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Abstract

Utility of perennial bioenergy crops (e.g., switchgrass and miscanthus) offers unique opportunities to transition
toward a more sustainable energy pathway due to their reduced carbon footprint, averted competition with food
crops, and ability to grow on abandoned and degraded farmlands. Studies that have examined biogeophysical
impacts of these crops noted a positive feedback between near-surface cooling and enhanced evapotranspiration
(ET), but also potential unintended consequences of soil moisture and groundwater depletion. To better under-
stand hydrometeorological effects of perennial bioenergy crop expansion, this study conducted high-resolution
(2-km grid spacing) simulations with a state-of-the-art atmospheric model (Weather Research and Forecasting
system) dynamically coupled to a land surface model. We applied the modeling system over the Southern Plains
of the United States during a normal precipitation year (2007) and a drought year (2011). By focusing the
deployment of bioenergy cropping systems on marginal and abandoned farmland areas (to reduce the potential
conflict with food systems), the research presented here is the first realistic examination of hydrometeorological
impacts associated with perennial bioenergy crop expansion. Our results illustrate that the deployment of peren-
nial bioenergy crops leads to widespread cooling (1-2 °C) that is largely driven by an enhanced reflection of
shortwave radiation and, secondarily, due to an enhanced ET. Bioenergy crop deployment was shown to reduce
the impacts of drought through simultaneous moistening and cooling of the near-surface environment. How-
ever, simulated impacts on near-surface cooling and ET were reduced during the drought relative to a normal
precipitation year, revealing differential effects based on background environmental conditions. This study
serves as a key step toward the assessment of hydroclimatic sustainability associated with perennial bioenergy
crop expansion under diverse hydrometeorological conditions by highlighting the driving mechanisms and pro-
cesses associated with this energy pathway.
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Introduction

The U.S. Energy Independence and Security Act of 2007
(RFA, 2010) mandates the production of 80 gigaliters of
ethanol from nongrain sources by 2022 (Gelfand et al.,
2013; Oikawa et al., 2015). Perennial bioenergy crops
have the potential to contribute an important relative
share of U.S. ethanol demand, thereby helping to meet
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established mandates, while simultaneously decreasing
reliance on fossil fuels. Reduced carbon emissions,
increased energy security, and stabilization in energy
pricing serve as key elements driving continued interest
in the generation of biomass-derived energy (Haberl
et al., 2010; Loépez-Bellido et al., 2014; Abraha ef al.,
2015; Miller et al., 2015; Hudiburg et al., 2016). Nongrain
perennial biofuel crops such as the perennial grasses
switchgrass (Panicum virgatum) and miscanthus (e.g.,
Miscanthus x giganteus) are particularly appealing due
to their reduced carbon footprint, averted competition
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with food crops, minimal fertilizer usage and upkeep,
and ability to grow on abandoned and degraded farm-
lands (Foley et al., 2005; Davis et al., 2012; Campbell
et al., 2013; Bagley et al., 2014; Hudiburg et al., 2015;
Vanloocke et al., 2010). By reducing greenhouse gas
emissions, the deployment of perennial bioenergy crops
could play an important role in mitigating anthro-
pogenic climate change (Anderson-Teixeira et al., 2012).

In addition to biogeochemical impacts (e.g., Melillo
et al., 2009; Gopalakrishnan et al., 2012), large-scale cul-
tivation of perennial bioenergy crops will result in land
use and land cover change (LULCC) impacts in which
biogeophysical implications must be considered. Con-
version of existing landscapes to perennial cropping
systems will produce surface energy balance changes,
affecting atmospheric boundary-layer dynamics (Wea-
ver & Avissar, 2001), with implications for regional
hydroclimate modification (Vanloocke et al., 2010; Geor-
gescu and Lobell 2010; Georgescu et al., 2011; Georgescu
et al., 2013; Pielke, 2001, 2005; Le et al., 2011; Xu et al.,
2013; Bagley et al., 2014; Goldstein et al., 2014; Devaraju
et al., 2015). The few studies that examined biogeophysi-
cal consequences of perennial biofuel crops used regio-
nal climate (e.g., Georgescu et al., 2009, 2011; Anderson
et al., 2013; Khanal et al., 2013), ecosystem (e.g., Van-
loocke et al., 2010; Le et al., 2011), and watershed-scale
(Wagle & Kakani, 2014) models as well as micrometeo-
rological assessments (e.g., Hickman et al., 2010; Abraha
et al., 2015; Miller et al., 2015). These studies highlight
the importance of time-varying representation that char-
acterizes the distinct biofuel cropping systems appropri-
ately (Bright ef al., 2012, 2016). For example, recent
field-scale plantation measurements of perennial biofuel
crops illustrate greater albedo values during the grow-
ing season when compared with those of annual crops
(e.g., maize and soybean) (Miller et al., 2015). Higher
albedo values can lead to a decrease in net surface radi-
ation and have been shown to regionally cool tempera-
tures in climate modeling studies that replaced annual
with perennial biofuel crops (Georgescu et al., 2009,
2011; Vanloocke et al., 2010; Bagley et al., 2015; Miller
et al., 2015). This regional cooling was associated with
both changes in the net surface radiation as well as the
increased evapotranspiration (ET) resulting from the rel-
atively denser and deeper rooting systems of perennial,
relative to annual bioenergy crops, drawing down soil
moisture from deeper soil depths (Vanloocke et al.,
2010; Georgescu et al., 2011; Anderson et al., 2013; Hall-
gren et al., 2013; Ferchaud et al., 2015).

Enhanced ET and soil moisture depletion at deeper
rooting depths could have important hydroclimate
implications. Researchers have concluded that reduced
surface runoff (Mclsaac et al., 2010; Vanloocke et al.,
2010; Chen et al., 2015) and the subsequent reductions

in streamflow (Anderson et al., 2013; Goldstein et al.,
2014; Khanal et al., 2014; Feng et al., 2015) are direct
consequences of the diminished soil water volume. This
reduction, according to Ferchaud et al. (2015) and Feng
et al. (2015), could be compensated by lower soil mois-
ture depletion near the surface, as a result of the denser
canopy cover reducing soil evaporation. These sugges-
tions are in agreement with recent modeling work that
focused on the Cornbelt region (Georgescu et al., 2011)
and Central Plains (Anderson et al., 2013) demonstrat-
ing increasing depletion of deep soil water volume for
the Midwestern United States after the deployment of
perennial bioenergy cropping systems. The aforemen-
tioned findings illustrate the potential for unintended
consequences on the coupled atmosphere-hydrologic
system and suggest that perennial biofuel expansion
could lead to water stress and consequently lower
yields (Vanloocke et al., 2010; Le et al., 2011; Anderson
et al., 2013; Xu et al., 2013; Goldstein et al., 2014). There-
fore, hydrometeorological assessments (e.g., near-sur-
face temperature, surface energy balance, and soil
moisture effects) are necessary to assess biophysical
implications associated with large-scale deployment of
perennial biomass energy crops.

The access to deeper soil moisture and enhanced ET
relative to existing vegetation may reduce the need for
irrigation for perennial biofuel crops in many regions
(Miller ef al., 2015) and could make these crops more
resilient to drought. Under these conditions, the
enhanced ET decreases atmospheric demand for water
(Seneviratne et al., 2010), whereas access to deeper soil
moisture mitigates plant stress due to water availability
(Wu et al., 2002). Field measurements under drought
conditions have reported the highest vapor deficits,
highest ET-to-precipitation ratios, and lowest water-use
efficiencies for perennial relative to annual cropping
systems (Abraha et al., 2015). However, micrometeoro-
logical assessments of perennial biofuel crops have
observed only small changes in albedo, ET, and yields
when contrasting drought years to nondrought years
(Abraha et al., 2015; Miller et al., 2015; Yimam et al.,
2015), illustrating the enhanced resiliency of perennial
systems (Joo et al., 2016). In fact, perennial crops out-
performed annual biofuel crops with significantly
higher leaf area index (LAI) and minimal crop damage
during adverse hydrometeorological conditions (Miller
et al., 2015). Early growing season precipitation proved
an important factor in the availability of soil moisture
(Wagle & Kakani, 2014) and crop yield (Yimam et al.,
2015). Perennial biofuel crops, under a no-irrigation
scenario, could reduce stress on already overburdened
water resources and mitigate the effects of drought,
especially in areas that have historically dealt with
drought, such as the Southern High Plains.
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Given the concerns associated with the diminished
water resources, marginal lands are receiving additional
recognition as a key component of a sustainable
approach to biofuel crop expansion (Campbell et al.,
2008; Cai et al., 2010; Zumkehr & Campbell, 2013).
Although important in terms of improving process-level
understanding, the majority of the aforementioned work
has not provided a realistic representation of perennial
biofuel crop expansion because these studies have gen-
erally focused on the replacement of existing annual
with perennial biofuel crops. Planting perennial biofuel
crops on marginal lands (i.e.,, land that would not be
useful for annual crops) is a more sustainable approach
because it averts competition with food production
(Campbell et al., 2008; Bagley et al., 2014). Using mar-
ginal lands for biofuel production could decrease or
negate the potential negative impacts on water
resources (Feng et al., 2015). However, the net effect of
this pathway remains uncertain (Gelfand et al., 2013;
Rahman et al., 2014) and requires site-specific examina-
tion of physical changes associated with varying
deployment pathways.

Here, we perform the first realistic examination of
hydrometeorological impacts associated with perennial
bioenergy crop expansion and focus on land that would
not useful for annual crops. Using a suite of simulations
with a coupled land surface—atmosphere model, applied
at a high resolution, we focus on the quantification of
meteorological effects during a normal hydrologic year
(2007) and a drought year (2011) for the Southern Plains
of the United States (Hoerling et al., 2013; United States
Drought Monitor, 2014; Tadesse et al., 2015). The histori-
cally drought-prone nature of this region serves as an
ideal test-bed to examine the region’s drought resiliency
under an alternate land-use scenario. This study quanti-
fies hydrometeorological impacts for varying scenarios
of perennial biofuel crop expansion under diverse
hydrometeorological conditions and will fill a critical
void associated with bioenergy-based land-use conver-
sion. This work sheds light on the sustainability of
perennial bioenergy crop deployment over marginal and
abandoned farmland areas and therefore contributes to
the emerging body of literature characterizing the poten-
tial contribution of perennial biomass energy crops to
the portfolio of renewable energy options.

Materials and methods

Regional climate model design

We used the Weather Research and Forecasting (WRF) model
version 3.6.1 coupled with the Noah land surface model (LSM)
to examine the potential effects of perennial biofuel crop
expansion under normal climate and drought conditions for

the years 2007 and 2011, respectively. WRF is a nonhydrostatic
mesoscale model, commonly utilized in climate research and
operational forecasting (Skamarock et al., 2005). The Noah LSM
calculates time-varying soil temperature and moisture, horizon-
tally and vertically through a multilayer soil column extending
down to 2 m, and specifies surface energy partitioning of avail-
able radiant energy to drive atmospheric processes and charac-
terize the meteorological response to vegetation forcing (Ek
et al. 2003). The LSM used in this work has been used to
address a spectrum of topics ranging from the assessment of
hypothetical bioenergy expansion (e.g., Georgescu et al., 2011)
to improving predictive capabilities through the strategic use
of remote sensing data (e.g., Cao et al., 2015). We used a triple
nested grid configuration with the outermost and innermost
domains utilizing 32- and 2-km grid spacing, respectively (see
Fig. 1a). Centered over the northeastern part of Oklahoma, the
innermost domain defines the boundaries of our study area
and is discretized by 149 and 113 grid points in the east-west
and north-south directions, respectively (see Fig. 1b). The city
of Tulsa, Oklahoma, is located in the center of the study area
and is surrounded predominantly by grasslands (see Fig. 1b).

We acquired Final Operational Global Analysis (FNL) data
from the National Centers for Environmental Prediction for the
years 2007 and 2011. FNL data are reanalysis data derived from
observational weather data, Global Forecast System (GFS)
model runs, and other analyses. These data are available from
the Research Data Archive (http://rda.ucar.edu), are provided
at 1-degree by 1-degree resolution on a global domain, and
were used to initialize and force the lateral boundaries for the
outermost domain for all WRF simulations. All simulations
were initialized on December 1st of the preceding year and a
one-month spin-up was performed to allow the system to reach
a state of equilibrium. This initial month, for all experiments,
was discarded, and only the 12 months pertaining to each year
was used for the subsequent analysis.

Data used for model evaluation

We conducted an ensemble of model simulations by varying a
suite of select physics schemes (microphysics and radiation)
aimed at selecting an optimal control experiment (see Table 1).
The convective scheme was not varied in this study, because
convection is explicitly resolved in the innermost domain.
Model performance metrics for temperature and precipitation
were evaluated for each year using Taylor diagrams. The utility
of Taylor diagrams stems from their simultaneous capability to
summarize statistical measures of centered root mean square
error (RMSE), normalized standard deviation, and correlation
coefficient (Taylor, 2001). Metrics were based on the compar-
ison between model simulations and observed meteorological
data, which were obtained from seven stations available from
the Global Historical Climate Network (see Table 2). Mean
daily temperatures and daily precipitation totals were averaged
over the seven stations and compared to the corresponding
modeled grid cells.

In addition to evaluation against the observed station values,
annual spatial patterns of total precipitation and average tem-
perature were calculated. Model simulations were first
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http://rda.ucar.edu

PERENNIAL BIOENERGY EXPANSION IN THE GREAT PLAINS 1027

R~ < gl D gl 2
- Water |:| Shrubland |:| Grassland Cropland - Bamren
- Forest u Savanna - Wetland l:l Urban

Fig. 1 (a) Study area showing triple nested configuration with (i) outermost (32-km grid spacing), (ii) middle (8-km grid spacing),
and (iii) innermost (2-km grid spacing) domain resolution, respectively. (b) Innermost domain land use/land cover.

Table 1 List of model simulations and the configuration (mi-
crophysics, shortwave and longwave radiation schemes used to
select an optimal control simulation)

Shortwave  Longwave

Simulation =~ Microphysics radiation radiation
1 WSM 3 Dudhia RRTM

2 Thompson et al. Dudhia RRTM

3 Morrison 2-moment ~ Dudhia RRTM

4 WDM 6-class Dudhia RRTM

5 Thompson et al. RRTMG RRTM

6 WDM 6-class RRTMG RRTM

7 Thompson et al. RRTMG RRTMG

8 WDM 6-class RRTMG RRTMG

Table 2 List of Global Historical Climatological Network sta-
tions by name and their location (latitude and longitude)

Station name Latitude Longitude
Mannford 36.17472 —96.44333
Spavinaw 36.38944 —95.05972
Bartlesville 36.76833 —96.02611
Pawhuska 36.66917 —96.34722
Tulsa Intl Airport 36.19944 —95.88722
Muskogee 35.65667 —95.36139
Ponca 36.73056 —97.09972

resampled from 2- to 4-km resolution to match the observed
spatial gridded datasets obtained from the University of Idaho
at 4-km grid spacing (Abatzoglou, 2013). For the simulated
annual total precipitation, yearly model-aggregated values
were divided by the observed yearly total precipitation to pro-
duce an annual precipitation ratio. We also calculated the aver-
age annual temperatures for the observed and simulated
experiments to spatially assess the model performance. Simu-
lated annual average temperature was subtracted from the
observed annual average temperature, yielding average annual
temperature differences.

Perennial biofuel crop suitability

To determine the locations for perennial biofuel deployment,
we utilized bioenergy crop suitability data at 1-km resolution
based on Cai et al. (2010). These data identify the marginal and
abandoned lands suitable for biofuel crop deployment globally
based on soil productivity, slope, soil temperature, humidity
index, and land-use information. We chose the most realistic
scenario, which included low-productivity grasslands, savanna,
and shrublands with regular or marginal productivity, while
excluding the total current pasture land and regions of crop
production (see Fig. 2a). Extracting only information within the
innermost domain, these data were resampled to 2-km resolu-
tion to match the gridded specification of our innermost
domain. To ensure deployment over only marginal or aban-
doned farmlands, suitable locations were compared with the
WRF land cover data [MODIS Modified International Geo-
sphere-Biosphere Program (IGBP)] using a GIS platform. Any
pixel coincident with agriculture was deemed unsuitable for
deployment. Lastly, the suitability data were reclassified using
quantile classification method into four suitability classes rang-
ing from low to very high suitability.

We assume two deployment scenarios to examine the range
of potential hydrometeorological impacts and associated uncer-
tainty given a range of perennial bioenergy crop distribution.
The first scenario employs the full perennial biofuel deploy-
ment as previously discussed and covers 56 667.2 square kilo-
meters (see Fig. 2b). The second scenario limits the potential
perennial biofuel deployment to the upper 25% of suitable
areas, covering only 14 376.3 square kilometers (see Fig. 2c).

Biophysical representation of bioenergy crops and
simulations performed

Perennial biofuel crop deployment was represented via the
modification of biophysical parameters characteristic of
perennial grasses: albedo, LAI, and vegetation fraction, or the
fraction of vegetative cover within a 2-km grid cell, under a no-
irrigation scenario. Using the observed field-scale values
obtained from Miller et al. (2015), daily albedo data were

© 2016 The Authors. Global Change Biology Bioenergy published by John Wiley & Sons Ltd., 9, 1024-1041
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Fig. 2 Biofuel crop suitability for (a) contiguous United States using a quantile classification. Unsuitable locations are displayed in
gray, while low and very high suitability locations are displayed in red and green, respectively. Potential perennial biofuel deploy-
ment for (b) 100% deployment scenario [all suitable classes presented in panel (a)] and (c) 25% deployment scenario (only very high
suitability shown in green). The black box shown in (a) is the domain illustrated in (b) and (c).

averaged across the available sites for two plant types: switch-
grass and miscanthus. A linear interpolation was applied to fill
gaps separately for each year (2010 and 2011). These values
were then averaged across plant types and over the two years,
yielding mean daily albedo values for perennial biofuel crops
(Fig. 3a). Mean daily albedo values were interpolated to three-
hourly values (corresponding to the temporal frequency of
WREF output) and ingested into WRF for both simulated years
(2007 and 2011). When compared with albedo values of the
existing land cover utilized for the control experiments
(Fig. 3a), mean daily albedo values of perennial biofuel crops
are higher. This difference is especially evident during the
growing season from May to October.

LAI and vegetation fraction values were also modified to
further characterize the realistic phenological evolution of
perennial bioenergy cropping systems. These values were
scaled to follow the changes in observed albedo values using
the known maximum and minimum values (see Fig. 3b, c).
From May to October, LAI values for perennial biofuel crops
are 58% higher than LAI values of existing land cover. Unlike

LAI, the differences in vegetation fraction between perennial
biofuel crops and existing land cover are smaller, with vegeta-
tion fraction values approximately 20% higher than existing
grasslands from May to October.

After the modification of albedo, LAI, and vegetation frac-
tion, two sets of simulations were performed to examine the
effect of perennial bioenergy crop deployment (see Table 3).
The first set of simulations aimed to establish a baseline using
existing land cover from the best (hereafter Expl) and least
(hereafter Exp2) skilled model configurations as compared to
suitable station and gridded observational data (see Data used
for model evaluation). This set was determined from an ensem-
ble of eight simulations with varying physics options that regio-
nal climate models such as WRF are well known to be highly
sensitive to (Table 1). The second set of simulations represented
100% and 25% perennial biofuel crop deployment scenarios in
the respective suitable areas by modifying biophysical parame-
ters of albedo, LAI, and vegetation fraction values. Additionally,
each of the perennial bioenergy cropping system simulations
(i.e., 100% and 25%) was conducted for Exp1 (i.e., most skilled

© 2016 The Authors. Global Change Biology Bioenergy published by John Wiley & Sons Ltd., 9, 1024-1041
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Fig. 3 Phenological evolution of biophysical parameters for
existing grasslands and perennial biofuel representation: (a)
albedo, (b) leaf area index (LAI), and (c) vegetation fraction.
Default biophysical parameter representation (control) and
perennial biofuel crop values are shown in solid blue and
green lines, respectively.

control simulation: Expl_100 and Expl_25) and Exp2 (i.e., least
skilled control simulation: Exp2_100 and Exp2_25). A full
description of simulations performed with and without peren-
nial biofuel crop deployment is presented in Table 3.

Results

Model evaluation

Overall, WRF simulations demonstrated greater skill
with temperature than with precipitation. The suite of
ensemble members exhibited high skill in simulating
near-surface temperatures as indicated by the high

Table 3 List of model simulations with and without perennial
biofuel crop deployment

WRF Analysis
simulations Scenario Spin-up time
Control Simulation 6 (Exp1): Dec 1-31,  Jan 1-Dec
best skill 2006 31, 2007
Simulation 1 (Exp2): Dec 1-31, Jan 1-Dec
least skill 2010 31,2011
Biofuel 100% Dec 1-31, Jan 1-Dec
Deployment Simulation 2006 31, 2007
(Albedo, 6 (Exp1_100) Dec 1-31,  Jan 1-Dec
Veg Frac, Simulation 1 2010 31, 2011
LAID (Exp2_100)
25%
Simulation 6
(Exp1_25)
Simulation 1
(Exp2_25)

correlations — generally between 0.97 and 0.99 — and
centered RMSE near 1 degree Celsius (see Fig. 4a, b).
Modeled near-surface temperature performance was
similarly skilled for both years, and the sensitivity to
differing physical parameterizations was minimal.
Unlike temperature, the sensitivity to the suite of exam-
ined physics parameterizations resulted in large vari-
ability in precipitation skill (Fig. 4c, d). During 2007 (see
Fig. 4c), the correlation values varied between 0.30 and
0.40, indicating moderate skill. Simulation 4, employing
WDMB6 microphysics (i.e., single moment representation
with six hydrometeor species), produced the highest
correlation (0.40), lowest centered RMSE (0.97) and stan-
dard deviation (0.98), relative to the observed values.
During 2011, the range of ensemble member perfor-
mance indicated improved skill, with higher correlation
values generally ranging between 0.55 and 0.65 (see
Fig. 4d). Simulation 4, utilizing the WDM6 microphysics
parameterization, exhibited one of the highest correla-
tions and best matched the observed variance (dotted
circle lines) and bias (solid blue lines), with values just
shy of 1 demonstrating excellent simulation of day-to-
day precipitation variability. Based on the aforemen-
tioned metrics, all ensemble members performed with
high fidelity in their simulation of near-surface tempera-
tures, while Simulation 4, making use of WDM6 micro-
physics, best demonstrated precipitation magnitude for
both hydrometeorological years.

Examination of spatial characteristics of simulated
meteorological variables can provide further confidence
in simulation skill by illustrating geographically explicit
performance. Spatial patterns of annually averaged tem-
perature (Fig. 5) confirmed the previously demonstrated
strong model skill for near-surface temperature. Small

© 2016 The Authors. Global Change Biology Bioenergy published by John Wiley & Sons Ltd., 9, 1024-1041
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differences were apparent between the observed mean
annual temperatures for 2007 and 2011 and the suite of
ensemble member simulations produced biases gener-
ally <2 °C. The differences among individual members
were mainly attributable to the selection of shortwave
radiation schemes. In 2007, Simulations 5-8 (Table 1
and Fig. 5e-h), utilizing RRTMG shortwave radiation
scheme, produced a warm bias of 1.5-2.5 °C, whereas
in 2011, Simulations 1-4 (Fig. 5i-1), utilizing Dudhia
shortwave radiation scheme, produced a cold bias of
1.5-2.5 °C. Overall, the temperature differences attribu-
table to microphysics schemes were more localized and
generally <0.5 °C.

The selection of microphysics scheme was key to
model performance of precipitation despite its apparent
underestimation (Fig. 6). Simulation 1 with WSM-3
microphysics (see Table 1) produced the least model
skill for both years with ratio values of 0.7 or less for
most of the domain (Fig. 6a, i). For 2007, Simulation 3
with Morrison microphysics (Table 1) considerably
overestimated the amount of precipitation in the eastern
portion of the domain (Fig. 6c). Simulation 6 with
WDM6 microphysics (see Table 1) also overestimated
precipitation in the southeast corner during 2007 (see
Fig. 6f), but the simulated overestimation was consider-
ably less in magnitude and extent. For 2011, Simulation
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6 with WDM6 microphysics (see Table 1) best captured
the spatial extent and magnitude of observed rainfall
(see Fig. 6h). Of the eight different model configura-
tions, Simulation 6 demonstrated the greatest skill in
modeling precipitation for both years, while Simulation
1 produced the least skill.

Although Simulation 4 had the best model skill in
simulating precipitation according to station average
metrics (Taylor diagrams), Simulation 6 best captured
the spatial pattern of annual precipitation, and statistical
metric differences between the pair of ensemble mem-
bers were small. Both Simulation 4 and Simulation 6
used the WDM-6 microphysics scheme, but had differ-
ent shortwave radiation schemes. Despite a slight warm
bias in 2007, RRTMG shortwave radiation scheme used
in Simulation 6 improved the overall spatial pattern of
precipitation with minimal differences between the sim-
ulated and observed values.

Based on the aforementioned results, Simulation 6
was selected as the best representative control experi-
ment (Expl), whereas Simulation 1 was selected as the
least performing member (Exp2). From this point for-
ward, we utilize both Simulation 6 (Expl) and Simula-
tion 1 (Exp2) with different perennial biofuel crop
deployment scenarios (see Table 3) to examine the sen-
sitivity of bioenergy crop deployment.
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Fig. 4 Taylor diagrams of annual daily mean temperature between averaged observations and model grid points for (a) 2007 and (b)
2011 and annual daily precipitation for (c) 2007 and (d) 2011, where each symbol corresponds to model performance of the individual
members presented in Table 1. Angular axis shows the spatial correlations between modeled and observed variables. Radial x-axis
and y-axis show the normalized standard deviation and centered root mean square error (RMSE), respectively.
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Fig. 5 Mean annual differences between the observed and modeled temperatures (°C). Figure (a—h) corresponds to the year 2007
and represents the Simulations 1-8 parameters (from left to right) as listed in Table 1. Figure (i-p) corresponds to the year 2011 and
represents the Simulations 1-8 parameters (from left to right) as listed in Table 1.

Simulated impacts on temperature, ET, and soil moisture

The simulated impact of perennial bioenergy crop
deployment indicates a decrease in near-surface air tem-
perature for both normal hydrometeorological (2007)
and drought (2011) years. For both years, time-series
analyses of domain-averaged near-surface temperatures
(i.e., 2 m temperatures; Fig. 7) show that the greatest
temperature differences occurred during the growing
season — from May to October — with a slight increase in
temperatures from April to May, and October to
November, when LAI values are lower for perennial
bioenergy crops (see Fig. 3). Temperature decreases
associated with perennial biofuel crop deployment were
slightly more pronounced in 2007 (normal year) than in
2011 (drought year) with an average decrease of 1.0 °C
compared with 0.80 °C, respectively. In 2007, the reduc-
tion in near-surface temperature associated with
perennial bioenergy crop deployment frequently

exceeded 1-1.5 °C during the growing season for both
deployment scenarios. In terms of scenario and experi-
mental differences, the reduction in near-surface tem-
perature was greater for the full deployment scenario
(i.e, Expl 100 and Exp2 100) than for the partial
deployment scenario (i.e., Expl_25 and Exp2_25), while
only minimal differences were apparent between Expl
and Exp2 (ie., the thermal impact of bioenergy crop
deployment does not appear to be a function of model
performance).

Because the largest simulated effects on near-surface
temperature were apparent during the growing season,
we examined the spatial impacts of temperature associ-
ated with perennial bioenergy crop deployment from
May to October. For both simulated years, maximum
temperature differences were more pronounced for the
full deployment relative to the partial deployment sce-
nario, consistent with the fraction of crop deployment
(Fig. 8). Results for full deployment scenarios revealed a
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Fig. 6 Annual precipitation ratio (the total simulated precipitation divided by the total observed precipitation). Panel representation
is same as in Fig. 5. Figures (a—h) correspond to the year 2007, and represent simulations 1-8 parameters (from left to right) as listed
in Table 1. Figures (i-p) correspond to the year 2011, and represent simulations 1-8 parameters (from left to right) as listed in Table 1.

temperature decrease following a west-east gradient. In
2007, temperatures decreased by up to 1.8 and 0.7 °C in
the west and east, respectively (Fig. 8e, ). In 2011, this
gradient was slightly moderated with a corresponding
1.3 and 0.5 °C near-surface temperature decrease in the
west and east, respectively (Fig. 8g, h). Temperature dif-
ferences were more localized under the partial deploy-
ment compared with the full deployment scenario,
despite the temperature decreases beyond deployment
areas. Subtle differences were also observed between
experiments, more notably with Expl_25 and Exp2 25
in 2007 (Fig. 8a, b). Temperature decreases were slightly
greater in the deployment areas for Expl compared
with Exp2 with up to 1.3 °C of cooling compared with
1.1 °C, respectively. Moreover, Expl exhibited a stron-
ger cooling signal extending well beyond the deploy-
ment area by up to 0.5 °C. Although the magnitude of
cooling exhibited by Expl was noticeably greater than
that of Exp2, the simulated spatial consistency between

Expl and Exp2 indicates a limited sensitivity of bioen-
ergy crop deployment to model performance.

Unlike temperature, simulated impacts of perennial
bioenergy crop deployment show diverging results for
ET based on model performance and climate year.
Time-series analyses of domain-averaged ET (Fig. 9)
indicate that simulation results (i.e., Expl and Exp2)
diverge from the late spring to September 2007 (Fig. 9a).
During this period, ET associated with Expl 25 and
Expl_100 increased by an average of 0.73 mm day ',
while ET associated with Exp2 25 and Exp2_ 100
decreased by an average of 0.19 mm day ' (e,
increased ET for Exp1l simulations, but decreased ET for
Exp2 simulations). Simulated impacts of precipitation
showed similarly diverging results, pointing to a posi-
tive signal with Expl and negative signal with Exp2
(see Fig. S1 and Table S1). However, because the stan-
dard deviation explained a greater fraction of the mean,
there is reduced confidence in the robustness of
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Fig. 8 Mean temperature differences (average of May-October) between perennial biofuel crop deployment experiments and control
experiments for Expl 25 and Exp2_25 for the years 2007 (a, b) and 2011 (c, d) and Exp1_100 and Exp2_100 deployment for the years

2007 (e, f) and 2011 (g, h).

precipitation results (Table S1) unlike ET. Further exam-
ination of thermodynamic impacts, as drivers of simu-
lated precipitation, is necessary. Simulated differences
were also evident in 2011, although of reduced magni-
tude, as ET increases from July to September varied
among experiments, pointing to issues of model perfor-
mance. QOutside of the summer months, the simulated
effects of ET associated with perennial biofuel crops
generally followed similar patterns for both years: a
decrease in ET of about 1 mm day ' from April to May
and a smaller decrease (~0.5 mm day ') from October
to November (likely driven by greater LAI and vegeta-
tion fraction for simulations using default biophysical
characteristics relative to bioenergy cropping simula-
tions). The decrease from April to May was more pro-
nounced in 2011, with ET values approximately 38%
lower than those in 2007.

In addition to experimental sensitivity, annual differ-
ences in simulated ET impacts from perennial biofuel
crop deployment were also apparent between normal
hydrometeorological (2007) and drought (2011) years.
Simulated ET impacts associated with perennial bioen-
ergy crop deployment were moderated during the
drought year relative to the normal climate year. Focus-
ing on Expl (the best skilled ensemble member), ET
associated with perennial biofuel crop deployment was
37% lower, on average, during the growing season in
2011 relative to 2007 (0.28 mm day ' compared with
0.44 mm day ', respectively). This decrease was even
more pronounced from July to September, as ET associ-
ated with perennial biofuel crop deployment was 3.4
times lower in 2011 relative to 2007 (0.21 mm day '
compared with 0.73 mm day ). During the summer of
2011, ET decreased from June to July for both Expl and
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Fig. 9 Domain-averaged time series of evapotranspiration (ET) differences between perennial biofuel crop deployment experiments

and control experiments for (a) 2007 and (b) 2011. Panel representation is the same as in Fig. 7.

2 and then remained just below zero for most of July to
August. Despite this decrease, ET was enhanced under
perennial biofuel crop deployment by an average of
0.25 mm day ' and 0.13 mm day ' over the growing
season for Expl and 2, respectively, indicating the
potential to mitigate the effects of drought through the
enhanced ET.

Soil moisture impacts associated with perennial bio-
fuel crop deployment followed the seasonal patterns of
withdrawal and recharge based on crop phenology
and atmospheric processes. The domain-averaged evo-
lution of soil moisture associated with perennial bio-
fuel crop deployment demonstrated the depletion from
May through August, followed by a recharge period in
the fall and winter due to the increased large-scale pre-
cipitation activity. After the growing season, soil mois-
ture was restored near the surface, but remained
partially depleted at rooting depths, 1040 cm and
40 ecm-1 m (Fig. 10). These deficits were most notice-
able at rooting depth 40 cm—1 m, as the amount of soil
moisture was 20% and 10% less than their initial state
in 2007 and 2011, respectively (Fig. 10c, f). Other
annual differences were also apparent from April to
May, as soil moisture was approximately 29% lower in
2011 than in 2007 (Fig. 10c, f). In addition to annual
differences, Exp2 resulted in lower soil moisture than
Expl at all rooting depths with the largest disparities
during 2007 (Fig. 10a—c). Moreover, at the beginning of
the year, Expl noted almost 20% higher soil moisture
in 2007 near the surface and 10-40 cm. Experimental
differences in soil moisture amounts were attenuated
in 2011 relative to 2007, pointing to less water uptake
associated with these cropping systems under drier
hydrometeorological  conditions. Lastly, different
deployment scenarios also affected the amount of soil
moisture depletion with slightly higher withdrawals
associated with full deployment scenario, especially
during 2011.

Mechanisms driving simulated changes

The principle processes driving the aforementioned
impacts are grounded on the changes in the radiation
budget. During the growing season, the net shortwave
radiation associated with perennial biofuel crop deploy-
ment decreased by an average of 15.8 W m ™2, while net
longwave radiation associated with perennial biofuel
crop deployment increased by an average of 5.6 W m ™2,
for both years (Fig. 11). Only minor differences were
discernible between years for perennial bioenergy crop
deployment with slightly higher net shortwave radia-
tion values in 2007 and slightly higher net longwave
radiation in 2011. Larger differences existed between
deployment scenarios. Under full deployment scenarios,
the decrease in net shortwave radiation was on average
145 W m ? greater (Fig. 11a, b), while net longwave
radiation fluxes were only 4.3 W m ™ higher on average
relative to partial deployment scenarios (Fig. 11c, d).
Additionally, Fig. 11c, d shows decreases in net long-
wave radiation associated with perennial bioenergy
crop deployment from April to May and October to
November, which correlated with temperature
decreases in the previously presented time-series analy-
sis (see Fig. 7). This decrease was more pronounced in
the spring of both years by an average of 10 W m 2, but
even more so in 2011, and is driven by the imposed,
observationally based, biogeophysical representation of
perennial crops.

Simulated energy fluxes associated with perennial
bioenergy crop deployment illustrate the diverging
results for both sensible and latent heat fluxes based on
model performance and climate year, similar to ET
(Fig. 12). Model simulation results for both sensible and
latent heat fluxes show a diverging evolution between
Expl and Exp2 from July to September 2007 (Fig. 12a,
). Despite the experimental differences, both Expl and
Exp2 pointed to increasing latent heat fluxes and
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Fig. 10 Domain-averaged time series of soil moisture at model depths 0-0.01, 0.01-0.04, and 0.04-0.10 meters (from top to bottom).
Figures (a—c) and (d—f) correspond to the years 2007 and 2011, respectively. Gray, green, and blue lines represent control, Exp1, and
Exp2, respectively. Dashed and solid lines represent 25% and 100% perennial biofuel deployment scenarios, respectively.

decreasing sensible heat fluxes associated with peren-
nial bioenergy crop deployment during the growing
season. In 2007, energy flux differences associated with
perennial bioenergy crops were most distinctive under
the full deployment scenario, varying by 30-40 W m~?
from July to September. In 2011, these differences were
moderated as both sensible and latent heat fluxes varied
10-20 W m 2. Outside of the growing season, changes
in energy fluxes associated with perennial bioenergy
crop deployment were also apparent mainly from April
to May, with spikes in sensible heat and commensurate

declines in latent heat fluxes (Fig. 12). These changes
were most noticeable with latent heat fluxes especially
in 2011 (Fig. 12a, b), which also correlated with temper-
ature and radiation flux differences.

Because the largest simulated effects on energy fluxes
were most apparent during the growing season, we
examined the spatial effects of energy fluxes associated
with perennial bioenergy crop deployment from May to
October. During the growing season, latent heat fluxes
increased (Fig. 13a-h), while sensible heat fluxes
decreased (Fig. 13i—p). Energy flux differences were
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Panel representation is the same as in Fig. 7.

most noticeable under the full deployment compared
with the partial deployment scenarios, with the excep-
tion of Expl 25 and Expl 100 in 2007 (Fig. 13b, d, j, D.
For these two experiments, sensible heat fluxes
increased in the eastern part of the domain (Fig. 13d),
which correlated with a decrease in latent heat fluxes
(Fig. 131). Despite this anomaly, both latent and sensible
heat fluxes exhibited a west-to-east gradient under full
deployment scenario with the highest flux differences
located in the west, coincident with the spatial pattern
of temperature differences. Energy flux differences were
more localized under the partial deployment compared
with the full deployment scenario, despite the increases
in latent heat and the decreases in sensible heat fluxes
observed beyond the deployment areas.

Contrasting  different hydrometeorological years,
changes in sensible and latent heat fluxes associated
with perennial bioenergy crop deployment were moder-
ated in 2011 relative to 2007. In 2007, latent heat fluxes
increased up to 50 W m 2, while sensible heat fluxes
decreased up to 50 W m 2 In 2011, latent heat flux
increases were approximately 10-25 W m ™2 lower rela-
tive to 2007 and covered a smaller portion of the
domain. Sensible heat fluxes followed a similar pattern
with moderated decreases in 2011. This attenuation of

energy flux differences was most distinctive with Exp2
and the partial deployment scenario, indicating the sen-
sitivity to model performance and the availability of
atmospheric moisture.

Discussion and conclusions

This study examined the hydrometeorological impacts
of perennial biofuel crop expansion using varying real-
istic deployment scenarios [i.e., partial deployment
(14 376.3 square kilometers) and full deployment
(56 667.2 square kilometers)] under diverse hydromete-
orological conditions [i.e., drought year (2011) and nor-
mal year (2007)]. We focus bioenergy deployment only
within suitable marginal and abandoned lands (see Cai
et al., 2010). Our analyses show that perennial bioenergy
crop deployment leads to the widespread cooling (1-
2 °C) and the enhanced ET (0.5-1.0 mm day ') during
the growing season — May to October (see Figs 7 and 9).
In this study, soil moisture was depleted from mid-May
to mid-August contributing to the enhanced ET, but
nearly restored during senescence (mid-August to
December) (see Fig. 10). The amount of soil moisture
depletion was 20% and 10% less than the initial state in
2007 and 2011, respectively, and largely a function of
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is the same as in Fig. 7.

moisture availability tied to hydrometeorological condi-
tions. These hydrometeorological impacts were more
evident under the full deployment, but still detectable
within the deployment areas under the partial deploy-
ment scenario as well as in the surrounding environ-
ment. This finding indicates that perennial biofuel crops
could still have important hydroclimate implications,
even with small-scale distribution.

During the growing season, perennial bioenergy
crops have higher LAI, albedo, and vegetation fraction
values compared with existing grasslands (see Fig. 3).
These physiological differences resulted in near-surface
cooling and enhanced ET, in agreement with the find-
ings of previous studies (Georgescu et al., 2009, 2011;
Hickman et al., 2010; Mclsaac et al., 2010; Vanloocke
et al., 2010; Zeri et al., 2013; Miller et al., 2015; Zhu et al.,
2016). Higher albedo values, however, proved to be the
dominant mechanism for these simulated impacts
through the subsequent decrease in absorbed surface
shortwave radiation resulting in cooler temperatures.
Previous studies attributed regional cooling, in part, to
the enhanced ET from the dense and deep rooting sys-
tems of perennial bioenergy crops drawing down soil
moisture at deeper soil depths (Clifton-Brown et al.,

2007; Vanloocke et al., 2010; Georgescu et al., 2011;
Anderson et al., 2013; Hallgren et al., 2013; Ferchaud
et al., 2015). While physiological or morphological fac-
tors (i.e.,, LAI and vegetation fraction) can alter the sur-
face energy balance and enhance ET during green-up,
hydrometeorological impacts could primarily be a func-
tion of radiative forcing, as indicated here, because the
rooting systems of perennial biofuel crops and existing
grasslands were characteristically similar and therefore
unaltered in this study.

This study also examined whether perennial biofuel
crop expansion could ameliorate drought conditions by
contrasting the potential hydroclimate impacts of peren-
nial biofuel crops during a drought year (2011) and nor-
mal year (2007). Our analyses show that perennial
bioenergy crop deployment reduced the impacts of
drought through the enhanced ET and simultaneously
cooling of the near-surface environment, by decreasing
the atmospheric demand for water (Seneviratne ef al.,
2010) and mitigating plant stress due to water availabil-
ity (Wu et al., 2002). During the growing season, near-
surface cooling and enhanced ET associated with these
crops were moderated under the drought year relative
to the normal climate year due to the moisture
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availability and the subsequent alterations in near-sur-
face radiation and energy budgets. These changes
revealed the differential effects of simulated perennial
bioenergy crop impacts based on background environ-
mental conditions. Despite the moderation of these
hydrometeorological impacts, perennial biofuel crop
expansion was shown to mitigate the impacts of
drought (i.e., via an increased ET) and can potentially
serve as a more sustainable pathway to renewable
energy than current strategies given these additional
unintended, but positive, consequences. The length of
timescale perturbations associated with these cropping
systems, however, must be considered as the small, and
negative feedback of soil moisture depletion could
amplify drought severity under a multiyear drought
scenario. Therefore, additional multiyear high-resolu-
tion simulations are necessary to definitively conclude
whether such approaches could simultaneously provide
the biomass necessary for ethanol production while

ameliorating large-scale climate change through the
alteration of near-surface regional climate.

It is important to note that further hydroclimate
impacts were observed from April to May and October
to November outside the ‘active’ growing season. Dur-
ing these periods, perennial bioenergy crop expansion
points to warmer near-surface temperatures and
decreased ET. These hydrometeorological impacts were
more prominent during the green-up period than dur-
ing the senescence. Vegetation fraction values were sig-
nificantly higher than albedo and LAI for existing
grasslands relative to perennial bioenergy crops during
this green-up period (see Fig. 3a). This difference could
be an artifact of how vegetation fraction values were
scaled. It is possible that vegetation fraction evolution
could progress more slowly during the spring and late
fall, but requires field observation data that were
unavailable (Wagle ef al., 2016). Other factors such as
soil moisture availability and litter layer thickness could
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have contributed to these decreases in longwave radia-
tion and latent heat fluxes from April to May 2011 as
soil moisture levels were approximately 29% lower in
2011 relative to 2007 (see Fig. 8a—f).

Sensitivity to bioenergy crop deployment was largely
independent of control simulation skill for thermal
impacts, but proved to be a determining factor for simu-
lated ET. Experimental differences were in good agree-
ment on the simulated thermal impacts of perennial
bioenergy crops as temperature decreases were gener-
ally within 0.2 °C (Fig. 7) and spatially consistent
between Expl (the best skilled ensemble member) and
Exp2 (the least skilled ensemble member). Unlike tem-
perature, simulated ET impacts associated with peren-
nial bioenergy crops diverged, mainly during July to
September 2007. During this period, Expl showed that
ET increased on average by 0.73 mm day ', while Exp2
showed that ET decreased by an average of 0.19 mm
day '. Other experimental differences were evident in
2011 as ET increases varied according to model solution
from July to September, pointing to issues of model per-
formance and simulated atmospheric processes (see
Fig. 9). During the growing season, Expl consistently
displayed higher ET, latent heat fluxes, and soil mois-
ture relative to Exp2, especially during 2007. Although
both experiments noted a dry bias in model evaluation
(see Fig. 6a, f, i, n), Exp2 significantly underestimated
the amount of precipitation, most likely as a result of
microphysics scheme selection (see Table 3). This dry
bias associated with Exp2 could explain the significantly
lower latent heat fluxes, lower soil moisture levels, and
higher sensible heat fluxes, affecting simulated ET asso-
ciated with perennial bioenergy crop expansion.

Simulated impacts of precipitation associated with
perennial biofuel crop deployment also highlighted the
sensitivity of control simulation skill, but are character-
ized as lower confidence relative to the aforementioned
impacts. For both years, the simulated precipitation
pointed to a positive signal under Exp1l, while the simu-
lated precipitation indicated a negative signal under
Exp2, likely indicative of the dry bias associated with
Exp2 (see Fig. S1 and Table S1). Similar to the simulated
ET and latent heat flux, precipitation totals were attenu-
ated during the drought year relative to normal climate
year, pointing to moisture availability tied to hydrome-
teorological conditions. Unlike the aforementioned
impacts, the simulated precipitation totals were also
reduced under the full deployment relative to the par-
tial deployment scenario, even during the normal cli-
mate year. This finding points to radiative forcing as the
driving mechanism for simulated results, as decreased
low-level heating resulting from reduced shortwave
absorption lowers the available energy necessary for
convection and, consequently, the amount of

precipitation (Findell & Elathir, 2003; Seneviratne ef al.,
2010). This mechanism, however, requires further exam-
ination focusing exclusively on the untangling of dis-
parate forcing mechanisms owing to differential
background dynamics at different times of year and is
beyond the scope of this manuscript.

The use of a singular LSM, rather than a suite of mod-
els with diverse physiological representations of plant
functional types and physical representations of land sur-
face flux energy partitioning, is a necessary area for
future research. For example, simulated canopy tempera-
ture and associated surface fluxes, which regulate the
regional hydrologic cycle, are not resolved separately in
NOAH, but rather are calculated over a combined surface
of vegetation and soil (Niu et al., 2011). This important
point emphasizes the need for utility of a fully coupled
earth system model that includes a dynamically evolving
biophysical representation of perennial bioenergy crop-
ping systems, such as the community land model (Zeng
et al., 2002). Such an effort will improve upon the physio-
logical characterization of the investigated plant type,
which is dependent on ambient environmental conditions
rather than on the presumed periodic depiction utilized
here. In effect, imposed energy crop biophysical charac-
teristics may be different under a drought compared with
a normal precipitation year. Finally, the impacts on
groundwater require examination using appropriate
models that account for such hydrologic elements (e.g.,
NOAH-MP and LEAF-2 dynamically coupled to WRF
[e.g., Miguez-Macho et al., 2007)].

Future work should also assess the hydrometeorologi-
cal impacts of perennial biofuel crops using high-resolu-
tion simulations in other geographical regions to
evaluate the range of potential outcomes with this
energy pathway. Yield estimates should also be calcu-
lated to provide information on how diverse hydrome-
teorological ~ conditions could potentially affect
bioenergy crop yields by using an ecosystem model
such as Agro-IBIS (e.g., Vanloocke et al., 2010). Long-
term, continuous climate simulations of perennial bio-
fuel crop expansion are also needed to understand the
resiliency of these cropping systems under a variable
current climate and under projected warmer climates
associated with higher levels of greenhouse gas emis-
sions. Varying aspects of this work are underway.
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Figure S1 Total precipitation differences (totals from May-
October) between perennial biofuel crop deployment exper-
iments and Control experiments for Expl 25 and Exp2 25
for the years of 2007 (a, b) and 2011 (c, d), and Expl_100
and Exp2_ 100 deployment for the years of 2007 (e, f) and
2011 (g, h.

Table S1 List of precipitation total differences between
perennial biofuel crop deployment experiments and Con-
trol experiments listed by according to experiment and
deployment scenarios.
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