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Abstract An ensemble of six 22-year numerical experi-

ments was conducted to quantify the response of soil

moisture to multiple climate change scenarios over the

American Midwest. Regional Climate Model version 3

(RegCM3) was run using two surface physics schemes:

Integrated Biosphere Simulator (IBIS) and Biosphere-

Atmosphere Transfer Scheme 1e (BATS1e); and two

convective closure assumptions: Fritsch and Chappell and

Arakawa and Schubert. Experiments were forced with a

surrogate climate change scenario constructed using the

National Centers for Environmental Prediction-Department

of Energy Reanalysis 2 dataset and the ECHAM5 A1B

climate change scenario. RegCM3-IBIS and RegCM3-

BATS1e simulate increased two-meter air temperature and

downward longwave radiation throughout the year under

both climate change scenarios. While differences in

shortwave radiation are relatively small; some model

configurations and climate change scenarios produce

additional precipitation, evapotranspiration, and total run-

off during the spring and summer. Soil moisture is

unchanged or increased throughout the growing season as

enhanced rainfall offsets greater evaporative demand.

Negligible drying in root zone soil moisture is found in all

climate change experiments conducted, regardless of sur-

face physics scheme, boundary conditions, or convective

closure assumption.
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1 Introduction

In 1988, a severe drought during the spring and summer

reduced crop yields in the United States by approximately

37%, prompting a $3-billion Congressional bailout for

farmers (Rosenzweig et al. 2001). Agricultural productiv-

ity is strongly correlated with soil moisture, and as the

world’s food supply continues to be taxed by population

growth and rapidly developing economies, a greater per-

centage of arable land will need to be utilized and land

currently producing food must become more efficient

(Harrison et al. 2002).

Climate change is likely to accelerate the hydrologic

cycle, leading to enhanced global precipitation and

evapotranspiration. In areas where the increase in evapo-

transpiration significantly exceeds that of precipitation,

drought conditions will become more common. This could

have extensive impacts on the entire world community if

the newly created droughts occur in the midwestern United

States or southern Europe, regions of substantial agricul-

tural productivity. However, if the increase in precipitation

exceeds that of evapotranspiration, little or no drying will

occur. Fig. 1 shows two potential responses of soil mois-

ture to climate change. The left panel depicts soil drying,

where reduced precipitation coupled with significantly

enhanced latent heat flux decreases soil moisture. The right

panel shows unchanged soil moisture. Here, additional

precipitation, modest latent heat flux increases resulting

from strong controls on evapotranspiration by plants, and

greater total runoff balance to have a minimal effect on soil

moisture. Note that the terms ‘‘latent heat flux’’ and
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‘‘evapotranspiration’’ are used interchangeably throughout

this paper.

One of the first analyses of the response of soil moisture

to climate change was completed by Manabe et al. in

(1981). Using the NOAA Geophysical Fluid Dynamics

Laboratory (GFDL) general circulation model (GCM) with

three different arrangements of topography and resolution,

Manabe et al. (1981) found soil moisture reductions in

middle and high latitudes during the summer. Recently, in

more detailed studies, Manabe and Wetherald (2002) and

Manabe et al. (2004) concluded that the American Mid-

west experiences summer drying and winter wetting under

the Intergovernmental Panel on Climate Change IS92a

scenario and a 4 9 CO2 scenario. In the winter, rainfall is

enhanced by increased moisture transport from warmer

oceans and cold surface temperatures cause the additional

available energy produced by climate change to be parti-

tioned into sensible heat (Manabe et al. 2004). In contrast,

during the summer surface temperatures are warmer and

latent heat flux is enhanced, outpacing any increase in

precipitation from the oceans, thus drying the soils.

Summer soil moisture drying over the American Mid-

west was also found by Wang (2005) and Diffenbaugh and

Ashfaq (2010). Wang (2005) conducted a comprehensive

study on the potential for future drought using fifteen dif-

ferent GCMs. The majority of models examined simulated

extensive summer drying and some winter wetting over

mid-latitude North America. Diffenbaugh and Ashfaq

(2010) used an ensemble of five Regional Climate Model

version 3 (RegCM3) simulations forced with a climate

change scenario (2030–2039) derived from the National

Center for Atmospheric Research (NCAR) Community

Climate System Model 3 to show that future precipitation,

evapotranspiration, and soil moisture all decrease.

However, this trend is not found in all studies. A com-

parison of the GFDL and NCAR GCMs forced using a

2 9 CO2 climate change scenario concluded that land

surface parameterizations play a pivotal role in the study of

summer dryness (Meehl and Washington 1988). In these

simulations, the GFDL model retained less of the precipi-

tation increase of the winter months than the NCAR GCM,

partitioning it to runoff as opposed to groundwater

recharge, making the GFDL model drier during the spring

and summer. In contrast, water added throughout the

winter and early spring to the NCAR model reduced and

sometimes eliminated summer drying. Seneviratne et al.

(2002) concluded that decreases in soil moisture over the

midwestern United States were weak compared to the

warming forcing applied, on the order of 1 to 2% of sat-

uration, using a series of RegCM3 experiments. They

hypothesized that vegetative controls on transpiration and

enhanced infiltration during the spring mitigate summer

drying. The deviation of these results from those of Man-

abe et al. (1981) was explained through a series of exper-

iments illustrating the differences between the land surface

parameterizations used in the two studies.

Recently, the U.S. Global Change Research Program

released a comprehensive report detailing the impacts of

climate change on the United States. Karl et al. (2009)

concluded that agriculture in the midwestern United States

is likely to benefit from low levels of warming, a result of a

longer growing season and CO2 fertilization. However,

Fig. 1 Mechanisms for soil

drying (left) and unchanged soil

moisture (right)
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larger changes in temperature and precipitation associated

with higher levels of warming will be detrimental to crop

growth and yields. In addition, more intense rainfall during

the summer is likely to result in longer periods of time

between precipitation events, which coupled with enhanced

evapotranspiration will increase the likelihood of drought

(Karl et al. 2009; Wuebbles and Hayhoe 2004).

Disparate findings of previous studies suggest that

choice of model, model configuration, and warming forc-

ing applied substantially influence results. To quantify the

local response of soil moisture in the midwestern United

States to future climate across model configurations and

warming forcings, a series of Regional Climate Model

version 3 (RegCM3) simulations using multiple surface

physics schemes and convective closure assumptions dri-

ven with boundary conditions from two future climate

scenarios was run. Context for the assessment of climate

change over the American Midwest presented below is

provided by a thorough comparison of RegCM3 coupled to

both Integrated Biosphere Simulator (IBIS) and Biosphere-

Atmosphere Transfer Scheme 1e (BATS1e), described in

the companion paper.

2 Model description and development

Relevant model definitions and citations for Regional Cli-

mate Model version 3 (RegCM3), Biosphere-Atmosphere

Transfer Scheme 1e (BATS1e), Integrated Biosphere

Simulator (IBIS), and the Grell convective scheme are

included in this section. A more detailed description of

each model is provided in the companion paper.

RegCM3 is a 3-dimensional, sigma-coordinate, hydro-

static, compressible regional climate model (Pal et al.

2007). BATS1e is a comprehensive model of land surface

processes that can be run offline, coupled to a GCM, or

coupled to RegCM3 (Dickinson et al. 1993). IBIS is a

surface physics scheme developed by Foley et al. (1996) at

the University of Wisconsin-Madison. The coupling of

IBIS to RegCM3 is described in Winter et al. (2009). The

Grell scheme is a basic representation of convective pre-

cipitation similar in structure to the Arakawa & Schubert

scheme (Arakawa and Schubert 1974), and can be closed

using two assumptions: the Arakawa & Schubert closure

(AS74) (Grell et al. 1994) and the Fritsch & Chappell

closure (FC80) (Fritsch and Chappell 1980).

3 Design of experiments

All climate change experiments are identical in domain to

the control experiments described in the companion paper.

Simulations are centered at 40�N, 95�W and use a Rotated

Mercator projection. The domain covers all of the United

States, as well as parts of Mexico and Canada (Fig. 2),

spanning 100 points zonally, 60 points meridionally at a

horizontal grid spacing of 60 km. Simulations were

allowed to spin-up for 21 months. The region evaluated is

shown by the 4.0� 9 5.5� shaded box contained in Fig. 2.

Initialization of vegetation, soil moisture, and soil tem-

perature is identical to the control simulations and descri-

bed in the companion paper. A brief review is provided

below.

Vegetation classes in RegCM3-BATS1e were directly

assigned using the USGS Global Land Cover Characteriza-

tion (GLCC) dataset. In IBIS, each grid box was populated

with plant functional types (PFTs) based on the potential

global vegetation dataset of Ramankutty (1999) and two

climate datasets. Croplands were then defined in RegCM3-

IBIS using the USGS GLCC dataset. RegCM3-IBIS was run

with static vegetation to create a consistent comparison

between models. Topography for both models was given by

the USGS Global 30-arc second elevation dataset (1996)

aggregated to a 0.5� 9 0.5� spatial resolution.

RegCM3-BATS1e initial soil moisture and soil tem-

perature were set by the surface temperature boundary

condition and vegetation type, respectively. Soil moisture,

soil temperature, and soil ice were initialized in RegCM3-

IBIS using an offline simulation of IBIS forced with

monthly mean climatologies. Differences in the initializa-

tion of soil moisture and soil temperature were shown to be

a relatively minor source of variability in the modeling

results of similar experiments (Winter et al. 2009).

Two large-scale forcings were used to assess the

response of soil moisture to future climate: a National

Fig. 2 Domain and topography (m) of climate change experiments

with a 4.0� 9 5.5� cyan shaded box delineating the extent of spatial

averaging over American Midwest
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Centers for Environmental Prediction (NCEP)-Department

of Energy (DOE) Reanalysis 2 surrogate climate change

scenario and the ECHAM5 GCM A1B climate change

scenario.

3.1 NCEP-DOE Reanalysis 2 surrogate climate change

A surrogate climate change scenario was constructed based on

the methodology of Schär et al. (1996) using the NCEP-DOE

Reanalysis 2 (NNRP2) dataset. First, the boundaries were

warmed by 3�C. Specifically, the NNRP2 dataset of temper-

ature was increased by 3�C consistently throughout the

atmospheric column, and sea surface temperatures derived

from the National Oceanic and Atmospheric Administration

(NOAA) Optimum Interpolation SST (OISST) dataset were

warmed by 3�C. Relative humidity fields were left unchanged,

resulting in an enhanced flux of water vapor at the boundaries.

A global mean equilibrium surface temperature increase of

3�C corresponds approximately to a CO2 equivalent concen-

tration of 710 ppm (Randall et al. 2007). Therefore, the

NNRP2 surrogate climate change simulations were run with a

constant CO2 concentration of 710 ppm, double the concen-

tration of CO2 (355 ppm) used in the NNRP2 control exper-

iments. NNRP2 surrogate climate change experiments were

initialized April 1st, 1982 and allowed to spin-up for

21 months. The subsequent 22 years (1984–2005) of simu-

lated climate were assessed.

The surrogate climate change scenario described above

is not a physically plausible representation of future cli-

mate. Constant warming throughout the atmospheric col-

umn and across the ocean is unrealistic. In addition, the

matching of warmer atmospheric temperatures and CO2

equivalent concentration is approximate, as increasing CO2

equivalent concentration in the atmosphere will have

varying regional effects on temperature. However, as a

sensitivity analysis or crude representation of a warmer

Earth, the surrogate climate change scenario has a number

of advantages. First, boundary conditions are dynamically

consistent with observed atmospheric flows (Schär et al.

1996). By basing the climate change scenario on reanalysis

data, which integrates observations, regional climate

models are guaranteed to be constrained by realistic

atmospheric circulations. This is not true of GCM climate

change simulations, which have complete freedom and

could potentially introduce significant errors. Second, the

procedure is model independent, and is therefore not sub-

ject to the biases of any particular GCM. And finally,

surrogate climate change scenarios are intuitive and easy to

implement (Schär et al. 1996).

To examine the model configuration variability of the

NNRP2 surrogate climate change experiments, RegCM3-

IBIS and RegCM3-BATS1e were run using the Grell

parameterization of convection with the Fritsch & Chappell

(FC80) and Arakawa & Schubert (AS74) convective closure

assumptions. This produced an ensemble of four simula-

tions: RegCM3-IBIS using AS74 (IBIS-AS), RegCM3-IBIS

using FC80 (IBIS-FC), RegCM3-BATS1e using FC80

(BATS-FC), and RegCM3-BATS1e using AS74 (BATS-

AS). Besides modified boundary conditions, SSTs, and an

increased concentration of CO2 equivalent; all other facets of

the experimental design were identical to the NNRP2 control

simulations, as described in the companion paper.

3.2 ECHAM5 GCM A1B

A climate change simulation of the ECHAM5 GCM

(EH5OM) driven by the A1B emissions scenario of Nak-

icenovic et al. (2000) was used to force the boundaries and

SSTs of RegCM3-IBIS and RegCM3-BATS1e. The con-

centration of CO2 was increased over time as described by

the A1B emissions scenario. EH5OM A1B climate change

experiments were initialized April 1st, 2076 and allowed to

spin-up for 21 months. The subsequent 22 years

(2078–2099) of simulated climate were assessed.

While climate change boundary conditions generated by

EH5OM are more complex to construct and vulnerable to

errors specific to EH5OM, there are several advantages to

using a GCM-driven climate change experiment. First, it

allows for a more sophisticated representation of climate

change. For example, the temperature of the entire atmo-

spheric column will not uniformly warm by 3�C as

described by the surrogate climate change scenario. Using

a GCM allows for vertical differentiation in the tempera-

ture response. But more importantly, the GCM climate

change scenario, unlike the surrogate climate change sce-

nario, is not bound by current atmospheric flows. It is likely

that climate change will significantly impact many aspects

of the climate system at a variety of spatial scales. The

EH5OM A1B scenario can include large-scale perturba-

tions in atmospheric circulations resulting from climate

change while the surrogate scenario cannot.

EH5OM A1B experiments were run using the configu-

ration for convection in RegCM3-IBIS and RegCM3-

BATS1e that best simulated the hydroclimatology of the

American Midwest in the NNRP2 control experiments

described in the companion paper: IBIS-AS and BATS-FC.

Besides modified boundary conditions, SSTs, and an

increased concentration of CO2 equivalent, all other facets

of the experimental design were identical to the EH5OM

control simulations as described in the companion paper.

4 Results and discussion

Changes in the hydroclimatology of the American Midwest

simulated by IBIS-AS, BATS-FC, IBIS-FC, and BATS-AS

598 J. M. Winter, E. A. B. Eltahir: Part 2: future climate

123



forced using the NNRP2 surrogate climate change scenario

and the EH5OM A1B climate change scenario are descri-

bed below. Presented results are 4.0� 9 5.5� spatial aver-

ages over the box contained in Fig. 2 unless otherwise

noted.

4.1 NCEP-DOE Reanalysis 2 surrogate climate change

Figures 3, 4, and 5 show the difference between the

NNRP2 surrogate climate change and NNRP2 control

seasonal cycles. 95% confidence intervals were calculated

using the Student’s t-distribution for both the NNRP2

surrogate climate change and NNRP2 control seasonal

cycles. Filled markers in difference figures denote climate

change and control confidence intervals that do not overlap.

A comparison of the NNRP2 control and observed seasonal

cycles is included in the companion paper.

Differences between NNRP2 surrogate climate change

and NNRP2 control surface shortwave radiation values are

relatively small (Fig. 3). The NNRP2 surrogate climate

change seasonal cycles are consistent with the NNRP2

control experiments: IBIS-AS and BATS-AS are generally

cloudier and simulate less incident and absorbed surface

shortwave radiation during the summer (June–August) than

IBIS-FC and BATS-FC. Small differences in the shortwave

radiation budget under a surrogate climate change scenario

were also found by Seneviratne et al. (2002).

IBIS-AS, BATS-FC, IBIS-FC, and BATS-AS simulate

warmer two-meter air temperatures throughout the year

when forced using the NNRP2 surrogate climate change

boundary conditions instead of the NNRP2 control

boundary conditions (Fig. 3). While the NNRP2 control

seasonal cycle of two-meter air temperature is a function of

both the surface physics scheme and convective closure,

warming under the NNRP2 surrogate climate change sce-

nario is controlled largely by convective closure. On

average, IBIS-FC and BATS-FC simulate a 3.3�C warming

over the summer months, while IBIS-AS and BATS-AS

only increase two-meter air temperature 2.1�C. This is in

part a function of the reduced cloudiness and increased

incident surface shortwave radiation simulated when using

the FC80 closure assumption.

Downward longwave radiation is enhanced in all sim-

ulations, a result of increasing the concentration of CO2

equivalent from 355 to 710 ppm, additional water vapor in

the atmosphere, and reduced cloudiness in IBIS-FC and

BATS-FC during the summer (Fig. 3). The differences

between the NNRP2 surrogate climate change net long-

wave radiation (defined as positive upward) seasonal cycles

and the NNRP2 control net longwave radiation seasonal

cycles are a function of ground temperature and downward

longwave radiation. The increase in downward longwave

radiation reduces net longwave radiation, while warmer

surface temperatures increase net longwave radiation.

Across all models, changes in net longwave radiation are

small relative to the interannual variability of the NNRP2

surrogate climate change and NNRP2 control seasonal

cycles. The response of two-meter air temperature and

downward longwave radiation are approximately consis-

tent with Seneviratne et al. (2002); however, there are

differences across model configurations.

Assessing the response of precipitation to the NNRP2

surrogate climate change scenario is difficult given the high

interannual variability of precipitation, as described in the

companion paper. For all months and model configurations,

the 95% confidence intervals of the NNRP2 surrogate cli-

mate change and NNRP2 control seasonal cycles overlap.

However, annually averaged all models do simulate

increased precipitation under the NNRP2 surrogate climate

change scenario (Fig. 4). BATS-FC enhances precipitation

by 0.8 mm d-1 during June–August. The summer precip-

itation increases in IBIS-AS and BATS-AS are 0.3 and

0.2 mm d-1, respectively. This is consistent with the ten-

dency of the AS74 convective closure assumption to pro-

duce more clouds and less variable precipitation in the

NNRP2 control simulations. IBIS-AS, BATS-FC, IBIS-FC,

and BATS-AS simulate increased evapotranspiration in the

early spring (February, March, April), but during the

summer changes in evapotranspiration are relatively small,

as shown in Fig. 4. The response of precipitation and

evapotranspiration to the NNRP2 surrogate climate change

scenario is similar to that found by Seneviratne et al.

(2002), with some differences resulting from choice of

model configuration and years simulated.

Averaged over the summer, the increase in precipitation

under the NNRP2 surrogate climate change scenario is

greater than the coincident increase in evapotranspiration

across all models. This excess water is a key difference

between the numerical experiments conducted and previ-

ous studies that found soil moisture drying. In Manabe

et al. (2004) and Wang (2005), summer precipitation is

either reduced or slightly enhanced, which, when paired

with increased evapotranspiration, results in summer soil

moisture drying.

Like precipitation, changes in total runoff, surface run-

off, and groundwater runoff resulting from the NNRP2

surrogate climate change scenario are difficult to assess

given the high interannual variability of runoff, as descri-

bed in the companion paper. The differences in total runoff

between the NNRP2 surrogate climate change and NNRP2

control simulations of IBIS-AS and BATS-AS are minimal

(Fig. 5). Changes in BATS-FC and IBIS-FC total runoff

are larger and dominated by increases in surface runoff

resulting from additional precipitation, but still small rel-

ative to interannual variability. Total runoff is heavily

influenced by convective closure assumption through
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precipitation. The response of total runoff simulated in

experiments by Seneviratne et al. (2002) is similar to the

response of total runoff simulated by IBIS-AS and BATS-

AS. The increase in IBIS-AS and BATS-AS surface runoff

is small while the increase in BATS-FC and IBIS-FC

surface runoff in the late spring (April–June) and late

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 3 Difference between NNRP2 surrogate climate change and

NNRP2 control seasonal cycles of: a incident surface shortwave

radiation, b absorbed surface shortwave radiation, c percentage of

maximum model fractional cloud cover (0.8), d two-meter air

temperature, e downward longwave radiation, f net longwave

radiation (defined as positive upward) for 1984–2004 (two-meter air

temperature 1984–2005). Filled markers denote non-overlapping

confidence intervals in panels (a–f), and annual averages for each

variable examined are provided in the legend
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summer (July–September) is larger. Changes in ground-

water runoff produced by the NNRP2 surrogate climate

change forcing are damped when compared with surface

runoff. For all months and model configurations, the 95%

confidence intervals of the NNRP2 surrogate climate

change and NNRP2 control groundwater runoff seasonal

cycles overlap.

The differences between the NNRP2 surrogate climate

change and NNRP2 control seasonal cycles of surface soil

moisture are small throughout the year with the exception

of decreased February and March surface soil moisture in

IBIS-AS and IBIS-FC and decreased March surface soil

moisture in BATS-FC and BATS-AS (Fig. 5). Reductions

in surface soil moisture are similar in magnitude to model

biases in surface soil moisture, as described in the com-

panion paper. Changes in surface soil moisture under the

NNRP2 surrogate climate change scenario are primarily a

function of surface physics scheme during the late winter

(January–March). The response of root zone soil moisture

to the NNRP2 surrogate climate change scenario is negli-

gible. While there is some late summer and early fall

(August–October) wetting in BATS-FC, it is trivial com-

pared to the differences in root zone soil moisture across

model configurations, as described in the companion paper.

This result supports the key finding of this study: there are

no substantial summer soil moisture reductions under a

warmer climate in the midwestern United States. Minimal

changes in soil moisture were also found by Seneviratne

et al. (2002) in similar experiments.

Figure 6 shows the differences between the summer

(June–August) hydrologic cycles of the NNRP2 surrogate

climate change and NNRP2 control simulations throughout

the contiguous United States for IBIS-AS and BATS-FC.

Precipitation increases are simulated along the Gulf of

Mexico coast by IBIS-AS and the East Coast by BATS-FC.

Summer precipitation reductions are found throughout

Arizona and western Mexico in IBIS-AS and BATS-FC.

The spatial distribution of the summer evapotranspiration

response to the NNRP2 surrogate climate change scenario

is reasonably well correlated with changes in precipitation;

however, the magnitude of the response is damped. IBIS-

AS produces increased evapotranspiration in the Gulf of

Mexico coast, and BATS-FC produces increased evapo-

transpiration in the Northeast and through Georgia and

South Carolina. Both models simulate decreased evapo-

transpiration across the southwestern United States and

northern Mexico during the summer months, which is

primarily a result of reduced precipitation. Enhanced total

runoff simulated by BATS-FC is especially prominent over

the southeastern United States, and is generated by

increased precipitation. Changes in IBIS-AS total runoff

during the summer months are relatively small with the

exception of the Gulf of Mexico coast, where large

increases in June–August precipitation drive enhanced

summer total runoff. The differences in summer root zone

soil moisture between the NNRP2 surrogate climate

change and NNRP2 control simulations of IBIS-AS and

BATS-FC are small throughout much of the United States.

Soil moisture increases along the Gulf of Mexico coast in

IBIS-AS, and to a lesser extent the East Coast in BATS-

FC, are a product of enhanced precipitation. Reduced

summer root zone soil moisture is simulated by IBIS-AS

and BATS-FC over the southwestern United States and

northern Mexico. Decreased precipitation, evapotranspira-

tion, and soil moisture in parts of the American Southwest

and Mexico, as well as enhanced precipitation in areas of

(a) (b)

Fig. 4 Difference between NNRP2 surrogate climate change and

NNRP2 control seasonal cycles of: a precipitation, b evapotranspi-

ration for 1984–2005. Filled markers denote non-overlapping

confidence intervals in panels (a, b), and annual averages for each

variable examined are provided in the legend
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the southeastern United States are consistent across the

model configurations examined.

While changes in precipitation, evapotranspiration, total

runoff, and root zone soil moisture are shown for the

contiguous United States in Fig. 6, the significance of these

changes is difficult to evaluate as the ability of RegCM3 to

reproduce the current hydroclimatology was thoroughly

assessed over the American Midwest only. Observations of

(a)

(c)

(b)

(d)

(e)

Fig. 5 Difference between NNRP2 surrogate climate change and

NNRP2 control seasonal cycles of: a total runoff, b surface runoff, c
groundwater runoff, d surface soil moisture (0–10 cm), e root zone

soil moisture (0–100 cm) for 1984–2005 (surface soil moisture and

root zone soil moisture 1984–2003). Filled markers denote non-

overlapping confidence intervals in panels (a–e), and annual averages

for each variable examined are provided in the legend
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critical elements of the hydrologic cycle, particularly soil

moisture and evapotranspiration, are not available in all

areas of the United States.

4.2 ECHAM5 GCM A1B

One model configuration using IBIS (IBIS-AS) and one

model configuration using BATS1e (BATS-FC) were

forced with boundary conditions derived from the EH5OM

A1B climate change simulation to explore the influence of

boundary conditions on energy and water fluxes. Model

configurations were chosen based on their ability to

reproduce the observed summer averages of key variables,

specifically two-meter air temperature, precipitation,

evapotranspiration, total runoff, and root zone soil mois-

ture, as described in the companion paper.

Fig. 6 Difference between NNRP2 surrogate climate change and

NNRP2 control simulations of summer (June–August): a IBIS-AS

precipitation (mm d-1), b BATS-FC precipitation (mm d-1), c IBIS-

AS evapotranspiration (mm d-1), d BATS-FC evapotranspiration

(mm d-1), e IBIS-AS total runoff (mm d-1), f BATS-FC total runoff

(mm d-1), g IBIS-AS root zone soil moisture (0–100 cm, unitless), h
BATS-FC root zone soil moisture (0–100 cm, unitless)
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Figures 7, 8, and 9 show the difference between the

EH5OM A1B climate change and EH5OM control sea-

sonal cycles. 95% confidence intervals were calculated

using the Student’s t-distribution for both the EH5OM A1B

climate change and EH5OM control seasonal cycles. Filled

markers in difference figures denote climate change and

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 7 Difference between EH5OM A1B climate change (2078–

2098, two-meter air temperature 2078–2099) and EH5OM control

(1984–2004, two-meter air temperature 1984–2005) seasonal cycles

of: a incident surface shortwave radiation, b absorbed surface

shortwave radiation, c percentage of maximum model fractional

cloud cover (0.8), d two-meter air temperature, e downward longwave

radiation, f net longwave radiation (defined as positive upward).

Filled markers denote non-overlapping confidence intervals in panels

(a–f), and annual averages for each variable examined are provided in

the legend
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control confidence intervals that do not overlap. A com-

parison of the EH5OM control and observed seasonal

cycles is included in the companion paper.

The response of IBIS-AS and BATS-FC incident and

absorbed surface shortwave radiation to the EH5OM A1B

climate change scenario is shown in Fig. 7. Consistent with

the results presented in Sect. 4.1, both models simulate

relatively small changes in annually averaged incident and

absorbed surface shortwave radiation that are well within

model configuration variability. However, IBIS-AS does

simulate an 18.0 W m-2 reduction in incident surface

shortwave radiation during the month of July when forced

using EH5OM A1B climate change boundary conditions, a

result of increased cloud cover. Future climate

(2030–2039) RegCM3 simulations conducted by Diffenb-

augh and Ashfaq (2010) show small increases in incident

and absorbed surface shortwave radiation.

The EH5OM A1B climate change scenario produces a

larger warming than the NNRP2 surrogate climate change

scenario annually averaged (Fig. 7). During the summer,

the difference between the EH5OM A1B climate change

and EH5OM control two-meter air temperature seasonal

cycles of IBIS-AS and BATS-FC are 2.6 and 3.4�C,

respectively. BATS-FC simulates a larger change in two-

meter air temperature, partly a result of reduced cloud

cover. Increases in two-meter air temperature produced by

the EH5OM A1B climate change scenario seem less

dependent on convective closure assumption than increases

in two-meter air temperature produced by the NNRP2

surrogate climate change scenario.

The response of downward longwave radiation to the

EH5OM A1B climate change forcing is similar in IBIS-

AS and BATS-FC, as shown in Fig. 7. This suggests a

strong control on downward longwave radiation by

boundary conditions. The A1B scenario uses a balance of

energy sources (fossil fuel and renewables) to support

future growth, with concentrations of CO2 equivalent

varying from 624 ppm in 2076 to 700 ppm in 2100. The

slightly larger increases in IBIS-AS and BATS-FC

downward longwave radiation under the EH5OM A1B

climate change scenario relative to the NNRP2 surrogate

climate change scenario are likely a result of disparate

atmospheric water vapor and temperatures. The differ-

ence between 2030–2039 and 1980–1999 downward

longwave radiation found by Diffenbaugh and Ashfaq

(2010) is less than that simulated by IBIS-AS and

BATS-FC; however, this is expected as 2078–2099 CO2

equivalent concentrations are higher than 2030–2039

CO2 equivalent concentrations. IBIS-AS and BATS-FC

simulate an 11.3 and 6.6 W m-2 reduction in summer

net longwave radiation (defined as positive upward),

respectively, when forced using EH5OM A1B climate

change boundary conditions. The increase in IBIS-AS

two-meter air temperature under the EH5OM A1B cli-

mate change scenario is smaller than the increase in

BATS-FC two-meter air temperature under the EH5OM

A1B climate change scenario, which reduces the upward

longwave radiation increase and results in a larger net

longwave radiation decrease.

The changes to the IBIS-AS and BATS-FC seasonal

cycles of precipitation induced by the EH5OM A1B cli-

mate change forcing are similar. Both models simulate

enhanced precipitation throughout most of the year, with a

peak increase of 2.1 mm d-1 in IBIS-AS and 2.1 mm d-1

in BATS-FC during the month of June. The EH5OM A1B

climate change boundary conditions produce a larger

response of precipitation in both models than the NNRP2

surrogate climate change boundary conditions annually

(a) (b)

Fig. 8 Difference between EH5OM A1B climate change (2078–

2099) and EH5OM control (1984–2005) seasonal cycles of: a
precipitation, b evapotranspiration for 1984–2005. Filled markers

denote non-overlapping confidence intervals in (a, b), and annual

averages for each variable examined are provided in the legend
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averaged. IBIS-AS and BATS-FC simulate increased

evapotranspiration for most months under the EH5OM

A1B climate change scenario, with the exception of July in

IBIS-AS and November and December in BATS-FC. As

with precipitation, the response of evapotranspiration in

both models is larger when forced using the EH5OM A1B

(a) (b)

(c)

(e)

(d)

Fig. 9 Difference between EH5OM A1B climate change (2078–

2099, surface soil moisture and root zone soil moisture 2078–2097)

and EH5OM control (1984–2005, surface soil moisture and root zone

soil moisture for 1984–2003) seasonal cycles of: a total runoff, b

surface runoff, c groundwater runoff, d surface soil moisture

(0–10 cm), e root zone soil moisture (0–100 cm). Filled markers
denote non-overlapping confidence intervals in (a–e), and annual

averages for each variable examined are provided in the legend
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climate change boundary conditions instead of NNRP2

surrogate climate change boundary conditions.

Consistent with the response of IBIS-AS and BATS-FC

to the NNRP2 surrogate climate change scenario, the

simulated increase in average summer precipitation under

the EH5OM A1B climate change scenario is greater than

the coincident increase in average summer evapotranspi-

ration across both models. This excess water is a key dif-

ference between the numerical experiments conducted and

previous studies that found soil moisture drying. In Manabe

et al. (2004) and Wang (2005), summer precipitation is

either reduced or slightly enhanced, which, when paired

with increased evapotranspiration, results in summer soil

moisture drying. Diffenbaugh and Ashfaq (2010) found

that 2030–2039 summer precipitation was less than

1980–1999 summer precipitation. The response of the

EH5OM model itself, however, is consistent with soil

moisture drying, as increases in evapotranspiration are

larger than increases in precipitation during the months of

June and July.

Large total runoff increases are produced by the

EH5OM A1B climate change forcing during the summer

(Fig. 9). Averaged over the months of June and July, the

amount of total runoff produced increases by 0.9 mm d-1

in IBIS-AS and 1.2 mm d-1 in BATS-FC, primarily in

response to enhanced precipitation. Increases in IBIS-AS

and BATS-FC total runoff generated by the EH5OM A1B

climate change boundary conditions are larger than

increases in IBIS-AS and BATS-FC total runoff resulting

from the NNRP2 surrogate climate change boundary con-

ditions annually averaged. Under the EH5OM A1B climate

change scenario, BATS-FC simulates a 0.8 mm d-1

increase in surface runoff averaged over May–July. The

majority of total runoff in BATS-FC occurs as surface

runoff. IBIS-AS has a more muted response of surface

runoff to the EH5OM A1B climate change forcing than

BATS-FC. In both IBIS-AS and BATS-FC, the EH5OM

A1B climate change scenario produces a larger response in

summer surface runoff than the NNRP2 surrogate climate

change scenario. BATS-FC forced using the EH5OM A1B

climate change scenario simulates increased groundwater

runoff in all months except April; however, groundwater

runoff remains a relatively small component of total runoff

in BATS-FC. In contrast, the response of groundwater

runoff in IBIS-AS to the EH5OM A1B climate change

scenario is larger than the response of surface runoff in

June and July (0.7 mm d-1).

While surface soil moisture does decrease in January

and February under the EH5OM A1B climate change

scenario, summer surface soil moisture in IBIS-AS and

BATS-FC forced by the EH5OM A1B climate change

scenario is equal to or greater than summer surface soil

moisture in IBIS-AS and BATS-FC forced by the EH5OM

control scenario. Differences between the EH5OM A1B

climate change and EH5OM control root zone soil mois-

ture seasonal cycles of IBIS-AS and BATS-FC are positive

or negligible, as shown in Fig. 9. Increased precipitation is

almost completely compensated for by enhanced evapo-

transpiration and total runoff. The lack of response in root

zone soil moisture to the EH5OM A1B climate change

scenario reinforces the key finding of this study: there are

no substantial summer soil moisture reductions under a

warmer climate in the midwestern United States.

Figure 10 shows the differences between the summer

(June–August) hydrologic cycles of the EH5OM A1B cli-

mate change (2078-2099) and EH5OM control (1984-

2005) simulations for IBIS-AS and BATS-FC throughout

the contiguous United States.

The EH5OM A1B climate change scenario enhances

IBIS-AS and BATS-FC summer precipitation in parts of the

midwestern United States and reduces summer precipitation

over the Southwest. BATS-FC simulates large increases in

summer precipitation throughout the Southeast and mark-

edly reduced summer precipitation along Mississippi,

Louisiana, and southeastern Texas. Differences in precipi-

tation bear little resemblance to the mid-century (2041-

2050) changes in precipitation found by Liang et al. (2006).

The response of precipitation simulated by IBIS-AS and

BATS-FC also differs from 2030–2039 mean changes

found by Diffenbaugh and Ashfaq (2010), which include

extensive drying across the midwestern United States.

Changes in summer evapotranspiration are relatively small

in both IBIS-AS and BATS-FC forced using the EH5OM

A1B climate change boundary conditions, with modest

increases across much of the United States with the

exception of the American Southwest. The response of

summer total runoff produced by the EH5OM A1B climate

change scenario is well correlated with the reponse of

precipitation. IBIS-AS simulates increased total runoff over

the midwestern and central United States and decreased

total runoff over the southwestern United States. BATS-FC

simulates increased total runoff across the American Mid-

west and Southeast and decreased summer total runoff

throughout Mississippi, Louisiana, and southeastern Texas.

IBIS-AS and BATS-FC forced using the EH5OM A1B

climate change scenario contain more pronounced reduc-

tions in summer root zone soil moisture over the Southwest

than IBIS-AS and BATS-FC forced using the NNRP2 sur-

rogate climate change scenario. BATS-FC also simulates

reduced summer root zone soil moisture along southern

Louisiana and southeastern Texas under the EH5OM A1B

climate change scenario. Diffenbaugh and Ashfaq (2010)

found decreases in average soil moisture in 2030–2039

across the American Midwest, which does not agree with

the unchanged or slightly increased root zone soil moisture

found in this set of numerical experiments. Decreased
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precipitation, evapotranspiration, and soil moisture in parts

of the American Southwest and Mexico, as well as

enhanced precipitation over the midwestern United States

are consistent across the model configurations examined.

While changes in precipitation, evapotranspiration, total

runoff, and root zone soil moisture are shown for the

contiguous United States in Fig. 10, the significance of

these changes is difficult to evaluate as the ability of

RegCM3 to reproduce the current hydroclimatology was

thoroughly assessed over the American Midwest only.

Observations of critical elements of the hydrologic cycle,

particularly soil moisture and evapotranspiration, are not

available in all areas of the United States.

Figure 11 shows the mean NNRP2 control, NNRP2

surrogate climate change, EH5OM control, and EH5OM

A1B climate change seasonal cycles for key hydrologic

variables. Each seasonal cycle includes error bars show-

ing 95% confidence intervals calculated using the

Fig. 10 Difference between EH5OM A1B climate change

(2078–2099) and EH5OM control (1984–2005) simulations of

summer (June–August): a IBIS-AS precipitation (mm d-1), b
BATS-FC precipitation (mm d-1), c IBIS-AS evapotranspiration

(mm d-1), d BATS-FC evapotranspiration (mm d-1), e IBIS-AS total

runoff (mm d-1), f BATS-FC total runoff (mm d-1), g IBIS-AS root

zone soil moisture (0–100 cm, unitless), h BATS-FC root zone soil

moisture (0–100 cm, unitless)
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Student’s t-distribution. During the months of April

through July, EH5OM A1B climate change precipitation

is larger than EH5OM control precipitation. Large inter-

annual variability in precipitation makes model evaluation

difficult, and disregarding error bars both the NNRP2

surrogate and EH5OM A1B climate change scenarios

simulate more spring and summer precipitation than the

NNRP2 and EH5OM control scenarios, respectively.

Evapotranspiration is enhanced during the winter

(December–February) and spring in the NNRP2 surrogate

climate change simulations, and throughout most of the

year (January–October) in the EH5OM A1B climate

change simulations. Total runoff simulated by models

forced using the NNRP2 surrogate climate change sce-

nario is greater than total runoff simulated by models

forced using the NNRP2 control scenario in June,

August, and September, and total runoff simulated by

models forced using the EH5OM A1B climate change

scenario is greater than total runoff simulated by models

forced using the EH5OM control scenario in April

through August. Consistent with the results presented

above, no decreases in root zone soil moisture are found

between either the NNRP2 surrogate climate change and

NNRP2 control or EH5OM A1B climate change and

EH5OM control experiments.

5 Summary and conclusions

The American Midwest is a critical agricultural region with

an extensive observational record that includes major

components of the hydrologic cycle. This makes the mid-

western United States an ideal location for evaluating the

impacts of climate change on croplands. After throughly

assessing the ability of RegCM3-IBIS and RegCM3-

BATS1e to simulate the hydroclimatology of the American

(a) (b)

(c) (d)

Fig. 11 Mean seasonal cycles of: a precipitation, b evapotranspira-

tion, c total runoff, d root zone soil moisture (0–100 cm) for NNRP2

control (1984–2005, root zone soil moisture 1984–2003), NNRP2

surrogate climate change (1984–2005, root zone soil moisture

1984–2003), EH5OM control (1984–2005, root zone soil moisture

1984–2003), and EH5OM A1B climate change (2078–2099, root

zone soil moisture 2078–2097). Error bars showing 95% confidence

intervals are included in (a–d), and annual averages for each variable

examined are provided in the legend
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Midwest in the companion paper, the response of Reg-

CM3-IBIS and RegCM3-BATS1e to climate change was

explored. Two sets of experiments were conducted to

evaluate this response. First, the surrogate climate change

scenario of Schär et al. (1996) was used. Realistic bound-

ary conditions (NNRP2) were warmed by 3�C with a

corresponding increase in the concentration of CO2

equivalent. Second, the boundaries of RegCM3-IBIS and

RegCM3-BATS1e were forced using output from the

ECHAM5 GCM run under the A1B emissions scenario

with a corresponding increase in the concentration of CO2

equivalent.

Qualitatively, both climate change experiments pro-

duced similar results. Several findings are robust across

boundary conditions, surface physics schemes, and con-

vective closure assumptions. These findings include: war-

mer two-meter air temperatures, increased downward

longwave radiation, increased spring evapotranspiration,

and unchanged or increased root zone soil moisture. All

experiments also contain increases in summer precipita-

tion, total runoff, surface runoff, and groundwater runoff;

however, the significance of the differences between cli-

mate change and control scenarios is difficult to evaluate

given the high interannual variability of precipitation and

runoff, as shown in the companion paper.

The response of the shortwave radiation budget to both

climate change scenarios is relatively small in the simu-

lations examined, and is most dependent on convective

closure assumption and boundary conditions. Differences

between climate change and control longwave radiation,

two-meter air temperature, and precipitation are influenced

by boundary conditions, convective closure, and in some

cases surface physics scheme. Changes in evapotranspira-

tion during the spring are largely a function of surface

physics scheme and boundary conditions, and changes in

evapotranspiration throughout the summer can be depen-

dent on convective closure. Differences between climate

change and control total runoff are heavily influenced by

convective closure assumption and boundary conditions,

while differences between climate change and control

groundwater runoff, surface soil moisture, and root zone

soil moisture are more dependent on surface physics

scheme and boundary conditions. The response of IBIS-AS

and BATS-FC seasonal cycles to the EH5OM A1B forcing

is similar across a number of variables, including two-

meter air temperature, precipitation, evapotranspiration,

total runoff, surface soil moisture, and root zone soil

moisture. This suggests that large-scale processes play a

substantial role determining the response of the hydrologic

cycle to future climate and that IBIS-AS and BATS-FC

respond similarly for some variables, which is expected as

both models were chosen because of their ability to

reproduce the current climate.

One of the largest potential impacts of climate change is

the drying of soils over agriculturally productive areas,

such as the midwestern United States. The fundamental

conclusion of these experiments is that there are no

reductions in summer surface or root zone soil moisture

under either of the climate change scenarios examined.

While higher temperatures and increased downward long-

wave radiation do result in enhanced evapotranspiration,

the coincident increase in precipitation more than balances

the larger fluxes of latent heat, and ultimately results in

additional surface and groundwater runoff.
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