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ABSTRACT

The North American Dust Bowl drought during the 1930s had devastating environmental and societal

impacts. Comprehending the causes of the drought has been an ongoing effort in order to better predict

similar droughts and mitigate their impacts. Among the potential causes of the drought are sea surface

temperature (SST) anomalies in the tropical Pacific Ocean and strengthened local sinking motion as a

feedback to degradation of the land surface condition leading up to and during the drought. Limitations on

these causes are the lack of a strong tropical SST anomaly during the drought and lack of local anomaly in

moisture supply to undercut the precipitation in the U.S. Great Plains. This study uses high-resolution

modeling experiments and quantifies an effect of the particular Great Plains land cover in the 1930s that

weakens the southerly moisture flux to the region. This effect lowers the average precipitation, making the

Great Plains more susceptible to drought. When drought occurs, the land-cover effect enhances its intensity

and prolongs its duration. Results also show that this land-cover effect is comparable in magnitude to the

effect of the 1930s large-scale circulation anomaly. Finally, analysis of the relationship of these two effects

suggests that while lowering the precipitation must have contributed to the Dust Bowl drought via the 1930s

land-cover effect, the initiation of and recovery from that drought would likely result from large-scale cir-

culation changes, either of chaotic origin or resulting from combinations of weak SST anomalies and other

forcing.

1. Introduction

Severe drought during the warm seasons from 1932 to

1938 in the U.S. Great Plains was coined the ‘‘Dust

Bowl’’ to describe the frequent and massive dust storms

during the drought. Because of its destructive impacts

on individual lives and society, causes of the drought

have been sought intensely for the purposes of pre-

diction and mitigation.

The Dust Bowl drought has been considered ‘‘highly

unusual’’ (Cook et al. 2009) because such a severe

drought persisted in a decade when there were ‘‘sur-

prisingly weak’’ sea surface temperature (SST) anoma-

lies in the tropical Pacific Ocean (Schubert et al. 2004).

Strong SST anomalies in the tropical Pacific (e.g., during

El Niño/La Niña events) influence precipitation varia-

tions in North America and other regions around the

globe (e.g., Ropelewski and Halpert 1986; Hu and Feng

2001). Extended strong SST anomalies likely contribute

to lasting anomalies in precipitation. During the 1930s,

the El Niño/La Niña in the tropical Pacific Ocean went

through two cycles, with weak to moderate El Niño
events in 1930–33 and again in 1935–37 and a weak La

Niña event following each of them (Wolter and Timlin

2011). In the North Atlantic Ocean, where the warm

SST anomaly associated with the Atlantic multidecadal

oscillation (AMO; Enfield et al. 2001) favors less warm

season precipitation in the central United States, the

SST anomalies were in a transition from a cold to a warm

phase during 1920–40 (e.g., Hu and Feng 2008). Al-

though the warming SST in the North Atlantic Ocean in

the 1930s favored less warm season precipitation in the

U.S. Great Plains, that effect would be insufficient to

result in a drought of Dust Bowl scale because the re-

mote effect of the SST anomalies is weak and often in-

consistent during the AMO warm phase (Hu and FengCorresponding author: Dr. Qi Hu, qihu@unl.edu
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2008; Hu et al. 2011; Hu and Veres 2016). When also

considering that ENSO strongly influences interannual

variation of precipitation in addition to the decadal-

scale AMO effect in midlatitude North America (Hu

and Feng 2012), we would have expected to have two

weak warm season droughts in the Great Plains during

the 1930s. This expectation based on the SST effects is

supported by results from bothmodeling (Hoerling et al.

2009; Schubert et al. 2004; Seager et al. 2005; Cook et al.

2009) and statistical analysis of SST and warm season

precipitation anomalies in the U.S. Great Plains (e.g.,

Hu and Feng 2008).

Hoerling et al. (2009, p. 1) examined ensembles

from each of three different atmospheric general cir-

culation models (AGCMs) that were integrated from

1903–2004 with observed monthly global SST, and

suggested that ‘‘that region’s [U.S. Great Plains]

drought exhibited little sensitivity to SST conditions

during the Dust Bowl period.’’ Schubert et al. (2004)

showed that local and regional land–atmosphere in-

teractions in their AGCM experiments played a major

role in the Dust Bowl drought after weak SST anom-

alies in the tropical Pacific initiated the drought. The

land–atmosphere interaction was further investigated

in an AGCM study by Cook et al. (2009). They ex-

amined the human land degradation and subsequent

changes in surface albedo and atmospheric dust/

aerosol loading. Their results showed that in the given

global SST anomalies in the 1930s the dust loading

after crop failures from initial dry conditions could

have reduced net surface radiation as a result of in-

creased surface albedo, so that additional subsidence

occurred to suppress precipitation and enhance the

drought, similar to that described by Charney (1975).

While this land–atmosphere interaction process and

its induced subsidence could enhance the drought in one

failed cropping season, how it may repeat itself over

several years remains a question, especially in the Great

Plains where the warm season circulation is character-

ized by theGreat Plains southerly low-level jet (GPLLJ)

(Bonner and Paegle 1970; Mo et al. 1997; Higgins et al.

1998). The GPLLJ transports large amount of moisture

from the Gulf of Mexico to the Great Plains. Along the

boundary between the moist air and subsidence and dry

areas to its north and west forms dryline and mesoscale

convective systems that can bring intense convection and

precipitation (Hane et al. 1997) to weaken or reverse the

drought. Thus, some processes in addition to the local

subsidence must act to undercut the moisture supply.

Those processes have to repeat year after year in order to

sustain and intensify the multiyear Dust Bowl drought.

In this work, we show a mechanism that could have

sustained the multiyear drought in the 1930s, as well as

droughts of similar magnitude in theGreat Plains should

the same condition recur. In this mechanism, land-cover

change in the Great Plains plays an important role. This

change evolved from presettlement (1850) to the 1930s

when the U.S. Great Plains experienced substantial ag-

ricultural growth (e.g., Cunfer 2005). A cost of this

growth and expansion was the loss of native vegetation;

about 43% of native grasslands in the region were con-

verted into dryland croplands and pastures during that

period (Table 1). A direct consequence of these changes

was reduced soil water storage, because of loss of con-

nection to deep soil water by deep rooting systems of the

native vegetation and enhanced surface evapotranspi-

ration in crops. These changes altered the surface albedo

and the surface and atmospheric energy and water

budgets, causing sinking motion (e.g., Cook et al. 2009).

Although these changes may intensify a drought, their

effects are local and passive because they will affect

primarily the local recycling of moisture. This recycling

contributes to less than 20% of Great Plains pre-

cipitation (Brubaker et al. 1993). More than 80% of the

moisture making up the region’s precipitation is trans-

ported into the region by the regional atmospheric cir-

culation, including the GPLLJ. When this transport is

weakened or interrupted, the supply of the other 80% of

moisture is suppressed, and severe drought may occur

and persist. We will show that an additional (and in-

direct) effect of the land-cover change in the Great

Plains from presettlement to the 1930s is to set up a

regional condition that weakened the GPLLJ and the

moisture supply to the Great Plains. In the absence of

strong remote SST forcing (e.g., Cook et al. 2009;

Hoerling et al. 2009), this effect of land-cover change

creates conditions favorable for development of the

prolonged 1930s Dust Bowl drought.

2. Data and methods

To quantify this effect, we use the Weather Research

and Forecasting Model version 3.6 (WRF3.6; Skamarock

et al. 2008) coupled with the NCAR Community

Land Model version 4.0 (CLM4.0; Oleson et al. 2010;

Lawrence et al. 2011). The CLM4.0 is used in this study

because recent results indicate consistent performance

of CLM4.0 in the U.S. Great Plains (Van Den Broeke

et al. 2017). The CLM4.0 consists of five subgrid surface

land-cover types including lakes, wetland, and vegeta-

tion, with vegetation being further divided into seven

plant functional types. Each type is specified with a

representative leaf and stem area index and canopy

height. For a given surface land-cover type the surface

albedo is calculated using a two-stream approximation

of radiative transfer in the atmosphere (Oleson et al.
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2010), as detailed in the literature (e.g., Sellers 1985;

Oleson et al. 2010). Additional details of CLM4.0 and

its coupling with WRF3.6 are presented by Van Den

Broeke et al. (2017).

In the recent decade, WRF and its land surface

modules have been tested and improved, and have

become a primary tool for studying dynamic processes in

weather and climate. A key feature of the WRF is its

high spatial resolution, allowing us to couple it with

high-resolution land surface modules (e.g., CLM4.0)

and land-cover data to more accurately describe spatial

variations in land cover and land–atmosphere interac-

tions. As indicated by Seager et al. (2005), the coarse

resolution in GCMs (on the order of 100 km) limits de-

tails in land surface information and processes. It can

cause the models to overestimate the influence of SST

anomalies and the effect of the internal variability of

the atmosphere on droughts, and to underestimate the

effects of land surface processes. Such biases can be

overcome by high-resolution regional models.

The WRF Model used in this study has two nested

domains. The outer domain has a horizontal resolution

of 12 km, covering North America and parts of adja-

cent oceans (approximately 1408–608W and 238–518N).

The inner domain has a 4-km horizontal resolution,

covering the U.S. Great Plains (approximately 858–
1108W and 29.88–43.68N, the area in Fig. 1a). The

model has 29 hybrid sigma-pressure levels in the ver-

tical direction with the highest level fixed at 100 hPa.

Among physical parameterizations, the WRF used the

Kain–Fritsch scheme to describe convection (Kain and

Fritsch 1990), the single-moment five-class scheme for

cloud microphysics (Hong et al. 2004), the Yonsei

University (YSU) scheme for the planetary boundary

layer (Hong et al. 2006), and Dudhia (1989) and the

Rapid Radiative Transfer Model (RRTM; Mlawer

et al. 1997) for shortwave and longwave radiation

transfer. These methods have been evaluated exten-

sively and shown to be relevant for use in midlatitude

North America (Hong et al. 2006; Bukovsky and

Karoly 2009; Hu et al. 2010; Pei et al. 2014; Qiao and

Liang 2015).

Initial and lateral boundary conditions for the WRF

Model are provided by three different circulations: the

present-day circulation and the circulations derived

from the warm and the cold phase of the AMO. These

circulations are used to provide different large-scale

forcings (e.g., from different SST anomalies in oceanic

regions) through the lateral boundary conditions to the

Great Plains. The reason for using these different large-

scale circulations is that, if under each of these different

forcing conditions, theWRF simulation using 1930s land

cover consistently produces the least amount of warm

season precipitation compared to the simulations using

other land covers (e.g., the presettlement and present-

day land cover; discussed later in this section), the re-

sults would indicate a persistent and prominent effect of

the land-cover change from the presettlement to the

1930s on the drought, regardless of different large-scale

circulations and forcing conditions. We note that there

are many other possible large-scale circulations that

could be used to further test this persistency. In that

regard, the robustness of the land-cover change effect on

the drought deduced from this work remains to be fur-

ther explored. We use the AMO forced circulations in

addition to the observed present-day circulation in our

test because the Dust Bowl drought was a decadal event

(1932–38). Using the AMO-driven circulations we can

examine if the Great Plains land-cover effect may deter

the influence of this remote forcing, especially in the

cold phase of theAMO,which favors more precipitation

in the central United States, and enhance summer pre-

cipitation anomalies in the U.S. Great Plains.

In practice, the present-day circulation is derived from

the North American Regional Reanalysis (NARR;

1979–present) data, which have a horizontal resolution

of 33 km (Mesinger et al. 2006). Use of the present-day

circulation serves two purposes in this study. One is that

there was no observed circulation before 1938, and the

present-day circulation offers an alternative of high

TABLE 1. Percentage of area covered by different land-cover classifications in the three periods in the U.S. Great Plains, from 308–438N
and 958–1058W (inside the red box in Fig. 1b). Boldface type highlights land cover conditions during the Dust Bowl drought.

Land-cover classification Presettlement (1850) Dust Bowl (1935–38) Present day (2011)

Dryland cropland and pasture 0 31 4

Grassland 70 41 38

Mixed dryland/irrigated cropland 0 0 24

Deciduous and broadleaf forest 4 4 4

Savanna 10 2.5 0

Urban 0 0 5

Barren or sparsely vegetated land 3 10 0.5

Other (water bodies, shrubland, and

evergreen needle leaf forest)

13 11.5 24.5
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quality. The other is that over the present-day period

from 1990 to 2002, used in this study, there were two

pairs of El Niño–La Niña events in the tropical Pacific

Ocean, and the SST anomalies associated with theAMO

in the North Atlantic Ocean transitioned from a nega-

tive to a positive phase around 1990. The positive phase

reached peak amplitude after 2002. Generally similar

sequences of SST variations in both the tropical Pacific

and the North Atlantic Oceans are observed from 1930

to 1942 [Wolter and Timlin 2011; also see Fig. 6a of

the AMO index variation in Hu and Feng (2008)]. The

similar sequence in variations of the SST anomaly in the

tropical Pacific and the North Atlantic Oceans between

the two periods supports the use of the atmospheric

circulation in 1990–2002 to approximate that with simi-

lar interannual and decadal SST anomalies in 1930–42.

Recognizing that no atmospheric circulations in two

different periods are the same, we admit that this ap-

proximation merely keeps the same sequence in anom-

alous SST events in the tropical Pacific and the North

Atlantic Ocean.

Simulations using the atmospheric circulation of

1990–2002 and the 1990 soil moisture in the initial con-

ditions were made using the three different land covers,

and the results of the last eight years were used in our

analyses after removing the first five years for spinup.

Because of the fixed land-cover condition in each of

the simulations, we focus our analysis on the mean

conditions and underlying physical processes under that

specific land-cover condition. Although transient pro-

cesses into and out of the integration period with fixed

land cover are not examined, transient effects on pre-

cipitation variation within that period from forcings

contained in the boundary conditions (e.g., El Niño,
La Niña, and the AMO) are simulated.

The atmospheric circulations driven by the warm

and cold phases of the AMO are obtained from prior

AGCM simulations with observedAMOSST anomalies

in the North Atlantic Ocean and climatological SST

elsewhere (Hu et al. 2011). Those simulations generated

the annual cycle of the atmospheric circulation driven by

either the peak warm or cold SST anomaly during the

AMO. The annual cycle of the atmospheric circulation

in the AMO warm phase is used to derive the boundary

conditions for the WRF. The WRF is run for five years

perpetually. The same is done for the AMO cold phase.

Because the perpetual runs with fixed land cover arrive

at fairly stable conditions in about two years, we use the

averaged results of the last three of the five years in our

analysis.

In addition, in simulations with the AMO forced cir-

culations we introduce different initial soil moisture

conditions. The wet and dry soil moisture in these ad-

ditional simulations was derived from the NARR data

using the following procedure. We first determine the

driest and the wettest May–July period in theU.S. Great

FIG. 1. Land cover in (a) presettlement, (b) the 1930s, and (c) the present day.
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Plains from 1990 to 2002, and use the averaged May–

July driest and wettest soil moisture values as the ini-

tial soil condition in the dry and wet simulation,

respectively.

For each of these boundary conditions, the WRF is

integrated to simulate Great Plains warm season pre-

cipitation with three land-cover conditions. They de-

scribe the presettlement (;1850) condition, the Dust

Bowl era (1930s), and the present-day land cover (Fig. 1).

These land covers are developed from sources that have

a resolution at or finer than 4km 3 4km, because our

model has a 4-km resolution inner domain. Present-day

land-cover data used in this study have 30-m resolution

and are from the dataset developed by the Multi-

Resolution Land Characteristics Consortium (MRLC),

which is ‘‘a group of federal agencies who coordinate

and generate consistent and relevant land cover in-

formation at the national scale for a wide variety of

environmental, land management, and modeling appli-

cations.’’ The data are accessible at http://www.mrlc.gov/

nlcd11_data.php with detailed descriptions in the litera-

ture and several documents (Homer et al. 2015, and ref-

erences therein).

Presettlement (1850) land cover was derived starting

with the Level IV ecoregions from the U.S. Environ-

mental Protection Agency (EPA 2013). The ecoregions

represent the natural or potential vegetation that would

be supported in an area (Omernik and Griffith 2014).

These data were converted to the land-use and land-

cover categories available in the CLM4.0. The land

cover for the 1930s was derived from the U.S. Geo-

logical Survey ‘‘Reconstructed Historical Biophysical

LandCoverDataset for 1920’’ (Steyaert andKnox 2008)

and the ‘‘Population and Environment in the U.S. Great

Plains’’ dataset (Gutmann 2005). County-level land

cover from these datasets was converted to our model

land-cover categories. Land cover for the Dust Bowl

period started with the 1920s land cover and was mod-

ified based on areas of known wind erosion in the Great

Plains during the Dust Bowl (USDA 1954). Areas of

most severe and severe wind erosion during the Dust

Bowl were set to 80% and 60% bare soil, respectively.

Ares of less severe wind erosion were set to have 20%

bare soil cover. Other land-cover categories were

preserved.

3. Results and discussion

From examining these land-cover data in the U.S.

Great Plains, we find that from presettlement to the

1930s, about 43% of the native grassland and 75% of

the savanna were lost to dryland croplands and pastures

(cf. Figs. 1a and 1b; see Table 1). From the 1930s to

the present, land cover in the Great Plains has changed

to have most of the croplands irrigated at varying rates

(cf. Figs. 1b and 1c).

Using these land-cover conditions we simulate Great

Plains precipitation in the previously described large-

scale circulations and initial soil moisture conditions.

Simulated May–July total precipitation in the Great

Plains is summarized in Table 2. These results show that

in all three large-scale circulation scenarios with differ-

ent initial soil moisture conditions (each row in Table 2),

the smallest amount of precipitation always appears in

the simulation that uses the 1930s land cover. Differ-

ences between simulated precipitation from using vari-

ous large-scale circulations and the same land cover

(each column in Table 2) show the effects of the large-

scale circulation and regional soil moisture on Great

Plains precipitation.

To measure the effect of the land-cover change on

May–July precipitation in the Great Plains relative to

the effect from large-scale circulation forcing, we take

differences of the mean precipitation between simula-

tions with different large-scale circulation and initial soil

moisture condition under the same land cover (each

column in Table 2). We find the difference ranging from

0.07 to 0.93 mmday21. This range is the same as the

range of precipitation difference between simulations

using different land covers, that is, 0.13–0.75 mmday21

in any of the five circulation conditions (calculated from

the rows in Table 2). These results indicate that the

TABLE 2. Mean May–July precipitation (mmday21) averaged over the Great Plains. It is noteworthy to indicate that an initial dry soil

condition does not always lead to less precipitation. The outcome is heavily affected by the large-scale circulation (e.g., the AMO) and its

interaction with the land cover. That effect is secondary to the land cover, however, because the simulation with the 1930s land cover

always has the least precipitation (boldfaced number in each row of this table).

Presettlement 1930s Present day

1995–2002 circulation 2.66 2.53 2.83

AMO warm phase, and initial wet soil moisture 1.98 1.78 1.91

AMO warm phase, and initial dry soil moisture 2.27 2.14 2.32

AMO cold phase, and initial wet soil moisture 2.20 1.77 2.52

AMO cold phase, and initial dry soil moisture 2.00 1.68 1.99
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effect of land-cover change on May–July precipitation

anomaly in the U.S. Great Plains has a magnitude com-

parable to that from the large-scale circulation forcing.

When the latter is weak, the former could play a prom-

inent role in drought development and maintenance.

This role of land-cover change on the 1930sDust Bowl

drought can also be delineated from a different per-

spective again using the results of our experiments in

Table 2. Records of precipitation show that May–July

precipitation in theU.S. Great Plains was 2.66mmday21

during 1995–2002, slightly below the 1971–2000 average

of 2.71 mmday21 [these precipitation values are calcu-

lated from the UK Climate Research Unit (CRU) 3.23

dataset]. In other words, the SST and atmospheric cir-

culation variation during 1995–2002 did not cause any

long-lived severe drought in the U.S. Great Plains under

its existing land cover. However, when this same circu-

lation is used in the model in conjunction with the 1930s

land cover, the simulated precipitation is persistently

lower than from using the present-day land cover or the

presettlement land cover. This persistent land-cover

effect is shown in both the mean precipitation over

the simulation period (rows in Table 2) and the tran-

sient process in that period (Fig. 2). Figure 2 shows the

simulated May–July precipitation using the same large-

scale circulation and three different land-cover scenar-

ios. The difference between the precipitation time series

from simulations using the 1930s land cover and using

the presettlement (and present day) land cover is sta-

tistically significant at the 95% confidence level from the

Student’s t test.

In addition to showing the persistently lower precip-

itation from using the 1930s land cover, Fig. 2 also shows

large amplitude interannual precipitation variation. Its

relationship with the land-cover change induced per-

sistently lower precipitation anomaly in Fig. 2 suggests

that variation is an effect of the circulation. Thus, Fig. 2

shows that the large-scale circulation still determines

the general pattern of precipitation anomalies. The

land-cover effect, although potentially of comparable

magnitude, is to enhance and prolong the initial negative

anomaly or drought that is initiated by remote forcing

variability.

In the 1930s Dust Bowl drought, mild ENSO events in

the tropical Pacific and the AMO SST anomaly in the

North Atlantic, or the nonlinearity of the circulation

(Hoerling et al. 2009), could have provided a circulation

condition to initiate the drought. The drought was able

to intensify and prolong for multiple years because of

the particular land-cover condition and its effect to

persistently suppress the precipitation. These processes

are similar to those discussed by Cook et al. (2009).

While Cook et al. (2009) suggest that the land-cover

effect is to enhance subsidence, we propose in the fol-

lowing an additional effect of land cover that sub-

stantially weakens moisture fluxes into the Great Plains

and undermines development of precipitation.

Our analysis of the model results shows that the

drastic land-cover change from presettlement to the

1930s in the Great Plains resulted in a strong increase in

the surface albedo (Fig. 3a). On average, the albedo

changes from ;0.16 in the native grassland to ;0.20 in

dryland cropland, and such a change can considerably

alter the surface energy budget (e.g., Hartmann 1994).

In our simulations, changes in surface albedo from the

presettlement to the 1930s land-cover resulted in a

5Wm22 reduction in solar energy absorbed at the sur-

face (averaged over the Great Plains fromMay to July).

Reduced absorption of solar radiation lowers the

available energy at the surface. This energy reduction is

shown in Fig. 3b by the large decrease in net radiation at

the surface with the 1930s land cover, especially over

dryland croplands/pastures and bare soils. Decrease of

net radiation at the surface further causes reduction in

atmospheric energy which is primarily sustained by ra-

diation from the surface. Surface sensible heat even in

high surface temperatures during a drought is a small

fraction of the energy to the atmosphere (e.g., Charney

1975; Hartmann 1994). A strong decrease in atmo-

spheric energy results in strong subsidence that keeps a

stable thermodynamic profile by heating the atmo-

sphere through adiabatic compression (Fig. 3c). In the

meantime, the subsidence suppresses convection and

precipitation. This direct drying effect of land cover was

introduced in Charney (1975) and has been identified

and suggested as working to intensify the 1930s Dust

Bowl drought (Seager et al. 2005; Cook et al. 2009).

As we have previously indicated, this direct sub-

sidence drying effect will be short-lived in theU.S. Great

Plains if there is sufficient large-scale moisture supply to

the region, because convection will develop along the

FIG. 2. Time series of simulated May–July precipitation in the

U.S. Great Plains using different land cover and the same present-

day circulation.
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boundaries between the subsiding dry areas and the

moist air to the south and east, such as the dryline, and

bring intense convection and precipitation (Hane et al.

1997). Thus, some additional process must act to un-

dercut the moisture supply to the region in order to

amplify and sustain the drought.

That process could rise from an indirect effect of and

be sustained by the 1930s land cover in the Great Plains.

In the warm season, the U.S. Great Plains normally has

low pressure in the lower troposphere, relative to the

high pressure in the subtropical North Atlantic (Palmén
and Newton 1969). Our results show that the enhanced

FIG. 3. Differences (values obtained from the simulation using the 1930s land-cover minus the values obtained from simulation using

the present-day land cover under the same SST and large-scale circulation) of (a) surface albedo, (b) net radiation budget at the surface

(Rs; Wm22), (c) atmospheric vertical motion driven solely by the atmospheric energy balance (cm s21), and (d) zonal PGF (m s22)

calculated between 958 and 1008Wfor each latitude from308 to 408Nand averaged at local time (LT)marked on the abscissa averaged over

May–July (the dashed lines are for weakened PGF). The tiny dots in (a)–(c) are water bodies that have distinctively different albedo from

the land. In (b) and (c), wave patterns over Kansas, Colorado, Texas, Oklahoma, and NewMexico result from how bare soil was added to

the land cover.
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subsidence indicated in Fig. 3c causes a considerable

increase in pressure in the lower troposphere and at the

surface. Increased surface pressure in the Great Plains

weakens the zonal pressure gradient force (PGF)

pointing from the subtropical North Atlantic Ocean to

the U.S. Great Plains. The weakened zonal PGF is

shown in Fig. 3d. Because of the Coriolis effect, a

weakened zonal PGF leads to a weakened GPLLJ,

thereby undermining the moisture supply from the Gulf

ofMexico to theU.S. Great Plains. It is intriguing to also

note that in Fig. 3d the maximumweakening of the PGF

happens between later afternoon hours and midnight

when theGPLLJ is relatively strong (Bonner and Paegle

1970; Mo et al. 1997). Weakening of the GPLLJ, which

has been observed during the 1930s Dust Bowl drought

from reconstructed data (Brönnimann et al. 2009), re-

duces the supply of moisture to the Great Plains, as

confirmed in Fig. 4. From the results in Fig. 4, our cal-

culations show that moisture supply is reduced, relative

to the present-day amount, by 3.483 106 kgm21 h21 in a

cross section from the surface to 700 hPa along 368N
latitude between 928 and 1058W longitude. It corre-

sponds to 0.9 mmday21 precipitation reduction in the

Great Plains averaged forMay–July. This reduction rate

is similar to that observed during the 1930s Dust Bowl

drought (cf. Figs. 5a and 5c). The same process and re-

sulting decrease in May–July precipitation in the Great

Plains are found in comparisons between simulations

using the 1930s land cover and the presettlement land

cover (Fig. 5b).

4. Concluding remarks

Using high-resolution modeling experiments we

quantified an effect of the particular land cover in the

1930s in the U.S. Great Plains that weakens the south-

erly moisture flux into the region and suppresses

May–July precipitation. By lowering the average pre-

cipitation, this particular land-cover effect makes the

Great Plains more susceptible to drought. When

drought occurs, possibly initiated by remote forcing, the

land-cover effect enhances its intensity and prolongs its

duration.

This land-cover effect is achieved by modifying the

regional atmospheric circulation. It is tested and shown

to be persistent in different circulations (e.g., the

present-day circulation and circulations forced by AMO

warm and cold phases). Results from those tests also

suggest a static nature of this land-cover effect because it

does not change the course of the precipitation variation

that is described in the large-scale circulation. There-

fore, while lowering the precipitation must have

contributed to the Dust Bowl drought by the 1930s

land-cover effect, the initiation as well as the recovery of

FIG. 4. Meridional water flux at theGPLLJ entrance across 368N latitude at midnight local time

(kgm22 s21).
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that drought would likely result from the large-scale

circulation change, either of some chaotic origin

(Hoerling et al. 2009) or forced by weak SST anomalies

(e.g., Schubert et al. 2004), or combinations of both (e.g.,

McCabe et al. 2004).

From a broader perspective, our findings indicate that

certain regional-scale terrestrial processes can sub-

stantially increase the vulnerability and susceptibility to

severe and prolonged droughts. By reducing such vul-

nerability through sustainable policies and practices,

humans could improve the natural system and their

living environment.
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