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ABSTRACT 
 

Many efforts have been taken to find energy alternatives to reduce anthropogenic influences on climate. 
Recent studies have shown that using land for bioenergy plantations may be more cost effective and provide 
a greater potential for CO2 abatement than using land for carbon sequestration. Native southern U.S. pines 
(i.e., loblolly) have excellent potential as bioenergy feedstocks.  However, the land-cover change due to ex- 
pansion of biofuels may impact climate through biophysical feedbacks. Here, the authors  access the local and 
remote consequences of greater forest  management and  biofuel  feedstock  expansion  on climate  and  hy- 
drology using a global climate model, the NCAR Community Climate  System Model, version 4 (CCSM4). 

The authors examine a plausible U.S. Department of Energy (DOE) biofuel feedstock goal by afforesting 
50 million acres of C4 grasslands in the southeastern United States with an optimized loblolly plant functional 
type. Changes in sensible and latent heat fluxes are related to increased surface roughness, reduced bare- 
ground evaporation, and changes in stomatal conductance. In the coupled simulations, these mechanisms lead 
to  a  18C  cooling,  higher  atmospheric stability,  and  a  more  shallow  planetary boundary layer  over  the 
southeastern United  States during the summer;  in winter, a cooling of up to 0.258C between  408 and 608N, 
a weakened Aleutian low, and a wetter  Australia occurs. A weakened Aleutian low shifts the North Pacific 
storm track poleward in the future loblolly scenarios. These local and global impacts suggest that biophysical 
feedbacks need to be considered when evaluating the benefits of bioenergy feedstock production. 

 
 

 
1. Introduction 

 

Dedicated energy  crops,  including  forests  and  agri- 
cultural products, can be efficiently and sustainably 
converted into  bioenergy  to decrease our  dependence 
on fossil fuels, mitigate  climate change (Hall et al. 1991; 
Hedenus and Azar  2009), and provide  energy  security 
(DOE 2003). In this paper, we analyze the biophysical 
effects on climate of short-rotation woody crops, which 
are a potentially large source of bioenergy. Plantations 
forests grow faster, produce more biomass per unit area, 
and are more economically feasible with respect to 
harvesting and transporting biomass than unmanaged 
natural forests (Zhang  and Polyakov  2010). Biomass 
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harvested from trees, agricultural crops, wood residues, 
and other  plants supplied  roughly 55 000 GWh of elec- 
tricity (EIA  2008) during 2006 and 6.5 billion gallons of 
ethanol  (EIA  2012) during 2007 in the U.S. domestic 
energy market. 

Land conversion to perennial crops could become 
significant if the market for bioenergy increases. In 2005, 
the U.S. Department of Energy (DOE) estimated that 
the United States could sustain up to 1.3 billion tons per 
year of biomass production (Perlack et al. 2005). To 
produce this amount of biomass requires a considerable 
amount of land dedicated to growing perennial crops. 
We consider scenarios in which woody feedstock pro- 
duction is assumed to come from additional forests 
planted on marginal agricultural land released from crop 
rotation because of increased agricultural efficiency 
rather than  on land  occupied  by extant  forests.  In the 
United States, under a moderate crop yield increase, 35 

 
 
. 

1



million acres could be available to grow perennial crops,

while a high crop yield increase could leave 55 million

acres available for perennials (Perlack et al. 2005).

Over the past two centuries, the United States has

undergone drastic transformation because of defores-

tation, drainage, agriculture, afforestation, and refores-

tation. In addition to altering the carbon cycle, land-use

and land-cover change (LULCC) affect the biophysical

properties of the earth’s surface and can thereby impact

the land–atmosphere exchanges of energy and water at

regional to global scales. For example, converting grasses

to forests in midlatitudes decreases the surface albedo

and increases absorption of solar radiation (Betts 2000;

Feddema et al. 2005; Gibbard et al. 2005; Betts et al.

2007). However, Fall et al. (2010) examined the effects

of converting grass and shrub to forest by contrasting

observations and meteorological reanalysis and found

that afforestation results in a small cooling. Increased

roughness, which affects the land–atmosphere energy

and mass exchange, and altered evapotranspiration are

also predicted (Bonan 1997). Typically, forests have

deeper rooting depths and higher evaporation rates per

unit area compared to grasslands, and both of these

properties tend to reduce sensible heat fluxes (SHFLX)

and increase latent heat fluxes (LHFLX). Increased

evapotranspiration can cool the local atmosphere through

cloud and precipitation feedbacks (Bonan 2008). Af-

forestation in tropical and boreal regions has been shown

to cause regional cooling (Bonan 2008) and warming

(Bonan et al. 1992; Betts 2000; Betts et al. 2007), re-

spectively. In midlatitudes, the climate effect of replacing

grasslands with forest is less certain (Bonan 2008). While

future climate change may impact forest productivity

(Hargrove and Hoffman 2004; McCarthy et al. 2007;

Eckert et al. 2010), forest management practices, in-

cluding planting trees, fertilizing, suppressing fires, and

draining land, have increased pine productivity in recent

decades andmay lessen the sensitivity to climate change.

More relevant to our current analysis, several recent

studies have examined the biogeophysical effects of

bioenergy crop production.Higher leaf area index (LAI),

albedo, transpiration, and rooting depth of perennial

bioenergy crops (e.g., miscanthus) are expected to cause

a regional cooling on the order of 18C compared to an-

nual crops such as maize (Georgescu et al. 2009, 2011).

Remote sensing data show that growing sugar cane crops

on agricultural land cools the local land surface temper-

ature by almost 18C because of enhanced evapotranspi-

ration and higher albedo (Loarie et al. 2011).

The goal of the current work is to quantify the bio-

geophysical effects of biofuel feedstock production on

regional and hemispheric climate under a plausible twenty-

first-century deployment scenario in the southeastern

United States (SUS). Southern pine plantations are

currently among themost intensivelymanaged forests in

the world. Intensively managed forests will have to in-

crease in the future to meet the increasing demand for

wood and fiber (Sedjo andBotkin 1997). These forests also

preserve carbon sequestration because forests are not re-

placedwith agriculture or urban areas. There are currently

;45 million acres of plantation forest in the southern

United States, of which 83% are loblolly pine (LP; Pinus

taeda L.; 75%) and slash pine (Pinus ellioti; 25%) (Smith

et al. 2009; Zhang andPolyakov 2010). In the SUS, loblolly

pine forests cover 55 million acres and slash pine cover

13 million acres. Slash pine forests have declined since the

1950s because of conversion to faster growing loblolly

pine (Smith et al. 2001). We chose to parameterize for

loblolly only assuming increasing loss and conversion of

slash to loblolly. Here, we define the SUS as the land

area between 258 and 358N and between 758 and 988W,

which encompasses the following states: Oklahoma, Lou-

isiana, Mississippi, Arkansas, Alabama, Florida, Georgia,

South Carolina, North Carolina, and eastern Texas.

LP is a native species to the SUS, has a broad geo-

graphic distribution, is cost effective for conversion to

cellulosic ethanol (Huang et al. 2004; Frederick et al.

2008), and has been chosen as the prime candidate for

plantation bioenergy in the SUS (Kline and Coleman

2010). Unlike some hardwood species (e.g., poplar, eu-

calyptus) and grasses (e.g., switchgrass, miscanthus), LP

can be easily established on marginal lands to reduce its

competition for fertile agricultural land. LP grows more

slowly than deciduous trees with annual leaf turnover.

However, LP has a relatively rapid 18-month needle

turnover rate for evergreen species that yields a sea-

sonally varying LAI (Zhang and Allen 1996).

This study investigates the local and remote climate

impacts of land-cover change in the SUS using a coupled

land–atmosphere global climate model [Community

Climate System Model, version 4 (CCSM4)]. We apply

eddy covariance data to parameterize the land surface

model [the Community Land Model (CLM4)] repre-

sentation of LP and perform a series of three simulations

to characterize interactions with the atmosphere for cur-

rent and potential future vegetation distributions consis-

tent with an extreme expansion of forest biofuel feedstock

production. In our current scenario, we replace all NET

with LP, which presents a substantial increase in current

LP forests. Although this land-use change is drastic, it

allows us to test the sensitivity of our model as well as

place upper bounds on the climate change possible be-

cause of expanding forest management and biofeedstock

production in the United States. Our future scenario

represents an additional contribution from expanding

biofeedstock production in the United States.
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Local energy and water budgets, local atmospheric

temperature changes, and remote atmospheric responses

in both the Northern and Southern Hemispheres associ-

ated with this LULCC are discussed. Methods are pre-

sented in section 3, local and far-field responses in section

4, additional context for interpretation of the simulations

in section 5, and conclusions in section 6.

2. Methods

a. Model description

Simulations in this study are performed with the Na-

tional Center for Atmospheric Research (NCAR) CCSM4

(Gent et al. 2011). Our global interactive land–atmosphere

simulations are based upon the Community Atmosphere

Model, version 4 (CAM4) (Neale et al. 2010). The land

component of CCSM4, the CLM4, represents the major

components of the earth’s biogeophysical and biogeo-

chemical (BGC) cycles. Vegetation is categorized into 16

plant functional types (PFTs) that are characterized by

the geometric, physical, and physiological attributes that

affect energy andwater fluxes. Plant physiological processes

include photosynthesis, respiration, transpiration, and phe-

nology. Each PFT has its own LAI, stem area index (SAI),

canopy height, root distribution, and optical properties.

b. Model modifications

CLM4 has a single PFT that represents temperate

needleleaf evergreen trees (NET). In CLM4, the default

temperate needleleaf tree PFT (NET) has a flat seasonal

LAI with almost no difference between winter and

summer values. In contrast, observations of LP from the

Duke loblolly forest site [section 3b(1)] show a strong

seasonal cycle in LAI (Table 1). Because of the dis-

tinguishing characteristics of LP relative to other NET,

and since LP and slash pine are the two dominant forest

types in the SUS, it is necessary to represent the specific

biophysical properties of LP in our simulations. We

therefore use an inversion technique to develop a new

PFT parameter set to represent LP [section 3b(2)].

1) DATA

Eddy covariance flux tower observations have the po-

tential to reduce uncertainties in model parameterizations.

To constrain the PFT parameters, we optimize simula-

tions of latent and sensible fluxes against measured time

series of these fluxes from the Ameriflux (http://public.

ornl.gov/ameriflux/) site (358N, 798W) in the Duke lob-

lolly forest (Stoy et al. 2006;Novick et al. 2009).Continuous

half-hourly observations of ecosystem level exchanges

of energy, momentum, and water are available from 1998

to 2009. Since this site experienced a strong drought from

2001 to 2002 and data is limited before this period, we use

data from 2003 to 2005 in our inversion method.

Observed monthly LAI at the Duke Forest loblolly

Ameriflux site is taken from the Global Inventory

Modeling and Mapping Studies (GIMMS) dataset, which

is a normalized difference vegetation index (NDVI)

product that covers the period from 1981 to 2006 (Tucker

et al. 2004). The GIMMS dataset is derived from the

Advanced Very High Resolution Radiometer (AVHRR)

instrument imagery. In the following simulations, LP

trees have a prescribed LAI that is set to the observed

monthly-mean Duke loblolly forest values averaged be-

tween 2003 and 2005, unless otherwise noted. In the ab-

sence of observations, LP SAI is set to the default NET

values.

2) OPTIMIZATION METHOD AND

IMPLEMENTATION

We generate ensembles of simulations by running

CLM4 in offline mode with the new LP PFT forced with

observed meteorology and other surface conditions ap-

propriate to this site. The members of the ensemble are

distinguished by perturbed parameters in the PFT. The

PFT parameters are then optimized by minimizing the

difference between simulated and observed fluxes.

From diurnal to seasonal time scales, vegetation ex-

erts a biophysical effect on climate through the parti-

tioning of net radiation into sensible and latent heat

fluxes. Better representations of the seasonal changes in

photosynthesis and stomatal conductance are critical for

modeling energy fluxes of ecosystems (Xu and Baldocchi

2003). Since we are interested in the biophysical climate

feedbacks from LP establishment, we focus our opti-

mization on predicted sensible and latent heat fluxes.

We create a 36-member ensemble by changing two pa-

rameters that influence stomatal conductance through

the photosynthesis calculation: m (mp), the slope of con-

ductance to photosynthesis relationship (default m 5 6),

and f (flnr), the fraction of leafN in the Rubisco enzyme

(default f 5 0.05). For the inversion, we choose six

values of each to span the reasonable parameter space:

m5 5, 6, 7, 8, 9, and 10 and f5 0.05, 0.06, 0.07, 0.08, 0.09,

and 1.

We run CLM in site mode with atmospheric forcing

provided from the Duke loblolly forest flux tower. Each

TABLE 1. Total one-sided LAI (m2 m22) for January and June for

NET and LP.

Total LAI (m2 m22)

Month NET LP

January 4 1.5

June 4.5 6
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ensemble run is integrated for 11 yr with forcing data

from 1998 to 2008.We disregard the first 5 yr as a spinup

period and use the daytime [1000–1600 local time (LT)]

data from 2003 to 2005 to optimize the model parame-

ters. We choose the daytime period because it contrib-

utes the dominant diurnal variability in energy fluxes to

the atmosphere.

There are several methods to minimize the difference

between observations andmodeled output (Hasselmann

1998; Herbei et al. 2008; Murphy et al. 2004; Ricciuto

et al. 2008). Here, we use a Bayesian inference method

to characterize the uncertainty in climate model pa-

rameters. According to the Bayes theorem, the poste-

rior probability is proportional to the likelihood of the

data given the parameters multiplied by the prior prob-

ability of the parameters. For more details on the meth-

odology, the reader can refer to Goes et al. (2010). We

draw 10 000 samples of the posterior probability distri-

bution through a Markov chain Monte Carlo (MCMC)

method. We estimate two model parameters (m and f)

given the observations of sensible and latent heat flux

using the climatological-mean average daytime energy

flux observations based on the period 2003–05. As an

integral part of our normal multivariate likelihood func-

tion, we estimate three additional statistical parameters:

the bias coefficient, correlation length, and standard de-

viation. In the absence of a clear alternative, we choose

uniform priors for themodel parameters and for the bias

and correlation length statistical parameters. This method

accounts for cross correlation between the (measured–

modeled) residual time series and for autocorrelation in

each of the residual series. Neglecting autocorrelation in

the residuals can result in biased and overconfident pa-

rameter estimates. For the cross-covariance matrix, we

use an inverse Wishart prior following Goes et al. (2010).

The fact that we find a correlation value close to 1 and

an autocorrelation value near zero implies that the re-

siduals can be treated independently without the loss of

much information. We jointly optimize the model and

statistical parameters to calculate the joint posterior

probability density function (PDF). The final parameter

set chosen is based on median of the joint posterior

probability values. The inversion results for the param-

eters give the following values:m5 10 and f5 0.05 (see

Table 2 for the properties of the statistical distributions).

Results are described in section 4a below.

c. Experimental design

We perform coupled simulations using prescribed sea

surface temperatures (SSTs) to investigate the impact of

land-cover change in the SUS with atmospheric feed-

backs. All simulations described in this study use pre-

scribed PFT coverage and omit N cycling impacts. We

use the standard 28 CCSM4 resolution (1.98 in latitude

and 2.58 in longitude) and 26 levels in the vertical.

We develop three present-day (PD) climate scenarios

and one future scenario that are all forced with present-

day concentrations of greenhouse gases. The scenarios

are 1) a control simulation that uses the default NET

tree PFT (control); 2) replacement of all NET in the

SUS (135 million acres; 33% of SUS) with the new op-

timized LP PFT (using optimized m and f values) with

the default LAI values for NET (PD loblolly old LAI);

3) same as scenario 2 but utilizing the monthly Duke

Forest loblolly LAI values at all grid cells with LP (PD

loblolly); and 4) same as scenario 3, with an additional

conversion of 50 million acres (12% of SUS) of C4

grasslands to LP trees throughout the SUS (future lob-

lolly). Afforestation of C4 grasslands occurs along the

southern and western edges of our domain. While our

PD loblolly scenarios have more loblolly pine than the

most recent estimates, it was our decision, naturally sub-

jective, to produce experiments that are aligned with the

model baseline. Each simulation was 60 yr long. We dis-

card the first 20 yr of our simulations as a spinup period

and average over the last 40 yr to compute the climatol-

ogy and statistical significance.

We characterize the statistical significance of differ-

ences between our simulations using the Student’s t test

with the null hypothesis that the differences are indis-

tinguishable from unforced internal variability in the

same fields. The spatial distribution and magnitude of

the internal variability are derived from the control sim-

ulations. The significance is then evaluated at each grid

point by setting an upper bound p on the probability that

unforced variability could generate the time-mean dif-

ferences obtained at that point. In our figures, statistically

significant differences with p # 0.05 are stippled. This

method does not take into account how many grid cells

would be considered significant 1 out of 20 times (5%) by

random chance (Livezey and Chen 1983). A more rig-

orous statistical test would account for autocorrelation

within the time series, which can reduce the number of

false positives (Zwiers and von Storch 1995; von Storch

TABLE 2. Properties of the statistical distributions [median and

95% credible interval (CI)] of the parameter for each considered

source of information (LHFLX and SHFLX) and the posterior

(joint distribution considering all sources of information).

Obs

Parameters

m f

Median 95% CI Median 95% CI

LHFLX 10 1.93 0.05 0.96

SHFLX 7 0.04 0.06 0.03

Posterior 10 2.89 0.05 0.01

7646 JOURNAL OF CL IMATE VOLUME 25

4



and Zwiers 1999). Yet this test still would not account

for spatial correlation within fields (von Storch and

Zwiers 1999). Geopotential height, in particular, has long

correlation length scales (Findell et al. 2009) indicating

that height anomalies in adjacent grid cells may not be

independent. Rather than employ Bayesian methodology

to test field significance (Livezey and Chen 1983), one can

more easily use fewer degrees of freedom (Van den Dool

and Chervin 1986; Wang and Shen 1999; Findell et al.

2009). Here we examine whether our estimates of statis-

tical significance depend on the sampling period by com-

paring the statistically significant results at different time

periods within the last 40 yr of each simulation (similar to

Subin et al. 2012). This allows us to discuss only the sig-

nificant changes that were consistent among all time slices.

3. Results

a. Loblolly pine parameterization

The generic NET parameterization used in CLM sub-

stantially overestimates sensible heat flux and underes-

timates latent heat flux at diurnal, monthly, and seasonal

time scales. We calculated the average daytime (1000–

1600 LT) observations of energy fluxes averaged over the

years 2003–05. These values are constrained by our en-

semble spread (Fig. 1).

The new PFT parameter choices lead to a substantial

improvement in the seasonal sensible and latent heat

energy budgets (Fig. 1). Compared to the default NET

(control), LP trees decrease sensible and increase latent

heat flux.We performed a global CLMoffline run forced

byNationalCenters forEnvironmental Prediction (NCEP)

reanalysis data and replaced NET in the SUS with our

new optimized LP [parameter choices are described in

section 2b(2)]. Greater evapotranspiration reduces the near

surface atmospheric temperature. Averaged across the

SUS region, we predict a cooling of 0.28–0.758Cdue solely

to these parameter changes (m and f). Greater evapo-

transpiration within the canopy substantially reduces

monthly-mean ground evaporation by up to 8 W m22 and

consequently decreases soil moisture during summer.

b. Local changes

1) NET ENERGY BUDGET

We examine the difference in the energy budget terms

(net radiation, sensible heat flux, latent heat flux, and

ground heat flux) averaged over the SUS for our future

loblolly, control, and PD loblolly scenarios (Fig. 2).

Substituting the current distribution of LP for NET in

the SUS does not substantially alter the annual net ra-

diation but does lead to monthly differences as large as

1.5 W m22. Replacing grasslands with LP plantations

(future loblolly) leads to increases in net radiation as

large as 3–4 W m22 in the spring and 3 W m22 in July.

Afforestation replaces bright grassland with darker for-

ests that absorbmore incoming radiation. The SUS annual-

mean net radiation is 118.7, 118.4, and 120.6 W m22 in

the control, PD loblolly, and future loblolly scenarios,

respectively.

A change in radiant heating at the surface can alter

sensible and latent heat partitioning, which can in turn

FIG. 1. The average daytime (1000–1600 LT) (top) SHFLX and

(bottom) LHFLX (W m22) averaged over the period 2003–05.

Individual ensemble members are shown in gray, the observations

are shown in red, a run with default CLM parameters is shown in

blue, and the best ensemble member predicted from the Bayesian

inversion method is shown in green.
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impact boundary layer energetics and structure. Slightly

lower levels of net radiation decreases the sensible heat

fluxes in the PD loblolly scenario. However, increased

annual transpiration in LP compared to NET increases

the latent heat flux from 63.3 W m22 in the control

scenario to 66.4 W m22 in the PD loblolly scenario and

66.2 W m22 in the future loblolly scenario averaged

across the SUS. The largest difference, in both the PD

and future loblolly scenarios, occurs during the summer

when the LAI reaches its maximum value. The future

loblolly scenario results in an annually averaged in-

crease in latent heat flux of;3 W m22 and a decrease in

sensible heat flux of ;1 W m22. The PD loblolly simu-

lation increases (decreases) latent (sensible) annual heat

fluxes by;3 W m22. The reduction in sensible heat flux

is larger in the PD loblolly scenario than in the future

loblolly scenario since the LAI is much lower for grass

than for forest. Our future expansion scenario replaces

grasslands with forests, which increases the LAI and

surface roughness and therefore increases canopy evapo-

transpiration. The ground heat flux remains effectively

unchanged in all simulations.

2) EFFECT OF LAI CHANGES VERSUS PFT
PHYSIOLOGY CHANGES

In this section, we examine the impact of the imposed

LAI on climate by comparing the anomalies with respect

to the control. The LAI of LP is lower during winter and

higher by almost a factor of 2 during the summer com-

pared to NET. The local differences in energy fluxes

between the PD loblolly (old LAI) and PD loblolly and

the control are largely insignificant (Figs. 3a,b, 4a,b versus

FIG. 2. The averagemonthly difference between the future loblolly scenario and our control (red) and the PD loblolly

and control (blue) for (a) net radiation, (b) SHFLX, (c) LHFLX, and (d) ground heat flux.
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Figs. 3c,d, 4c,d), indicating that changes in the energy

fluxes are due to the PFT physiology changes (LP ap-

propriate m and f values) and not the LAI changes. Al-

though summertime [June–August (JJA)] differences in

SHFLX (Figs. 4a,c) and LHFLX (Figs. 4b,d) are similar

in magnitude, wintertime [December–February (DJF)]

differences are larger over the SUS with the imposed LP

LAI (PD loblolly) (Figs. 3a,c). LHFLX changes over the

oceanic regions north of Australia and the North Pacific

show similar responses in both the PD loblolly (old LAI)

and PD loblolly simulations (Figs. 3b,d, 4b,d).

The differences (with respect to the control) in hu-

midity (Fig. 5), clouds (Fig. 6), and 2-m air temperature

(Fig. 7) show regions where the atmospheric response is

affected by changes in LAI (Figs. 5a,b, 6a,b, 7a,b versus

Figs. 5c,d, 6c,d, 7c,d). In particular, atmospheric prop-

erties in the high-latitude regions of both the Northern

and Southern Hemisphere respond differently to the

newLPLAI. However, these regions typically have very

high interannual variability in temperature and cloud

cover, and therefore the difference in responses may not

be statistically significant.

The PD loblolly (old LAI) scenario results in lower

2-m air temperature and 2-m relative humidity during

winter over the SUS (Figs. 5a, 7a). During the summer,

there is higher humidity over western Eurasia and the

Middle East and a 0.58C increase in the 2-m air tem-

perature over northern Canada (Figs. 5b, 7b). These

changes are not observed in our PD loblolly scenario

(Figs. 5c,d, 7c,d).

3) LAND–ATMOSPHERE RESPONSE

In this section, we examine the atmospheric response

to replacing NET with LP (PD loblolly) and afforesting

C4 grasslands in the SUS (future loblolly). Our PD

loblolly simulation has the largest impact on the SUS

humidity, clouds, and temperature during the summer

compared to the control (Figs. 5d, 6d, 7d) because the

FIG. 3. The mean DJF (left) sensible and (right) LHFLX anomalies (W m22) for (a),(b) PD loblolly (old LAI)

minus control, (c),(d) PD loblolly minus control, and (e),(f) future loblolly minus control. Shaded grid cells represent

statistically significant cells (using a Student’s t test with p 5 0.05).
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PFT physiology changes have the largest impact on

summer energy fluxes (Figs. 3d, 4d) and because the

difference in LAI between LP and NET is largest in the

summer. These differences result in substantial changes

in the temperature and humidity of the boundary layer.

In JJA, afforestation and higher LAI (due to the

grassland conversion) in the future loblolly scenario in-

creases the interception of precipitation by the canopy

by 0.08 mm day21. Most of this water evaporates from

the leaf surfaces before reaching the ground, resulting

in lower ground evaporation, runoff, and water storage.

Summertime canopy transpiration increases over the con-

trol in both the PD (11 W m22) and future (15 W m22)

loblolly scenarios (not shown).

A statistically significant increase in the 2-m relative

humidity occurs during summer in all three scenarios over

the SUS with up to 5% higher humidity over Georgia

and South Carolina (Fig. 5). Humidity increases together

with evapotranspiration. The summertime PD loblolly

scenario shows a broader area of increased humidity

extending eastward from theRockyMountains compared

to the future loblolly scenario in which the area of in-

creased humidity is confined to the SUS (Figs. 5d,f). In

the future loblolly scenario, anticyclonic rotation over

the SUS brings moist air from the Gulf Stream inland,

whereas in the PD loblolly scenario more moisture is di-

rected from theGulf ofMexico into the central plains and

results in increased humidity in the interior United States.

Replacing grasslands with forest in the future loblolly

scenario reduces the surface albedo and therefore con-

tributes to an increase in net radiation at the surface

(Fig. 2a). This effect is reduced in part due to an increase

in low-level cloud cover that effectively limits radiation

at the surface. More moisture in the boundary layer in-

creases the summertime low-level cloud cover over the

SUS by ;2%–3%: that is, a 25% relative change in the

regional cloud cover (Fig. 6). The largest increase over

the SUS is predicted in the future loblolly scenario. In-

creased low-level clouds reduce solar heating at the

surface, and this lower insolation in turn cools the lower

FIG. 4. As in Fig. 3, but for the mean JJA.
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atmosphere by 0.58C between the surface and 600 hPa

(not shown).

Over the SUS in all three scenarios, the local 2-m air

temperature is significantly reduced by up to 18C during

the summer (Figs. 7d,f) and by 0.58C in the annual av-

erage. The maximum daily temperature is lower in the

summer for both the PD and future loblolly scenarios,

while the minimum daily temperature remains the same

in the PD loblolly and decreases by 0.58C in the future

scenario. Cooling stabilizes the lower atmosphere and

reduces the height of the planetary boundary layer by

50 m (not shown). Since cooler air holds less water va-

por, we would expect an increase in precipitation rate

over the SUS in the PD and future loblolly scenarios

(Fig. 8b). As expected, precipitation increases by

0.75 mm day21 over the central plains and by larger

amounts over the Gulf of Mexico in summer (Figs. 8b,d)

in both scenarios. Increased LHFLX also contributes to

increased precipitation over the central plains in sum-

mer. In winter, there is a significant increase in pre-

cipitation over the eastern United States in the future

loblolly scenario associated with a small increase in SUS

LHFLX at the expense of SHFLX.

c. Remote changes

1) NORTHERN HEMISPHERE CHANGES

In winter, the zonal-mean 2-m air temperature is re-

duced by 0.258C between 408 and 608N (Figs. 7c,e). Cool-

ing is strongest from Eastern Europe through Russia.

During the summer, cooling occurs over western Canada

and is largest in the future loblolly scenario (Fig. 7f). This

cooling is associated with greater lower-level cloud cover,

which reduces the shortwave radiation at the surface.

Higher geopotential heights (not shown) and in-

creased sea level pressure (;2 hPa) are predicted over

FIG. 5. (left) DFJ and (right) JJA 2-m relative humidity anomalies (percent) for (a),(b) PD loblolly (old LAI)

minus control, (c),(d) PD loblolly minus control, and (e),(f) future loblolly minus control. Shaded grid cells represent

statistically significant cells (using a Student’s t test with p 5 0.05).
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the Gulf of Alaska and Bering Sea during the winter

in our PD and future loblolly scenarios (Fig. 9). The

Aleutian and Icelandic lows are both semipermanent

lows through which synoptic-scale low pressure systems

frequently pass and intensify (Zhu et al. 2007). These

centers have significant effects on the atmospheric cir-

culation in the Northern Hemisphere. We predict a rel-

atively weakened Aleutian low. A slight northward shift

in the storm track is inferred from an increase in the

eddy kinetic energy (EKE) (a diagnostic for storminess)

poleward of 608N (Figs. 10b,c). Typically, cyclonic ro-

tation carries moist air from the Gulf of Alaska inland,

where it ascends at the southern edge of the mountains

resulting in cloud formation. A reversal in the circula-

tion results in less low-level cloud cover over Alaska and

western Canada and more low-level cloud cover over

the Gulf of Alaska (Figs. 6c,e).

In winter, the future loblolly scenario shows increased

sea level pressure near the Azores and decreased sea

level pressure near Iceland. This pattern is indicative

of the positive phase of the North Atlantic Oscillation

(NAO), which is a dominant pattern of large-scale var-

iability in the Northern Hemisphere.

An increase in precipitation over the western Sahel

and a small decrease over the Saharan desert occurs in

both our PD and future loblolly scenarios (Figs. 8b,d)

and results from changes in atmospheric circulation.

This feature is consistent with greater upper-level di-

vergence seen in the velocity potential field, a measure

of atmospheric divergence (Fig. 11). The velocity po-

tential, which is proportional to the irrotational com-

ponent of the wind field, is a measure of divergence and

convergence of the large-scale atmospheric circulation.

Negative (positive) velocity potential anomalies cor-

respond to regions of enhanced (suppressed) convec-

tion. In summer, upper-level atmospheric divergence

induces greater vertical velocity over the western Sahel

(Figs. 11b,d).

FIG. 6. As in Fig. 5, but for low-level cloud cover (percent).
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2) SOUTHERN HEMISPHERE CHANGES

Vorticity transport by a perturbed atmospheric di-

vergent circulation can result in teleconnections be-

tween tropics and extratropical regions (Sardeshmukh

and Hoskins 1987). The PD and future scenarios result

in increased velocity potential over the eastern Indian

Ocean in winter, indicating suppressed convection

(Figs. 11a,c). There is a notable shift in precipitation

from the tropics to the extratropics in the eastern Indian

Ocean and western Pacific. A decrease of 1 mm day21

occurs over the eastern Indian Ocean in both PD [PD

loblolly and PD loblolly (old LAI)] and future loblolly

simulations (Fig. 8). The winter precipitation rate in-

creases by similar magnitude over Australia. A decrease

in the 2-m air temperature occurs over southernAustralia

(Figs. 7c,e) and coincides with lower SHFLX (Figs. 3c,e),

higher LHFLX (Figs. 4c,e), and increased relative hu-

midity over Australia (Figs. 5c,e).

4. Discussion

We break new ground in analyzing the climate im-

pacts of bioenergy crops by parameterizing for an im-

portant bioenergy tree crop in the SUS and implementing

it in a state-of-art GCM. Our main focus is on the bio-

geophysical feedbacks resulting from the implementa-

tion of new trees and conversion of grasslands to forests.

Typically in middle to high latitudes afforestation has

a warming effect on climate due to increased solar ab-

sorption resulting from albedo changes (Gibbard et al.

2005; Bonan 2008). However, as shown in this study, LP

trees have higher evapotranspiration thanNET trees and

grasslands, which causes regional cooling. Additional

climate feedbacks could arise from BGC processes,

such as changes in carbon fluxes, with sizeable climate

impacts on regional and global scales. For instance, LP

trees are more productive than other forest types, and

therefore their establishment may act as an important

FIG. 7. As in Fig. 5, but for 2-m air temperature (kelvins). The zonally averaged 2-m temperature anomaly is to the right of each plot.
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regional sink of atmospheric carbon (Hedenus and Azar

2009). In opposition, harvest would decrease carbon

sequestration rates and may also act as a source of car-

bon to the atmosphere (Depro et al. 2008). The net ef-

fect of the life cycle of carbon in loblolly trees is

dependent on several factors, namely, site quality, rotation

length, management practices, and physiographic re-

gion. While there are several studies on this subject, the

inclusion of biomass harvest for fossil fuel offset has yet

to be considered. Therefore, additional research is

needed to characterize the full life cycle. The resulting

spatial and temporal heterogeneity in stand height, al-

bedo, andLAIwould alter the climate through changes in

the energy budget, hydrology, and atmospheric circula-

tion and indirectly affect the BGC cycle. We did not ac-

count for elevated CO2 in our future loblolly scenario.

However, increased carbon uptake by new LP planta-

tions may reduce some of the expected warming. Arora

and Montenegro (2011) found global cooling in their

partial and complete afforestation scenarios in which

croplands were converted to forests in conjunction with

a continuous increase in emissions. While we did not

account for these nontrivial anthropogenic influences, we

believe this study provides avenues for future research.

a. Albedo

Depending on the age of the stand, LP albedo ranges

from 0.25 to 0.31, which is larger than typical albedos of

other forest types (see Sun et al. 2010, their Table 5).

A higher albedo results in more reflection of incoming

radiation and possibly more surface cooling. Although

albedo is prognosed in the model, the actual cooling

from the introduction of LP plantations would be larger

than what is predicted in our scenarios since we have

retained the default NET leaf properties for LP. This

albedo effect may offset more anthropogenic warming

over the eastern United States. In our simulations, re-

placing grasslands with LP plantations (future loblolly

scenario) reduces the annual-mean albedo of the SUS

from 0.12 to 0.11.

b. Local changes

Our predicted local decrease in SHFLX and increases

in LHFLX associated with conversion of C4 grasses to

LP are consistent with observations contrasting Euro-

pean grasslands and forests (Teuling and Seneviratne

2011). Differences in available energy, canopy rough-

ness, and the timing of physiological functioning explain

the observed differences in SHFLX and LHFLX of the

contrasting vegetation surfaces. The higher summer LAI

and greater evapotranspiration that are characteristic of

LP act to cool the eastern United States.

c. Remote changes

Statistically significant changes in atmospheric circu-

lation throughout the Northern Hemisphere suggest that

FIG. 8. (left) DJF and (right) JJA total precipitation (convection and large scale) anomalies (mm day21) for (a),(b)

PD loblolly minus control and (c),(d) future loblolly minus control. Shaded grid cells represent statistically significant

cells (using a Student’s t test with p 5 0.05).
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expanding loblolly forests in the SUS will affect remote

climate through atmospheric teleconnections. In our sim-

ulations, replacing NET with LP leads to a zonally aver-

aged cooling of 0.258C between 408 and 608N and an

increase in the winter surface pressure over theAleutian

low. A change in the position and intensity of the Aleu-

tian low has implications for the storm track over the

North Pacific (Salathé 2006). The increase in the zonally

averaged EKE, a diagnostic for storminess (Lau 1988;

Chang et al. 2002) in the poleward direction, implies

a corresponding poleward shift in the North Pacific storm

track in our simulations.

Our results suggest regional land-use change in the

SUSmay impact the dominant modes of variability in the

Northern Hemisphere, such as the NAO (Wallace and

Gutzler 1981; Hurrell et al. 2003). During the winter, our

future loblolly simulation produces an increase in surface

pressure near the Azores and a decrease in pressure near

Iceland. This pattern suggests an expansion of LP plan-

tations in the SUSmight favor more positive phase NAO

events. While our predicted wind and temperature fields

are in agreement with observed changes associated with

positive NAO events (Hurrell 1995; Hurrell and Deser

2009), we do not predict a wetter Europe.

FIG. 9. Northern Hemisphere polar stereographic projection of (left) DJF and (right) JJA sea level pressure

anomalies (hPa) for (a),(b) PD loblolly minus control and (c),(d) future loblolly minus control. Shaded grid cells

represent statistically significant cells (using a Student’s t test with p 5 0.05).
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The suppression of precipitation over the Indian

Ocean may be related to dynamical reductions in the

synoptic upper-level atmospheric divergence. However,

the increased precipitation over Australia is apparently

due to increased LHFLX flux at the expense of SHFLX

flux over Australia. Increased evaporational cooling

reduces the 2-m air temperature and is accompanied by

higher 2-m humidity. Although low-level cooling could

stabilize the atmospheric boundary layer and inhibit

convection, our results show the elevated humidity en-

hances cloud growth and convective precipitation.

Regional-scale perturbations over the SUS may influ-

ence remote locations through the advection of vorticity

by the perturbations in the large-scale circulation. We

hypothesize that this mechanism may be responsible for

the change in energy fluxes over Australia.

d. Potential for storm damage

One billion tons of biomass is required annually in

order to reach the goal of replacing 30% of our current

petroleum consumption with biofuels by 2030 (Perlack

et al. 2005). Under a high crop yield scenario, 55 million

acres could be available from cropland, idle cropland,

and pastureland to grow perennial crops. In our future

loblolly scenario, we assume 50 million acres of grass-

land in the SUS are converted to LP plantations. This

change represents 90%of the total land area available to

grow perennial crops. However, many mechanisms could

impact the viability and productivity of such a change,

including changes in climate and extreme climate events.

There is appreciable risk of forest disturbance in the SUS

due to a variety ofmechanisms including a particularly high

susceptibility to hurricanes. In 2005, Hurricane Katrina

resulted in a loss of between 43.9 6 8.4 Tg C (Negrón-

Juárez et al. 2010) and 105 Tg C (Chambers et al. 2007)

because of forest destruction.

e. Caveats

Our predicted climate impact of expanding bioenergy

production in the SUS may be altered because of the

particulars of our simulations. First, the imposed leaf

properties of the LP may result in a land surface that is

too dark and a weaker predicted cooling. Second, our

simulations use fixed sea surface temperatures and

therefore constrain the effects of land-cover change.

Using a slab ocean model rather than prescribed SSTs

would allow the mixed layer temperature to adjust to

changes in predicted fluxes, rather than require large

changes in air–sea fluxes to hold SST constant. Future

work will include fully coupled simulations to examine

this effect.

In disagreement with recent estimates based on forest

inventory (Smith et al. 2009), CLMhas an unrealistically

FIG. 10. EKE (m2 s22) in DJF. The changes shown are for zonal-

and time-mean DJF kinetic energy for (a) the control, (b) PD lob-

lolly minus control, and (c) future loblolly minus control. Shaded

grid cells represent statistically significant cells (using a Student’s t

test with p 5 0.05).
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high amount of needleleaf evergreen trees at the ex-

pense of broadleaf deciduous trees in the SUS. It was our

decision, naturally subjective, to produce experiments

that are aligned with the model baseline. In this idealistic

scenario, we replace all needleleaf evergreen trees with

loblolly pines, therefore overestimating the number lob-

lolly pines in the SUS. Additionally, constraints from

disturbance, soil and land resources, and larger-scale cli-

mate changes may also limit the total areal conversion

expected. Although these scenarios are somewhat ex-

treme, they provide an upper limit to the potential climate

changes arising from the increased forest management

and continued growth of biofuels.

We predict a 0.758 and 18C cooling in our respective

PD and future loblolly scenarios. In our scenarios, in-

cluding the future loblolly, greenhouse gas concentra-

tions remain fixed at year 2000 levels. The A1B scenario

(Christensen 2007) predicts a 18Cwarming over much of

the SUS due to anthropogenic warming associated with

increasing greenhouse gas concentrations by 2029. There-

fore, our expected cooling from LP plantations may be

overcome by anthropogenic warming within the next

two decades. It is important to note that the southeast-

ern United States is a biogenic volatile organic com-

pound (BVOC) emission hot spot. BVOCemissions from

forests produce harmful tropospheric ozone that forms

a cooling haze in the summer (Goldstein et al. 2009).

Afforestation may increase BVOC emission rates and

exacerbate regional cooling in the future.

5. Conclusions

We have developed a new CLM4 plant functional

type for LP, an important biofuel feedstock crop and

also the most planted forest species in the United States,

in order to study the climatic effects from large-scale

introduction of these trees. With our new PFT param-

eterization, we examine the future climate impacts of

expanding woody crops, specifically LP plantations, in

the SUS.We find that a plausible, regional introduction

of biofuels has both local and remote climate impacts.

Vegetation can influence climate through biophysical

effects. LP trees influence atmospheric processes differ-

ently than the default NET through its effect on parti-

tioning net radiation into LHFLX and SHFLX. Our

results show that LP trees increase LHFLX and de-

crease SHFLX compared to the default NET. Increased

LHFLX is largely due to increased canopy transpiration.

Greater evapotranspiration reduces the near-surface

(2 m) air temperature by more than 18C in our PD and

future loblolly simulations. This finding suggests that

there may be a regional bias in CCSM4, since the default

PFT in its CLM4 land component does not accurately

represent these dominant trees.

Our results show that future afforestation with LP

under an extreme scenario of expansion cools the North-

ern Hemisphere midlatitudes, weakens the Aleutian low,

shifts the North Pacific storm track poleward, and has

implications on Australian hydroclimate via atmospheric

FIG. 11. As in Fig. 8, but for the velocity potential (m2 s21).
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teleconnections. It is clear that the biophysical responses

to our imposed land-cover change can have large impacts

on local and global climate and that these effects need to

be considered in analyses of biofuel feedstock production.
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