reconstruction for the tropical Pacific (30oS-30oN)

(Cobb et al. 2003). Oxygen isotope anomalies for the MCA portion of the Cobb et al.

(2003) coral record are calculated relative to the monthly climatology for 1886-1998 C.E.

SST anomalies are calculated for low (≥ 6 years) and high (<6) frequency components of

the record separately, based on regressions against the Kaplan et al. (1998) dataset. Outside

the tropical Pacific, SSTs are 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, coupling these SSTs elsewhere to a thermodynamic mixed layer ocean.

SSTs outside the tropical Pacific therefore reflect the influence of tropical Pacific variability

communicated primarily through atmospheric teleconnections. Annual SST anomalies in

the NINO 3.4 region, calculated relative to the 1857-2005 C.E. mean from Kaplan et al.
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(1998), indicate a cooler than normal ENSO state during the late MCA (Figure 1a). Further

information on the SST reconstruction and calculation can be found in Seager et al. (2008a),

Burgman et al. (2010), and the Supplemental Material of Cook et al. (2011).

The geologic record provides evidence for widespread and recurrent dune mobilization

events during the MCA (Forman et al. 2001; Hanson et al. 2010; Miao et al. 2007), with

the most recent events likely occurring during the fourteenth and fifteenth centuries. These

events were driven primarily by megadrought induced vegetation mortality and reductions

in vegetation cover. In the Nebraska Sand Hills, stratigraphic evidence shows that aeolian

sand mobilization coincided with water table drawdown during the MCA (Mason et al. 2004).

More generally, moisture availability for vegetation is likely to be the predominant control on

dune mobility in the Great Plains. The sand-transporting potential of modern winds is high

by global standards, but dunes are largely stable at present because precipitation is sufficient

to maintain vegetation cover (Muhs and Maat 1993). Large uncertainties remain, however,

regarding the specific timing, duration, and extent of the vegetation mortality and associated

wind erosion and dust aerosol forcing, making it difficult to develop quantitative boundary

forcings for our model experiments. For our MCA runs, we prescribed our dune mobilization

region (Figure 1b) over the Central Plains (105oE–95oE, 32oE–44oE), based qualitatively on

maps and evidence from geomorphological analyses (Forman et al. 2001; Hanson et al. 2010;

Miao et al. 2007). For the model, we translated this to 1) a 50% reduction in vegetation

cover (simulating the vegetation mortality) and 2) a new dust aerosol emission source added

to the default source map of Ginoux et al. (2001).

To validate wind erosion and dust aerosol emissions from this new source, we estimated

aeolian deposition in two areas: 98oW-100oW, 40o-42oN (Area 1) and 96oW-98oW, 40o-42oN
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(Area 2). Application of optically stimulated luminescence dating to thick source-proximal

loess sections with high resolution has demonstrated that major intervals of rapid Holocene

loess accumulation were synchronous across the central Plains (Miao et al. 2007). A discrete

increment of loess deposited between 1100 and 1400 C.E. is consistently present, forming

about 5-13% of the total Holocene loess thickness. Thinner Holocene loess forms a relatively

uniform mantle over uplands in the areas chosen for validation (30-60 cm thick in Area

1 and 24-36 cm thick in Area 2, based on observations by Jacobs and Mason (2007) and

soil surveys), allowing estimation of deposition rates at spatial scales comparable to model

resolution. We assume that the loess in those areas was preserved with minimal resuspension

after deposition. Taking into account the ranges of total thickness and assuming 5-13% of

that total was deposited between 1100 and 1400 C.E., we derive average aeolian deposition

rates over the period 1100-1400 C.E. of 80-380 g m-2 yr-1 and 60-230 g m-2 yr-1 for Areas

1 and 2, respectively. We use these deposition rates to validate the dust emissions from

the new Central Plains source in our model scenario. Because of time uncertainties in our

boundary conditions, including the SST reconstruction, we cannot directly compare our

simulated droughts against specific drought events in the record. Instead, we compare our

simulated droughts (1321-1461 C.E.) against general drought statistics from the NADA for

the MCA (1100-1500 C.E.) and the post-MCA (1501-2000 C.E.) periods.

d. Model Experiments

Our experiments are comprised of four, 5-member ensemble simulations using ModelE (Ta-

ble 1). Each experiment is based on a set of unique forcing, land surface, and SST boundary
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conditions, and each ensemble member is initialized using different initial states for the

atmosphere and land surface. Our base run is SST-MOD, a historical (1857-2005 C.E.) con-

trol run forced with observational period climate forcings (i.e., solar, volcanic, greenhouse

gases) and 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 C.E. from SST-MOD. All MCA model ensembles are forced with transient, recon-

structed estimates of forcing from greenhouse gas concentrations, solar variability, volcanic

aerosols, and the reconstructed tropical Pacific SSTs from 1321-1461 C.E. In SST-Only, we

use the default land surface and MCA SST forcing only. In SST+BSOIL, we use the MCA

SST forcing and our 50% bare soil boundary condition over the Central Plains, but with no

Central Plains dust aerosol source, following Cook et al. (2011). Our final full effect ensem-

ble, SST+BSOIL+DUST, includes the SST forcing, Central Plains bare soil, and the new

Central Plains dust source. We focus the bulk of our model and paleoclimate analyses on

the Central Plains region where we prescribed the MCA land surface boundary conditions

(i.e., the bare soil fraction and dust source). All significance testing is based on a two-sided

Student’s t-test with a significance threshold of p ≤ 0.05.

3. Results

a. Model Validation

For the Central Plains region, we compared the monthly climatology (1961-1990 C.E.) of

temperature and precipitation from the ensemble mean of our SST-MOD experiment against
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observations (1961-1990 C.E.) from the Climate Research Unit (CRU) climate grids version

2.1 (Mitchell and Jones 2005) (Figure 2). ModelE reproduces the amplitude and seasonality

of climate over this region, including the seasonal peak in precipitation during the late spring

and early summer (May-August). Major biases only occur in two months: April (positive)

and September (negative).

Ensembles annual average dust deposition from the SST+BSOIL+DUST ensemble is

152 (+/-35 st. dev.) g m-2 yr-1 and 82 (+/-19 st. dev.) g m-2 yr-1 for Areas 1 and 2,

respectively. This places our dust source emissions at the low end of our observed range,

but within the same order of magnitude, suggesting that the simulated climate impact of

dust in our SST+BSOIL+DUST ensemble is conservative. Given the uncertainties inherent

in estimating these boundary conditions, we consider this a reasonable first-order estimate

of the dust forcing during the MCA.

b. PDSI in the North American Drought Atlas

During the MCA (Figure 3a), the Central Plains experienced multiple decadal or longer

periods of drought that were largely absent in the post-MCA time period (Figure 3b). This

persistence is clearly seen in the autocorrelation of the PDSI calculated in the NADA, which

shows significant autocorrelation of the MCA PDSI out to lags of 9 years (Figure 4a). In

contrast, persistence in the post-MCA PDSI is similar and significant only at a lag of 1

year (Figure 4b). To remove the impact of changes in the mean PDSI on the persistence

calculation, we re-calculated the autocorrelation functions for the MCA (Figure 4c) and

post-MCA PDSI (Figure 4d) after adjusting the means of both time series to zero. Even
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with this adjustment, MCA PDSI retains significant persistence at time lags of 1, 2, 3, and 8

years, supporting the contention that, relative to recent periods, droughts during the MCA

were largely unprecedented in their duration and persistence.

c. Model Precipitation and Temperature Response

All three MCA model scenarios show significant warming and drying over the Central Plains

relative to the SST-MOD ensemble (Figure 5). In SST-Only (blue bars), these anomalies

are largest during summer and fall (June-November). The winter and cold season responses

in SST-Only are muted and largely insignificant, despite the cold tropical Pacific SST forc-

ing and the expectation that ENSO impacts would be largest during these months. Our

Central Plains region, however, expands beyond the northern edge of the region of strongest

La Niña–precipitation teleconnections, and may not respond as strongly as southwest and

northwest North America, which show the expected dry and wet winter response, respec-

tively (not shown). Notably, our winter and summer precipitation anomalies are similar in

magnitude and spatial extent when compared to a recent millennium run of the Community

Climate System Model forced with solar, volcanic, and greenhouse gas forcing estimates and

a coupled ocean (Landrum et al. in review). This suggests that the background drying dur-

ing summer may be less a consequence of SST variability and more due to external top of

the atmosphere forcing during the MCA.

Warming in SST+BSOIL (green bars) is significantly increased beyond the SST forcing

in May-October; dust aerosols in SST+BSOIL+DUST (brown bars) further enhance the

warming in March-April and June-July-August (JJA). SST+BSOIL leads to a minor en-
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hancement of the drying during July, but the impact of the increased bare soil beyond the

SST forcing is insignificant otherwise. Dust aerosol forcing in June, however, leads to signif-

icant drying beyond SST-Only and SST+BSOIL, nearly doubling the precipitation anomaly

of SST-Only. The SST+BSOIL and SST+BSOIL+DUST scenarios have their strongest im-

pact during the summer season, when their enhancement of the warming and drying beyond

SST-Only is largest. With this in mind, we focus the remainder of our analyses on the

temperature response during JJA and the precipitation response during June.

Spatially, SST-Only leads to significant surface warming and drying over the Central

Plains and much of eastern North America (Figure 6a,b). This warming is enhanced over

the Central Plains in SST+BSOIL (Figure 6c), but the June precipitation response (Figure

6d) is similar to SST-Only. Dust aerosol forcing in SST+BSOIL+DUST further enhances

the warming over the Central Plains (Figure 6e), and leads to moderate increases in tem-

perature over a wider region. The dust aerosols intensify the drying over the Central Plains

(Figure 6f), and also lead to some moderate drying in the southern Plains and Texas. The

wider spatial scale of the climate response to the dust aerosols is likely due to the response

to the dust aerosol forcing spreading out spatially over at least a Rossby radius of deforma-

tion. All three scenarios show substantial temporal variability (Figure 7). Temperatures in

SST+BSOIL and SST+BSOIL+DUST are, in general, consistently warmer than SST-Only

(Figure 7a). Mean surface temperatures in SST+BSOIL and SST+BSOIL+DUST are sig-

nificantly warmer than SST-Only by +0.53 and +0.79 K, respectively (Figure 8a). Maximum

temperature increases are largest in the SST+BSOIL scenarios (Figure 8c), but dust aerosol

forcing leads to significant increases in minimum temperatures beyond either SST-Only or

SST+BSOIL (Figure 8d) due to dust inhibition of infrared cooling by the surface at night
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(see next section). Precipitation in SST+BSOIL+DUST is generally lower than in the other

MCA simulations (Figure 7b), but periods of near normal precipitation are interspersed

with exceptionally dry intervals. The very dry intervals generally coincide with especially

cold SST forcing (Figure 1a) (e.g., 1350-1370 C.E., 1380-1410 C.E.), implying that the dust

aerosols amplify externally forced drought conditions. Precipitation in SST+BSOIL+DUST

during June is significantly suppressed, on average, by an additional -0.16 mm day-1 over

SST-Only; the SST+BSOIL difference is insignificant (Figure 8b).

d. Surface Fluxes (JJA)

Increases in maximum temperatures are driven primarily through shifts in the surface energy

balance: declines in latent heating (Figure 9a) related to increases in the surface sensible

heat flux (Figure 9b). Reduced vegetation cover in SST+BSOIL and SST+BSOIL+DUST

reduces transpiration, the flux of moisture through the leaves of plants. This leads to an

overall decline in evapotranspiration and latent heat flux, largely balanced by increases in

sensible heating. Sensible heat flux anomalies in the SST+BSOIL+DUST experiment are

muted compared to SST+BSOIL: the addition of the dust aerosols reduces surface heating

through increased shortwave reflection, reducing incident solar inputs at the surface (Figure

9c). Maximum temperature still increases, however, because the reduced latent heat flux

reduction is still large relative to the sensible heat flux. Because dust aerosols are effective

absorbers of infrared radiation (Figure 9d), they trap outgoing longwave radiation at night,

insulating the surface and increasing minimum temperatures.
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e. Surface Responses (June)

Primarily through increases in albedo and shortwave reflection, both SST+BSOIL and

SST+BSOIL+DUST lead to decreases in net radiation incident upon the surface (Figure

10a). For SST+BSOIL, the albedo increase comes from the increased bare soil coverage

which tends to have a higher shortwave albedo than vegetation. In SST+BSOIL+DUST,

the albedo increase is from a combination of increased surface albedo from the bare soil

and increased shortwave reflection from the dust aerosols. The energy deficit at the sur-

face reduces planetary boundary layer heights (Figure 10b) and decreases the daytime peak

boundary layer lapse rate (Figure 10c). The boundary layer responses lead to increased

stability, inhibiting vertical motion of air parcels and significantly reducing convective cloud

cover (Figure 10d) and precipitation. The radiative perturbation is only large enough to

reduce precipitation beyond SST-Only forcing in the SST+BSOIL+DUST experiment.

f. PDSI in the MCA Simulations

We calculated PDSI using surface temperature and precipitation from our model simulations

in order to evaluate our modeled drought persistence and compare against the PDSI from the

NADA. We calculated the PDSI for every grid cell over the Central Plains region separately,

standardizing against the normal period defined by our SST-MOD ensemble (1857-2005),

and then averaging over the Central Plains. Soil moisture capacity for the top and bottom

layers was set to 25.4 mm (1 in.) and 127 mm (5 in.). Evapotranspiration was calculated as

a function of temperature based on Thornthwaite (1948), the same method used to derive

the PDSI that forms the foundation of the NADA reconstruction.
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Ensemble mean Central Plains PDSI time series for JJA are shown in Figure 11, the

same season represented by the NADA. All three models produce recurrent periods of sum-

mer drought, but only the SST+BSOIL+DUST ensemble is able to simulate droughts with

durations comparable to results from the NADA PDSI analysis (Figure 3a). This increased

persistence is indicated by the autocorrelation function (Figure 12). Based on the unadjusted

PDSI time series, the SST+BSOIL+DUST scenario is the only run that simulates signifi-

cant persistence out to a period of 10 years (Figure 12c), although it may be overestimated

relative to the NADA. If the PDSI time series are adjusted to a zero mean, however, the

SST+BSOIL+DUST autocorrelation function aligns quite closely with the NADA function,

and is the only one of our three MCA scenarios with significant persistence at time lags of

1, 2, and 3 years.

4. Discussion and Conclusions

Drought is a recurrent and societally relevant climate phenomena in much of North America,

especially in the western half of the continent. From 1980–2003, droughts caused $144 billion

in damages and lost production (Cook et al. 2007; Ross and Lott 2003), accounting for 41% of

the total cost of all weather related disasters during this period (Ross and Lott 2003). Even

while acknowledging the significant costs and disruptions associated with modern droughts,

it is sobering to realize that their durations are relatively short compared to the events that

occurred during the MCA. With available evidence supporting a trajectory towards a drier

mean state in the future (e.g., Seager et al. 2007), it is worth investigating the causes of the

MCA megadroughts, and whether these factors will play a role in a potentially drier future.
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Our experiments show that estimated tropical Pacific SSTs and increased bare soil as-

sociated with dune mobilization are not sufficient to reproduce the drying and persistence

of the MCA megadroughts over the Central Plains. The SST forcing leads to some modest

precipitation reductions relative to our modern ensemble; the addition of the bare soil leads

to significant warming, but does not amplify this drying. Only when dust aerosols are in-

cluded does the model respond with drying that leads to significant precipitation reductions

and droughts that are much more persistent, matching the autocorrelation structure of the

droughts recorded in the NADA. At this point, it is unclear what the mechanism is for in-

creased persistence from the dust aerosols seen in the zero-mean adjusted model PDSI. In

the real world, persistence would arise from vegetation mortality due to dust induced drying,

further increasing wind erosion and feeding back to sustain dune mobilization, wind erosion,

and dry conditions. Our model, however, lacks the capability to fully simulate these dynam-

ical interactions. The distribution of the mean adjusted PDSI for the SST+BSOIL+DUST

simulation shows flatter and broader peak than for SST-Only, indicating a tendency to dis-

tribute further away from the mean. In quantitative terms, this translates to an excess

kurtosis of -0.29 and -0.44 for SST-Only and SST+BSOIL+DUST, respectively. While not

quite bimodal, it does fit with expected dust-precipitation interactions. When precipitation

is lower, drier soils favor increased wind erosion which further reduce precipitation. When

precipitation is higher, increased soil moisture inhibits wind erosion, reducing the impact of

the dust aerosols on precipitation and favoring overall wetter conditions.

Our results are promising, and support the idea that land surface feedbacks from aeolian

activity during the MCA played an important role reinforcing the megadroughts. These feed-

backs have been hinted at previously in studies of the Dust Bowl (Cook et al. 2008, 2009),
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the only observational era drought with land degradation and aeolian activity approach-

ing 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 uncertainties, 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

reconstructions 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 bound-

ary conditions. 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 without using a coupled framework, however, our experiments

provide strong evidence that these factors, especially the dust aerosols, can explain the per-

sistence of the megadroughts.

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 United States government formed the

Soil Conservation Service with the goal of preventing the same level of land degradation
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from occurring again (Hansen and Libecap 2004). The program was successful and, as a

result, subsequent droughts (e.g., 1948-1957, 1998-2004) avoided the same levels of wind

erosion and dust storm activity, despite severe moisture deficits. Besides erosion measures,

irrigation in the west has also expanded rapidly since the 1950s (Wisser et al. 2010), provid-

ing additional sources of water that have enabled farmers to be more resistant to drought

events. Other than farmlands, much of the region is composed of pastures and grasslands

that host perennial grasses evolutionarily adapted to the hydroclimatic variability in the

region and capable of surviving at least short term droughts. There is evidence, though,

that grasslands in some regions will respond to longer term droughts (Evans et al. 2011),

and that livestock grazing activities may make these systems more vulnerable (Van Auken

2000). As the twenty-first centuries progresses, various factors will affect the resilience of

agricultural and natural systems in the region, and the potential for landscape feedbacks to

drought. On one side, both greenhouse gas forced drying trends (Seager et al. 2007) and the

continued depletion of non-renewable groundwater resources (e.g., Sophocleous 2010) will in-

crease drought stress on natural ecosystems and agricultural systems. Conversely, the direct

effect of increased atmospheric carbon dioxide concentrations on plant physiology may serve

to actually increase plant resistance to water stress and drought (e.g., Morgan et al. 2011).

The future of hydroclimate and landscape processes in the Central Plains and western North

America will thus likely depend on the complex interplay of climate dynamics, ecosystem

responses, and direct human management.
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Table 1. Summary of model experiments conducted as part of this study. All
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(e) (f)

Fig. 6. Ensemble mean monthly surface temperature (JJA, K) (a,c,e) and precipitation
(June, mm day-1) (b,d,f) responses over North American in our MCA model runs. The
central Plains region (105oW-95oW, 32oN-44oN) is outlined in the black dashes. Cells with
insignificant (p ≥ 0.05) differences between the MCA runs and SST-MOD have been masked
out.
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Central Plains Climate Anomalies
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Fig. 7. Ensemble mean time series of mean monthly surface temperature (JJA, K) (a) and
precipitation (June, mm day-1) (b) responses over North American in our MCA model runs,
averaged over the Central Plains region (105oW-95oW, 32oN-44oN). All time series have been
smoother with a 5-year low pass (lowess) filter.
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Temperature and Precipitation Anomalies
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Fig. 8. Normalized histograms of (a) mean monthly surface temperature (JJA, K), (b)
precipitation (June, mm day-1), (c) mean monthly maximum surface temperature (JJA,
K), and (d) mean monthly minimum surface temperature (JJA, K) responses over North
American in our MCA model runs, averaged over the Central Plains region (105oW-95oW,
32oN-44oN).
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Fig. 9. Normalized histograms of JJA surface flux (W m-2) responses averaged over the
Central Plains region (105oW-95oW, 32oN-44oN): (a) latent heat flux, (b) sensible heat flux,
(c) incident shortwave flux at the surface, and (d) downwelling longwave flux at the surface.
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Fig. 10. Normalized histograms of mean June surface climate responses averaged over the
Central Plains region (105oW-95oW, 32oN-44oN): (a) net radiation at the surface (W m-2),
(b) planetary boundary layer height (meters), (c) peak lapse rate in the planetary boundary
layer (K km-1), and (d) convective cloud cover (% normal departure).
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Fig. 11. Ensemble average summer season (JJA) PDSI calculated from our MCA and
averaged over the Central Plains region (105oW-95oW, 32oN-44oN): (a) SST-Only, (b)
SST+BSOIL, and (c) SST+BSOIL+DUST. PDSI anomalies for all MCA runs were nor-
malized relative to 1857-2005 C.E. from the SST-MOD ensemble.
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Fig. 12. Autocorrelation function (ACF) for the ensemble average JJA Central
Plains PDSI (105oW-95oW, 32oN-44oN) from the SST-Only (a), SST+BSOIL (b), and
SST+BSOIL+DUST (c) model runs. PDSI in the SST+BSOIL+DUST 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. Even after the adjustment to zero
mean (d,e,f), SST+BSOIL+DUST is the only the scenario with significant persistence at
lags of -2 and -3 years, similar to the autocorrelation of the adjusted NADA PDSI.
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