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Willow Hallgren*†, Adam Schlosser* and Erwan Monier*
Abstract
The impact on climate of future land-use and energy policy scenarios is explored using two landuse frameworks: (i) Pure Cost Conversion Response (PCCR), or 'extensification', where the price
of land is the only constraint to convert land to agricultural production, including growing
biofuels, and (ii) Observed Land Supply Response (OLSR), or 'intensification', where legal,
environmental and other constraints encourage more intense use of existing managed land. These
two land-use frameworks, involving different economic assumptions, were used to explore how the
large-scale plantation of cellulosic biofuels to meet global energy demand impacts the future
climate. The land cover of the Community Atmospheric Model Version 3.0 (CAM3.0) was
manipulated to reflect these two different land-use and energy scenarios (i.e. biofuels and no
biofuels). Using these landscapes, present and future climate conditions were simulated to assess
the land cover impact. In both the intensification and extensification scenarios, the biofuel energy
policy increases the land reflectivity of many areas of the globe, indicating that biofuel cropland is
replacing darker land-vegetation, which directly leads to cooling. Moreover, the extensification
framework—which involves more deforestation than the intensification framework—leads to
larger increases in the reflectivity of the Earth's surface and thus a stronger cooling of the land
surface in the extratropics. However, the deforestation which occurred in the tropics produced an
increase in temperature due to a decrease in evaporative cooling and cloud cover, and an
increase in insolation and sensible heating of the near surface. Nevertheless, these surface-air
temperature changes associated with land-use are smaller than the effect from changes in the
trace-gas forcing (i.e. the enhanced greenhouse effect), although over some regions the land-use
change can be large enough to counteract the human-induced, radiatively forced warming. A
comparison of these biogeophysical impacts on climate of the land-use and biofuel policies with
the previously published biogeochemical impact of biofuels indicates the dominance of
biogeophysical impacts at 2050.
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1. INTRODUCTION
Economic studies estimate that future global energy demands will increase from the about 400
exajoules of world commercial energy consumption at the end of the 20th century—15% of
which is from non-fossil fuel sources—to between 550 and 1000 exajoules per year in 2050,
depending on the availability of resources, and how policies to limit greenhouse gases affect
energy demands in the future (Clarke et al., 2007; Melillo et al., 2009a). To meet these future
energy demands, biofuels have been proposed as a potential low-carbon energy source that,
along with other technologies (nuclear, hydro, wind, solar), will also reduce greenhouse gas
emissions and provide some mitigation to global warming (Pacala and Socolow, 2004; Farrell et
al., 2006). Such alternate energy technologies would need to be implemented at very large
scales, and although there has been some investigation into the climate impact on large scale
wind farm installations (Wang and Prinn, 2010), apart from the impact on carbon emissions,
there has been little research into the environmental impact of large scale biofuels plantation,
with biofuel impact studies so far limited to small (local or sub-regional) scales (Searchinger et
al., 2008; Tilman et al., 2006; Fargione et al., 2008; Scharlemann and Laurance, 2008; The
Royal Society, 2008).
However, there is good reason to suspect that such large-scale biofuel plantations will likely
have a large impact on the Earth’s land surface, including the possibility of large areas of
deforestation to make way for biofuels. There are many studies investigating the climate impact
of land-use change, and also specifically deforestation (e.g., Pitman et al., 2009; Bonan et al.,
2008; Henderson-Sellers et al.,1993; Lee et al., 2011). The evidence showing how deforestation
can impact regional climate, with potential, and even likely, teleconnections, would suggest the
need for a study which investigates the direct climatic impact of extensive land cover change due
to future large scale planting of biofuels, in the context of changes in climate which are projected
to occur in the period when the biofuel policy is being implemented. However, the use of
biofuels to supply growing energy demands occurs in a complex context of economic factors
(such as food prices, land prices etc.), population growth, environmental regulation, etc., which
ideally should be taken into account when projecting where and how much biofuel crops are
planted.
Melillo et al. (2009a) used a computable general equilibrium (CGE) model of the world
economy, the MIT Emissions Predictions and Policy Analysis (EPPA) model (Paltsev et al.,
2005; Gurgel et al., 2007), coupled with a process-based terrestrial biogeochemistry model, the
Terrestrial Ecosystem Model (TEM) (Melillo et al., 1993; Felzer et al., 2004; Sokolov et al.,
2008), to generate two real-world global land-use scenarios in which an ambitious global
cellulosic biofuels program over the first half of the 21st century was implemented to help meet
2

future energy demand. The biofuels scenarios were modeled within the framework of a global
climate policy to control greenhouse gas emissions from industrial and fossil fuel sources, with
the goal of stabilizing atmosphere’s CO2 concentration at 550 ppmv, not taking into account the
feedbacks from land-use change (Paltsev et al., 2008), which will be addressed in future
research. The climate policy makes fossil fuel use more expensive and expedites the introduction
of biofuels, increasing the size of the industry. The two land-use scenarios differed in terms of
the economic frameworks, in which there were different constraints on the land supply which
favored either deforestation or intensification of agricultural activities, in order to supply land to
grow biofuels, as will be described in more detail below.
Melillo et al. (2009b) investigated the biogeochemical impact of these biofuel and land-use
policies on the carbon balance, as well as the impacts on biodiversity, and the human footprint of
the two land-use scenarios. This study builds on their analytical framework and sets out to
investigate the climatic impact of a global cellulosic biofuels program up to 2050, in both of
these economic scenarios, in the context of a changing climate. We address multiple questions of
whether the policy of using biofuels to meet future energy needs has a statistically significant
impact on a variety of local and non-local measures of climate, and compare this to the case
where the biofuels policy is not implemented. We explore whether the economic framework used
(and hence the presence or lack of environmental constraints on land-use) has a statistically
significant impact on future climate; and how much of the total climate change seen in 2050 is
solely due to land cover change, and how much is solely due to radiative forcing. We also
compare the biogeophysical impact of biofuels production, as indicated by the temperature
response resulting from the land-use changes implemented in our study, to the biogeochemical
impact of biofuels, shown by Melillo et al. (2009b).
2. METHODS
2.1 Models Used
In this study, scenarios of land-use and cover (e.g., areas of cropland, tropical forests, etc.) are
generated to reflect different economic frameworks and biofuel policy in 2050 by the coupling of
an economics and ecological model within an integrated climate impact assessment framework
(IGSM version 2.2) (Prinn et al., 1999; Sokolov et al., 2005). Areas of biofuel production were
derived from the coupled economics-earth system-ecosystem model (Figure 1; stippled area),
and fed into a coupled global climate-land surface-slab ocean model (Figure 1; non-stippled
area), in order to simulate the impact on the global climate. These models are described in more
detail below.
2.1.1. Community Atmosphere Model (CAM 3.1)
The National Center for Atmospheric Research (NCAR) Community Atmosphere Model
(CAM 3.1) is the fifth generation of the NCAR atmospheric GCM (Collins et al., 2004). This
global climate model incorporates the NCAR Community Land Model (CLM), Version 3.0
(Oleson et al., 2004), which is a Land Surface Model run as a component model within CAM. In
3

this study, CAM is also run with a slab ocean model in order to be able to generate some of the
non-local feedbacks resulting from land cover change. The coupled CAM-CLM was run at a 2° x
2.5° resolution in this study.

Figure 1. The offline coupling of IGSM 2.2 and CAM3.1-CLM3.0 used in this study. The
stippling indicates the modeling framework used in Melillo et al. (2009).

CAM3.1 was first used in this study to generate initial states for both the atmosphere and land
surface using output from a 20 year data-only model run (using fixed sea surface temperatures)
for both the years 1990 and 2050. Then, two initialized equilibrium runs of 80 years each were
done, using a simple, but interactive slab ocean model; the output was verified to have reached
equilibrium, and the last 50 years of model output from both simulations was used for analysis.
2.1.2. Community Land Model (CLM3.0)
The NCAR Community Land Model, Version 3.0 is the land surface model used with
CAM3.0 and the Community Climate System Model (CCSM3.0) (Vertenstein et al., 2004). It is
an improved, expanded version of its predecessor, the NCAR Land Surface Model (NCAR
LSM), a community-developed land model focusing on biogeophysics, and now includes the
carbon cycle, vegetation dynamics, and river routing (Oleson et al., 2004).
The CLM is designed for coupling to atmospheric numerical models. It provides surface
albedos (direct beam and diffuse for visible and near-infrared wavebands), upward longwave
radiation, sensible heat flux, latent heat flux, water vapor flux, and zonal and meridional surface
stresses required by atmospheric models. These are regulated in part by many ecological and
hydrological processes, and the model simulates processes such as leaf phenology, stomatal
physiology, and the hydrologic cycle. The model accounts for ecological differences among
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vegetation types, hydraulic and thermal differences among soil types, and allows for multiple
land cover types within a grid cell (Oleson et al., 2004). Spatial land surface heterogeneity in
CLM is represented as a nested subgrid hierarchy in which grid cells are composed of multiple
land units, snow/soil columns, and plant functional types (PFTs). Each grid cell can have a
different number of land units, each land unit can have a different number of columns, and each
column can have multiple PFTs. The vegetated land unit consists of a single column with up to
four, out of a total of 17, PFTs occupying space on the column.
Biogeophysical processes are simulated for each subgrid land unit, column, and PFT
independently, and include vegetation composition, structure, and phenology, the absorption,
reflection, and transmittance of solar and longwave radiation, momentum, sensible and latent
heat fluxes, ground evaporation, canopy evaporation, transpiration, canopy and soil hydrology,
stomatal physiology and photosynthesis (Oleson et al., 2004).
2.2 Data Used
The data used in the study consists of 1-year snapshots at 1990 and 2050, of land cover as
simulated by a process-based terrestrial biogeochemistry model, TEM (Melillo et al., 1993;
Felzer et al., 2004; Sokolov et al., 2008), coupled to a CGE model of the world economy, the
MIT EPPA model (Paltsev et al., 2005; Gurgel et al., 2007; and also described in Melillo et al.,
2009a).
The Melillo et al. (2009a) integrated modeling study used greenhouse gas emissions, as
projected by EPPA, to drive a coupled atmospheric and climate module within the MIT
Integrated Global System Model (IGSM), version 2.2 (Prinn et al., 1999; Sokolov et al., 2005)
which simulates the future climate that then drives the TEM to simulate changes in crop, pasture,
and forest productivity due to changing climate, levels of CO2 and tropospheric ozone. These
projected changes in productivity are then fed back to the EPPA model to change agricultural
yields (Reilly et al., 2007a), and along with changing demand for agricultural products, as driven
by population and income growth, this leads to reallocations of land among uses, and
conversions of land among land types (Melillo et al., 2009a). These changes in land-use are fed
back into the TEM to produce the land cover change data which is used in this study. As well as
this output data from TEM, radiative forcing variables (trace gases (CO2 etc.), aerosol
concentration, the solar constant) from a 550 ppm stabilization scenario climate simulation by
the IGSM were used in CAM to simulate the climate in 2050.
2.3 Modification of the Land Surface in CLM
In order to utilize the EPPA-IGSM-TEM derived land cover data we had to translate the
IGSM-TEM land cover classification scheme, consisting of 34 land cover types (plus bare
ground) to the CLM3.0 classification scheme, consisting of 16 PFT types (plus bare ground)
required by the CLM3.0 input land surface dataset. Table 1 lists the land cover types for both
IGSM-TEM and CLM3.0.
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Table 1. Land cover classification schemes for IGSM-TEM and CLM3.0.
Description of Land Cover Type

Code for PFT

IGSM-TEM

CLM

BG

0

0

Needleleaf evergreen tree (temperate)

NETTe

1

1

Needleleaf evergreen tree (boreal)

NETB

2

2

Needleleaf deciduous tree (boreal)

NDTB

3

3

Broadleaf evergreen tree (tropical)

BETTr

4

4

Broadleaf evergreen tree (temperate)

BETTe

5

5

Broadleaf deciduous tree (tropical)

BDTTr

6

6

Broadleaf deciduous tree (temperate)

BDTTe

7

7

Broadleaf deciduous tree (boreal)

BDTB

8

8

Broadleaf evergreen shrub (temperate)

BESTe

9

9

Broadleaf deciduous shrub (temperate)

BDSTe

10

10

Broadleaf deciduous shrub (boreal)

BDSB

11

11

C3 arctic grass

C3AG

12

12

C3 grass

C3G

13

13

C4 grass

C4G

14

14

Crop #1 (corn)

CR1

15

15

Crop #2 (‘wheat’, currently uncharacterised)

CR2

16

16

Bare ground

Wetlands tree (tropical)

17

Wetlands no tree (tropical)

18

Wetlands tree (temperate)

19

Wetlands no tree (temperate)

20

Wetlands tree (boreal)

21

Wetlands no tree (boreal)

22

Mangroves

23

Coastal salt marsh

24

Inland salt marsh

25

Floodplains tree (tropical)

26

Floodplains no tree (tropical)

27
continued on page 7
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Table 1 continued
Description of Land Cover Type

Code for PFT

IGSM-TEM

Floodplains tree (temperate)

28

Floodplains no tree (temperate)

29

Glaciers

30

Lakes

31

Rice paddies

32

Pastures

33

Urban

34

CLM

In order to translate the IGSM-TEM land cover classification scheme to that required by
CLM3.0, some decisions about how to reclassify the IGSM-TEM land cover types 18–35 had to
be made. Since 100% of the IGSM-TEM land cover had to be accounted for in the
reclassification process, some of the reclassifications were not ideal; for example, the IGSMTEM classification scheme had several types of wetland, and with no equivalent CLM vegetation
type, these wetland land cover types were reclassified as bare ground, even though this is clearly
not a suitable category. There were other land cover types in IGSM-TEM which had no
equivalent: land cover types 30, 31 and 34 are registered by the IGSM-TEM output dataset but
they are not assigned any land area, so these have safely been recategorized as bare ground.
Where an IGSM-TEM land cover type could be justifiably reclassified as more than one of the
CLM PFTs, it has been split into two or more percentages of CLM PFTs (e.g. IGSM-TEM
vegetation type #23 (mangroves) has been split evenly into constituting 50% of CLM PFT# 4,
and 50% of CLM PFT# 5. Table 2 details exactly how the 35 IGSM-TEM land cover types
were translated into 17 CLM PFTs.
2.4. Modeling Scenarios
This study investigates the impact of large scale biofuel plantations on climate using two
different economic land-use scenarios, or frameworks, as simulated by EPPA, which have the
same economic growth and meet the same limit on industrial and fossil fuel greenhouse gas
emissions. The two economic frameworks used in this study represent two economically
plausible scenarios:
2.4.1. Pure Conversion Cost Response Model (PCCR)
This scenario (or framework) makes all land available for biofuels crops or other managed
uses as long as the economic return on the land exceeds the cost of conversion and improvement.
This scenario can be thought of as the “deforestation" or "extensification" scenario because it
involves large-scale deforestation in support of biofuels production, either directly or indirectly.
The direct link between deforestation and biofuels is when forests are cleared to establish
7

biofuels crops (Fargione et al., 2008). The indirect link is when biofuel production moves on to
croplands or pastures, and causes new forest clearing to relocate agriculture (Melillo et al.,
2009a).
Table 2. Converting from 35 TEM land cover/vegetation types to 17 CLM vegetation types.

CLM Land Cover Type
Bare ground

IGSM-TEM Land Cover Types Fitted to CLM
Categories
Bare ground
Wetlands no tree (tropical) +
Wetlands no tree (temperate) +
Wetlands no tree (boreal) +
Floodplains no tree (tropical) +
Floodplains no tree (temperate)

Needleleaf evergreen tree (temperate)

Needleleaf evergreen tree (temperate)

Needleleaf evergreen tree (boreal)

Needleleaf evergreen tree (boreal)

Needleleaf deciduous tree (boreal)

Needleleaf deciduous tree (boreal) +
0.5 * Wetlands tree (boreal)

Broadleaf evergreen tree (tropical)

Broadleaf evergreen tree (tropical) +
0.5 * Wetlands tree (tropical) +
0.5 * Floodplains tree (tropical) + 0.5 * Mangroves

Broadleaf evergreen tree (temperate)

Broadleaf evergreen tree (temperate) +
0.5 * Wetlands tree (temperate) +
0.5 * Floodplains tree (temperate) + 0.5 * Mangroves

Broadleaf deciduous tree (tropical)

Broadleaf deciduous tree (tropical) +
0.5 * Wetlands tree (tropical) +
0.5 * Floodplains tree (tropical)

Broadleaf deciduous tree (temperate)

Broadleaf deciduous tree (temperate) +
0.5 * Wetlands tree (temperate) +
0.5 * Floodplains tree (temperate)

Broadleaf deciduous tree (boreal)

Broadleaf deciduous tree (boreal) +
0.5 * Wetlands tree (boreal)

Broadleaf evergreen shrub (temperate)

Broadleaf evergreen shrub (temperate) +
0.5 * Coastal salt marsh + 0.5 * Inland salt marsh

Broadleaf deciduous shrub (temperate)

Broadleaf deciduous shrub (temperate)

Broadleaf deciduous shrub (boreal)

Broadleaf deciduous shrub (boreal)

C3 arctic grass

C3 arctic grass
continued on page 9
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Table 2 continued
CLM Land Cover Type
C3 grass

IGSM-TEM Land Cover Types Fitted to CLM
Categories
C3 grass + 0.5 * Coastal salt marsh +
0.5 * Inland salt marsh

C4 grass

C4 grass

Crop #1 (corn)

Crop #1 (corn) + Rice paddies + Pastures

Crop #2 (‘wheat’, currently uncharacterised)

*** BIOFUELS from IGSM-tem***

2.4.2. Observed Land Supply Response Model (OLSR)
This alternative scenario limits access to unmanaged land (e.g., tropical forests), with the
limits based on the recent history of regional land conversion rates. This approach results in
slower rates of deforestation than would be predicted by cost estimates alone (Gurgel et al.,
2007). This scenario can be thought of as the “intensification scenario” because one possible
result of limited access to new land is that existing managed lands will be used more intensively,
with increased inputs of capital, labor and materials such as fertilizers. For each scenario, the
initial land cover distribution is based on the land cover distribution for the year 2000, which has
been derived by reorganizing the gridded land-use transitions data sets of Hurtt et al. (2006) for
use by TEM and EPPA (Melillo et al., 2009a).
Both of these land-use trajectories consider two energy-policies: with and without the
inclusion of cellulosic biofuel penetration into the global energy resource portfolio. Energy from
cellulosic biofuels plays an important part in the global primary energy supply in 2050 in both
scenarios where biofuels are included: 141 exajoules (EJ) yr-1 in the deforestation scenario and
128 EJ yr-1 in the intensification scenario. This is enough to meet at least 10% of the projected
global energy requirement in 2050 (Melillo et al., 2009a).
2.5. Experimental Design
A total of six simulations were done using the CAM3.1 model set-up, which are detailed in
Table 3. These consisted of (1) a 1990 CLM simulation using the IGSM-TEM derived land
cover types which have been reclassified into CLM PFTs (Table 2); both the climate forcing and
land surface data are set to 1990. Simulation (2) was conducted with the climate forcing set to
2050 conditions (i.e. information about the aerosol forcing, CO2 concentrations, etc.), and the
land surface data set to 1990 conditions, with the aim of comparing this simulation to (1) in order
to isolate the impact of the atmospheric forcing alone. Simulations (3) to (6) were conducted
with both the climate forcing and the land surface dataset set to 2050 conditions, for each of the
four scenarios—two simulations each for the PCCR and OLSR economic frameworks, one with
a cellulosic biofuel-based energy policy implemented in 2026 in the original IGSM-TEM data,
and one where this energy policy is not implemented.
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The results of these simulations were used in a series of analyses designed to show the climate
impact of land cover change from 1990 to 2050, for each of the four scenarios in 2050, and then
to elucidate the causes of the changes. These analyses are listed in Table 4. In order to compare
the biogeophysical surface temperature this global biofuel energy policy with the results of
Melillo et al. (2009) which show the biogeochemical temperature response, another two CAM
simulations were conducted which added onto the default CO2 used by CAM3.1 the total (i.e.
direct and indirect) carbon gain (or loss) to the atmosphere (in ppmv CO2) from both the
deforestation-with-biofuels (i.e. PCCR) and intensification-with-biofuels (OLSR) scenarios, as
calculated by Melillo et al. (2009), minus a fraction (approximately 20%, derived from IGSM
simulations) of CO2 which is taken up by the terrestrial biosphere. As such, the biogeochemical
impacts on global surface temperature can be isolated and then compared to the biogeophysical
impacts in a realistic way.
Table 3. CAM3.1 Simulations.
land
cover
at
year

Trace gas
(atmospheric)
forcing at
year

Economic
framework

Biofuels
policy

Purpose

Simulation

Name

1

‘temls1990’*

1990

1990

None

None

Control for policy runs

2

‘s50t90’**

1990

2050

None

None

Compare to policy runs to
isolate land cover change

3

‘pccr’

2050

2050

PCCR

Yes

Analyze biofuels impact

4

‘pccr-nb’

2050

2050

PCCR

None

Compare to biofuels case

5

‘olsr’

2050

2050

OLSR

Yes

Analyze biofuels impact

6

‘olsr-nb’

2050

2050

OLSR

None

Compare to biofuels case

7

‘pccr +
extra CO2’

2050

2050

PCCR

Yes

8

‘olsr + extra
CO2’

2050

2050

PCCR

Yes

* (Atmosphere at 1990, TEM land Cover at 1990)
** (Atmosphere at 2050, TEM land cover at 1990)

10

Analyze impact of CO2
emitted as a result of
biofuels policy
Analyze impact of CO2
emitted as a result of
biofuels policy

Table 4. Analyses performed using results of 6 CAM3.1 simulations.
Analysis

The difference of 2 simulations:

Shows impact of:

1

‘s50t90’ – ‘temls’

2

‘PCCR ‘ – ‘s50t90’

3

‘PCCR-NB ‘ – ‘s50t90’

Land cover change only

4

‘OLSR ‘ – ‘s50t90’

Land cover change only

5

‘OLSR-NB ‘ – ‘s50t90’

Land cover change only

6

‘PCCR ‘ – ‘temls’

7

‘PCCR-NB ‘ – ‘temls’

8

‘OLSR ‘ – ‘temls’

9

‘OLSR-NB ‘ – ‘temls’

10

‘PCCR’ – ‘OLSR’

11

‘PCCR’ – ‘PCCR-NB’

12

‘PCCR+extra CO2’ – ‘PCCR’

CO2 from biofuels in the PCCR
framework

13

‘OLSR+extra CO2’ – ‘OLSR’

CO2 from biofuels in the OLSR
framework

Climate change (from 1990 to
2050) only: the land cover is
held constant
Land cover change only (in the
PCCR-biofuels scenario)
(PCCR-no biofuels scenario)
(OLSR-biofuels scenario)
(OLSR-no biofuels scenario)
Land cover change + climate
change (PCCR biofuels)
Land cover change + climate
change (PCCR, no biofuels
scenario)
Land cover change + climate
change (OLSR biofuels )
Land cover change + climate
change (OLSR, no biofuels )
Economic framework, with
biofuels
Biofuels in the PCCR
framework

3. RESULTS AND DISCUSSION
The different economic frameworks and the implementation of a biofuel energy policy
changes the distribution of land cover, including vegetation types, and alters the reflectivity of
the land surface. This changes the amount of energy available at the surface to heat the
atmosphere and evaporate water, which impacts climate on local to global scales. The following
analysis will differentiate the impact on climate of the four different economic
framework/biofuel policies, and also in terms of the impact from just land cover change (LCC)
11

alone, as well as the impact from LCC combined with the impact of radiative forcing. Lastly, a
comparison is made of the biogeophysical and biogeochemical impacts of land-use change due
to biofuels.
3.1 IGSM-TEM Land Cover Change from 1990 to 2050: 4 Scenarios
An analysis of the changes in percent PFT between 1990 and 2050 for all four land-use/policy
scenarios reveals that one-third of the PFTs showed no or only very minor changes over this
period (defined as no changes anywhere which exceeded 10%), and that in the PCCR scenarios
there were fewer PFTs which changed so little; these were PFTs 1 (bare ground), 6 (broadleaved
evergreen tree, temperate), 9 (broadleaved deciduous tree, boreal), 10 (broadleaved evergreen
shrub, temperate) and 13 (C3 Arctic grass). In both the OLSR scenarios, with and without
biofuels, there were 8 PFTs showing such trivial changes: PFTs 1 (bare ground), 4 (needleleaf
deciduous tree, boreal), 6 (broadleaf evergreen tree, temperate), 9 (broadleaf deciduous tree,
boreal), 10 (broadleaf evergreen shrub, temperate), 12 (broadleaf deciduous shrub, boreal), 13
(C3 Arctic grass) in the case of OLSR and 7 (broadleaf deciduous tree, tropical). In the OLSRwithout-biofuels scenario, PFT 2 (needleleaf evergreen tree, temperate) also showed very little
change.
In both of the PCCR scenarios there were many PFTs which showed major changes (defined
as a change anywhere in the world which exceeded 20%). These PFTs were 3 (needleleaf
evergreen tree, boreal), 4 (needleleaf deciduous tree, boreal), 5 (broadleaf evergreen tree,
tropical), 11 (broadleaf deciduous shrub, temperate), 14 (C3 grass), 15 (C4 grass), 16 (crop 1)
and 17 (crop 2, i.e. biofuels). In terms of both spatial extent and percentage change, the PFTs
which showed the most change were both of the crop PFTs (16 and 17), PFTs 5 (broadleaf
evergreen tree, tropical) and 7 (broadleaf deciduous tree, tropical) in the tropics, PFTs 3 and 4
(needleleaf evergreen and deciduous trees, boreal) in the boreal zone and PFT 11 (broadleaf
deciduous shrub, temperate) in the temperate latitudes. The PFTs which showed major changes
in the OLSR-with-biofuels were PFTs 3, 5, 7, 14, 15, 16, and 17. The absence of biofuels results
in much less of a change in PFTs 7 and 15. These percent PFT changes for all four scenarios are
shown in Figure 2a-2d. A visual analysis of these maps indicates that the biofuels grown in the
PCCR scenario (i.e. “crop 2”) replace, to some extent, PFTs 8, 5, 11, and 14, and PFT 15 to a
lesser extent also. Crop 1 (non-biofuels cropland) replaces PFTs 11, 3, 5 (in Africa), 7 and 14. In
the OLSR scenario, it is apparent that a lot of the biofuel crop is replacing (or perhaps
displacing) crop 1 (PFT 16), particularly in Africa and South America, whereas in the PCCR
scenario there is greater (i.e. higher percentage) replacement of crop 1 in north America, and
biofuel growth in Eurasia—replacing PFT 3 (needleleaf evergreen tree, boreal).
3.2. The Impacts of Different Land-Use and Biofuels Policies on the Surface Climate
In order to understand the global impact of changing the land cover according to the four
land-use and biofuel scenarios, the global 50 year annual mean (weighted for latitude) was
calculated for the variables of interest, discussed below. Their global annual means are listed in
Table 5.
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3.2.1. Albedo, Net Radiation and the Surface Energy Balance
The change in land cover as a result of implementing a global-scale biofuels-based energy
policy leads to marked changes in the reflectivity of the land surface, or albedo, in the PCCR and
OLSR scenarios that incorporate biofuels (Figure 3). Generally speaking, cropland has a higher
albedo () than the forested land. This has the effect of changing the radiation budget of the land
surface, which can be written as:

Rn  (1   )SW  ILW  OLW

(1)

where Rn= net radiation, SW = incoming solar radiation, ILW = incoming longwave radiation,
and OLW = outgoing longwave radiation. Albedo has a direct influence on net radiation and
therefore determines how much energy is available at the surface for partitioning into the latent,
sensible and ground (soil) heat fluxes, called the energy balance, which is a major determinant of
land-surface temperature, the equation for which can be written as:

C

dT
 Rn  LH  SH  G  A
dt

(2)

where SH = sensible heat flux, LH = latent heat flux, G = ground heat flux, T = temperature of
land surface, C = heat capacity of the land surface, and A = energy advection (Oke, 1987).
Energy advection (A) is not considered here, as it is assumed to be of negligible influence.
Among the land-use scenarios considered, the largest changes in albedo occur for the PCCR case
(Figure 2), which is due to the greater extent of deforestation in this economic framework
controlling land-use, and also due to the greater extent of cropland grown of all the four
scenarios considered in this study (also in terms of the intensity of plantations within the areal
extent of cropland). Specifically, for the PCCR-without-biofuels case, large areas of increased
albedo in the high northern latitudes are seen (Figures 2c and 2d), with the strongest increases
over Siberia where large areas of needleleaf evergreen tree (boreal) have been deforested. By
comparison, for the OLSR case (Figures 2e and 2f) these albedo increases in the high northern
latitudes are absent.
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Figure 2 (a). Maps showing the percent change over time in the PCCR-with-biofuels
scenario.
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Figure 2 (b). Maps showing the percent change over time in the OLSR-with-biofuels
scenario.
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Figure 2 (c). Maps showing the percent change over time in the PCCR-without-biofuels
scenario.
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Figure 2 (d). Maps showing the percent change over time in the OLSR-without-biofuels
scenario.

* The percent PFT maps for 1990 and the four land-use/biofuels scenarios are in Appendix 1.
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Table 5. Weighted Global 50-year Annual Means for albedo, surface temperature and
energy balance terms (changes from 1990-2050, and absolute values).

Variable

Units

Scenario
Ext. with biofuels
Ext. without biofuels

Global Albedo

(fraction)

Int. with biofuels
Int. without biofuels
Ext. with biofuels
Ext. without biofuels

2m surface
temperature

K

Int. with biofuels
Int. without biofuels
Ext. with biofuels
Ext. without biofuels

Latent heat
flux

W m–2

Int. with biofuels
Int. without biofuels
Ext. with biofuels
Ext. without biofuels

Sensible heat
flux

W m–2

Int. with biofuels
Int. without biofuels
Ext. with biofuels
Ext. without biofuels

Surface net
radiation

–2

Wm

Int. with biofuels
Int. without biofuels

Change due
to LCC only

Overall
change,
CC+LCC

0.012

0.009

0.005

0.002

0.234

0.006

0.003

0.230

0.003

–0.001

288.256

–0.258

0.493

–0.139

0.612

288.368

–0.146

0.605

288.466

–0.048

0.703

83.642

–0.503

0.590

–0.219

0.871

83.851

–0.293

0.800

84.114

–0.030

1.060

17.568

–0.146

–0.550

–0.075

–0.476

17.619

–0.094

–0.500

17.639

–0.074

–0.475

505.466

–1.876

2.589

–0.963

3.502

506.231

–1.111

3.354

507.020

–0.322

4.143

Absolute
Value

Change due
to CC only

0.240
0.233
–0.003

288.375
0.751

83.926
1.090

17.638
–0.401

506.379
4.465

The increase in albedo seen in Eurasia from 1990 to 2050, for both the PCCR and OLSRwith-biofuels scenarios, is due to the increase of the 'generic' (i.e. non-biofuels) crop PFT found
in CLM3.0, and not due to an increase in the area of biofuel cropland. This is the case for all four
policy scenarios, however the generic cropland does not show as great a northerly extension in
the OLSR scenarios as it does in the PCCR scenarios. Moreover, the greater albedo changes (and
greater cooling, discussed below) in these high northern latitudes seen in the PCCR case
(compared to the OLSR case) is due to the greater intensity of this new crop growth in these
newly cultivated northern croplands in Eurasia, as well as the new areas of biofuel growth in
North America in 2050, the intensity of which is much higher in high northern latitudes of the
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PCCR case compared with OLSR case. This accounts for the noticeably higher albedo in North
America in the PCCR case.
Percent PFT maps are shown in the Appendix (Figure A.2) which illustrate the changes over
time from 1990 to 2050 of the extent of ‘generic’ cropland in CLM, as well as the differences
between the two economic frameworks in terms of both the generic cropland and the biofuels
present in 2050. There is much more cropland in the far north of Eurasia in the PCCR scenario,
and much more biofuel cropland in North America also, and it is this addition of areas of both
non-biofuel and biofuel cropland in the high northern latitudes (seen from changes in percent
PFTs from 1990–2050, shown in Figure 2a) which, as this report will show, plays such an
important role in regional albedo, and which has led to the climate impacts described in this
study. Figure 3a shows the impact of changes in radiative forcing on the albedo of the land
surface between 1990 and 2050. The albedo changes are the same for all scenarios because the
climate/radiative forcing was the same for all simulations.
Therefore the albedo changes seen which incorporate the impact of land cover change and the
change in radiative forcing are not shown, since they are almost identical to those which show
just the impact of land cover change (Figures 3c–3f). Figure 3c shows that the PCCR-withbiofuels scenario, and the deforestation it entails, is the land-use/energy policy that leads to the
strongest albedo increases in the high northern latitudes. We assess the different impacts of the
land-use and energy policies on albedo by considering the differences between both the PCCR
and OLSR scenarios (both have biofuels), and the PCCR-with- and PCCR-without-biofuels
scenarios (Figure 3b and 3g). The latter (3g) shows an increase in albedo only in parts of North
America but not Eurasia, and illustrates an albedo change which is attributable to the biofuels
(i.e. energy) policy but not the economic framework controlling land-use. The PCCR-OLSR
result shows albedo increases in both North America and Eurasia, and indicates that the land-use
policy contributed to the land cover change, and subsequent albedo increase, over Eurasia.
The increase in albedo (red) in the northern hemisphere can be accounted for by increase in
‘generic crop land’ and biofuels in North America and Eurasia which have replaced other PFTs,
as already discussed above. The decrease in albedo in northern Australia between 1990 and 2050
in the PCCR scenarios is likely accounted for by a decrease in generic crop. In the OLSR
scenario, biofuel cropland replaces 'generic' cropland to a large extent compared to the PCCR
scenario.
This would contribute to the lesser changes in albedo seen in the OLSR scenarios (compared
to the PCCR scenarios) in South America and Africa where the majority of the biofuel cropland
is located, due to the fact that the CLM3.1 prescription of ecophysiological parameter values for
generic crop and biofuels are identical (the implications for which will be addressed in the
closing section).
The primary effect of albedo change is to alter the amount of net radiation at the surface, and
this will lead to changes in energy available for sensible heat flux and evapotranspiration (latent
heat flux). There is a marked decrease in surface net radiation from 1990 to 2050 in the PCCR
(Figure 4a) and PCCR-NB (Figure 4b) scenarios, which covers most of Eurasia and scattered

19

areas of South America and a non-local decrease over the Arctic Ocean in both cases, and all of
North America in the PCCR case as well. In the OLSR scenarios, there is less impact on the
Arctic Ocean, but the OLSR-with-biofuels scenario shows major decreases in the USA and
Mexico, as well as the parts of Africa also affected in the PCCR scenario as well, indicating that
it is the biofuel policy and not land-use policy which is responsible for this result. The land areas
which show reduced net radiation clearly correspond with those areas in North America and
Eurasia where albedo increases.
A change in net radiation can lead to a change in temperature, as given by equations (1) and
(2), but the partitioning of the net radiation between latent and sensible heating depends on the
moisture at the surface, which can also influence temperature. To assess how the altered net
radiation was partitioned between the turbulent heat fluxes at the surface, the evaporative
fraction (EF) was calculated for all four policy/land-use scenarios as follows;

EF 

LH
LH  SH

(3)

There are large areas of northern South America (including a large part of the Amazon basin)
and Africa in the PCCR LCC-only maps which show a decrease in EF, as well as areas in North
America and Eurasia which show an increase in EF (Figure 5). Over much of North America it
is the larger decrease in sensible heat flux (Figure 6c) more than the smaller increase in latent
heat flux (not shown) that increases EF up to 0.1 (in the case of the change in PCCR from 1990–
2050), as shown in Figure 5a.
If EF remains unchanged, a decrease in net radiation will result in a decrease in the surface
temperature due to a concomitant decrease in the surface sensible heat flux. This is what is seen
over much of the northern hemisphere land mass (Figure 6). The mechanism to explain the
decrease in temperatures (from 1990 to 2050) over much of the northern hemisphere is the
decrease in albedo and subsequent surface net radiation reduction (Figure 4a). However, there is
an increase in EF over many parts of North America and Eurasia in the PCCR-with-biofuels
scenario, as seen in Figure 5a (and over Eurasia only, in the PCCR-without-biofuels scenario)
that compounds this decrease in surface radiation and lowers temperatures further.
A decrease in EF, seen in the parts of the Amazon region and Africa is accompanied by an
increase in sensible heat flux and subsequent surface temperature rise, as seen in the PCCR-withbiofuels scenario (Figure 6a). The difference between the response to deforestation in much of
the tropics (i.e. increase in sensible heat flux and temperature) compared to the extratropics
(general decrease in sensible heat flux and temperature) occurs because tropical forests maintain
high rates of evapotranspiration, which offsets the surface warming from the low albedo of
forests (Bonan, 2008).
Therefore, with deforestation, albedo increases in many parts of the tropics, but instead of this
leading to a cooling (due to lower net radiation), it leads to a warming due to the disruption in
evaporative cooling provided by forest hydrology, once deforestation takes place.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 3. Changes in land surface albedo (unitless) from 1990 to 2050 for (a) just
the greenhouse effect, (b) the difference between the PCCR-OLSR scenarios (with
biofuels), (c) changing only the land cover in the PCCR scenario, with biofuels, and (d)
without biofuels, (e) changing only the land cover in the (continued on page 22)
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(continued from page 21)
OLSR scenario with biofuels, and (f) without biofuels, (g) just the difference between
the presence and absence of biofuels in the PCCR scenario. Non-shaded areas denote
statistically insignificant results (p>0.05).
(a)

(b)

(c)

(d)

Figure 4. Surface net radiation (W m–2, change from 1990 to 2050), in (a) the PCCR and
(b) OLSR, (c) the PCCR-no biofuels scenarios, and (d) the OLSR-no biofuels scenarios,
in terms of the impact of LCC only. Non-shaded areas denote statistically insignificant
results (p>0.05).

If the forest is cut down and replaced by crop or pasture, then the evaporative fraction can
change in response to ecophysiological changes of the new land cover. For example, the
replacement of most vegetation types with crops acts to decrease leaf area index (LAI) and
rooting depth, which decreases the capacity to transpire moisture from the soil, lowering canopy
evaporation, and reducing access to deeper soil water. Also a lower canopy height will reduce
the turbulent transfer of heat to the atmosphere, (e.g., Pitman et al., 2009) all of which leads to
less evaporative cooling. Both modeling and flux tower studies confirm that in the Brazilian
Amazon, forests have lower albedo compared with pasture, greater net radiation, and greater
evapotranspiration, particularly during the dry season. The same processes have been found to
occur in the tropical forests of Africa and Asia (Bonan, 2008).
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(a)

(b)

(c)

(d)

Figure 5. Evaporative Fraction (unitless); Impact of just Land Cover Change, in the four
scenarios: (a) PCCR with biofuels, from 1990 to 2050, (b) OLSR with biofuels, (c)
PCCR without biofuels and (d) OLSR without biofuels. Non-shaded areas denote
statistically insignificant results (p>0.05).
(a)

(b)

(c)

Figure 6. Impact of just Land Cover Change on Sensible Heat Flux (W m–2) for the (a)
PCCR scenario with biofuels, (b) PCCR scenario without biofuels, (c) OLSR scenario
with biofuels. Non-shaded areas denote statistically insignificant results (p>0.05).
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The cause of the lower latent heat flux and higher sensible heat flux, and areas of warmer
temperatures in the tropical regions, discussed below, are likely due to changes in canopy
evaporation (Figure 7) and transpiration (Figure 8). There are large areas of decreased canopy
evaporation and transpiration in the tropics, in the areas of meso- and northern South America,
tropical Africa and southern and southeast Asia (with the greatest changes seen in the Amazon
region) for the PCCR scenario (Figures 7a and 8a), with smaller decreases in the OLSR scenario,
and other non-biofuels scenarios (not shown). The canopy evaporation and transpiration decrease
most in the biofuels scenarios, in terms of area of land where this occurs, however the PCCR
economic framework causes the largest decline in the areas where there are decreases in canopy
evaporation and transpiration, particularly in The Amazon Basin and southeast Asia.
The spatial changes in ground evaporation in the tropics, likely due to the more open canopy
of cropland and other vegetation types which have replaced the original vegetation type,
correspond quite well with the areas where biofuels are grown. Unsurprisingly, this is most
apparent in the PCCR scenario (Figure 8d) in places like the Amazon basin, where there was
very intensive (i.e. large percentage) deforestation and replacement with biofuels; it exists but is
much less pronounced in the other three scenarios. However, this source of moisture (ground
evaporation) is not enough to prevent decreases in the evaporative fraction in parts of the
Amazon basin and tropical Africa in the face of the deforestation in the PCCR scenario (Figure
5a).
The most salient land areas where net radiation increases due to LCC alone are the Amazon
region and central Africa as seen in the PCCR scenario (Figure 4a). However, the increase in
albedo seen (Figure 3c) in Africa, which should lower net radiation, seems to be inconsistent
with the net radiation increase. However, an analysis of cloud cover—particularly low cloud
cover over the Amazon and central African regions corresponding to the area of increased
surface radiation—shows there is a marked decrease in cloud cover, indicating that the increase
in net radiation is due to increased insolation due to less cloud cover, rather than just changes in
albedo alone (Figure 9a).
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(a)

(b)

Figure 7. Canopy evaporation (W m–2) for the biofuel policy scenarios: (a) PCCR-withbiofuels, (b) OLSR-with-biofuels. Non-shaded areas denote statistically insignificant
results (p>0.05).

This occurs to a much smaller extent in the OLSR case also (Figure 9b). This decrease in cloud
cover does not occur in either of the PCCR-without-biofuels (except for relatively smaller
increases in low cloud over western Eurasia (not shown)) or OLSR-without-biofuels scenarios,
(not shown) and an analysis of the difference between PCCR-with and PCCR-without-biofuels
scenarios (Figure 9c) and the PCCR vs. OLSR scenario (Figure 9d) makes clear that it is the
combination of the PCCR and biofuels policy which responsible for the most dramatic changes.
The statistically significant areas of greater low cloud cover in Eurasian and North American
extratropics would also likely be contributing to the decrease in net radiation over these areas in
the case of the PCCR scenarios (in terms of changes due to LCC only).
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Figure 8. Transpiration (mm/s) for three scenarios: (a) PCCR-with-biofuels, (b) OLSRwith-biofuels, (c) Impact of just Climate Change 1990 to 2050, and (d) Ground
evaporation (W m–2) for the PCCR-with-biofuels scenario. Non-shaded areas denote
statistically insignificant results (p>0.05).

3.2.2. Temperature: The Integrated Response
From the land-use scenarios considered, the impact of albedo change on the surface radiative
and turbulent heat fluxes is not entirely straightforward. As shown, the climate forcing (i.e.
heating or cooling) of forests differs by latitude, and is mediated by the role that the forests in
different latitudes play in the regional hydrological cycle (e.g., Bonan, 2008). As this report has
shown, changes in surface net radiation can arise from changes in albedo as well as cloud cover,
but that low cloud cover appears to be a more salient factor in the changes in net radiation over
the tropics in this study.
Bonan (2008) indicates that the large-scale conversion of tropical forest to pasture creates a
warmer, drier climate, which goes against the general rule that an increase in albedo (such as is
to be expected in the case of Amazonian deforestation) leads to a decrease in net radiation at the
surface and therefore a decrease in the energy available for partitioning into sensible heat, which
decreases surface air temperature. The simulated changes in surface-air temperature and
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evaporative fraction from 1990 to 2050 in the PCCR scenario (Figure 10c) indicate that there is
just such an area of higher temperatures and drier conditions in the Amazon basin.

Figure 9. Low cloud cover (%): (a) Impact of just Land Cover Change (PCCR, with
biofuels), (b) Impact of just Land Cover Change (OLSR, with biofuels), (c) Impact of
just biofuels in PCCR case, i.e. PCCR-PCCRNB, (d) Difference between PCCR-OLSR (with
biofuels). Non-shaded areas denote statistically insignificant results (p>0.05).

Further, the differences seen between both the PCCR and OLSR (with biofuels) cases (Figure
10b) and the PCCR and PCCR-without-biofuels cases (Figure 10k) show that this increased
surface temperature is more due to the presence of biofuels than the choice of economic scenario,
in terms of the spatial extent of the areas experiencing an increase in surface temperature (i.e. the
biofuel policy is responsible for large areas of warming in tropical Africa, although economic
land-use policy is responsible for more of the northern hemisphere cooling).
Generally, an increase or decrease in surface net radiation leads to a concomitant increase or
decrease in surface temperature, and that has been the case in the results analyzed in this study,
hypothetical changes to the Bowen ratio altering surface temperature in the opposite direction to
the surface net radiation notwithstanding. However, comparing the temperature differences
between both the PCCR and PCCR-without-biofuels, and OLSR and OLSR-without-biofuels
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cases (Figures 10a to 10d), it is apparent that the implementation of a biofuels policy has a
markedly different impact on surface temperature based on the economic framework chosen.
In the PCCR economic framework (Figure 10a) the biofuel policy results in large areas of
statistically significant cooling over the northern hemisphere (compared to the change in
temperature due just to the change in radiative forcing (Figure 10k). The greatest decrease in
temperature as a result of a biofuels policy occurs in the PCCR scenario (Figure 10a and 10e)–up
to 1.75 °C over north-east Eurasia.

(a)

(b)

(c)

(d)

Figure 10. Changes in surface temperature (K) at reference height for all the different
analyses (2050–1990) due to: (a) changing only the land cover in the PCCR scenario,
with biofuels, and (b) without biofuels, (c) changing only the land cover in the OLSR
scenario, with biofuels, and (d) without biofuels. Non-shaded areas denote statistically
insignificant results (p>0.05) (continued on page 29).
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(continued from page 28)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Figure 10 (cont.). Changes in surface temperature (K) at reference height for all the
different analyses (2050–1990) due to the greenhouse effect plus land cover change,
for the (e) PCCR scenario with biofuels, and (f) without biofuels, and (g) the
greenhouse effect plus land cover change, (continued on page 30) for the OLSR
scenario with biofuels, and (h) without biofuels, and (i) just the difference between the
presence and absence of biofuels in the PCCR scenario (j) the difference between the
two economic frameworks (PCCR-OLSR (with biofuels)), (k) just the greenhouse
effect. Non-shaded areas denote statistically insignificant results (p>0.05).
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The biofuel policy implementation in the PCCR scenario also results in a larger extent and
more severe warming in the Amazon Basin and equatorial Africa. In contrast, the
implementation of a biofuels policy in the OLSR economic framework results in a smaller area
of less intense statistically significant cooling in the northern and higher northern latitudes,
including the majority of North America (particularly the U.S.) and central and northern Eurasia
(Figure 10c).
The OLSR-with-biofuels scenario has similar albeit less pronounced patterns of warming in
the tropics, except for south east Asia. This can be considered as one of the advantages of
implementing the biofuel policy under the OLSR land-use scenario; the greater preservation of
forested areas not only preserves biodiversity and limits carbon emissions due to deforestation
(which would, in the real world, help mitigate global warming), but results in less severe and less
extensive warming in the tropics due to the biophysical impacts of deforestation—preliminary
precipitation results suggest that this will have a less disruptive impact on the regional hydrology
of the northern South -and meso- Americas and large parts of Africa (and over land areas in
general); changes in precipitation and related variables, and the causes of these changes will be
explored in a following report.
Apart from the latitudinal dependency of the surface temperature results, there is also a
marked seasonality in the results which also differs when considering the four different landuse/biofuels policy scenarios. As has been shown, the patterns of albedo and temperature change
are strongest in the northern hemisphere, particularly in the higher latitudes, and occur to a
greater extent in the PCCR scenarios. Stronger cooling also results from the implementation of a
biofuel policy (both in the PCCR and OLSR frameworks, although the impact of biofuels is less
severe under the OLSR land-use scenario). In North America, this cooling is particularly strong
in summer (JJA) and spring (MAM) in the PCCR scenario (extending to the northern fall (SON)
in the OLSR scenario), which is likely a result of decreased snow masking with deforestation in
areas where it snows (leading to an increase in spring albedo), and particularly in boreal forests
(Notaro et al., 2008; Thomas and Rowntree, 1992). Also the greater solar angle in summer
accentuates the differences in surface temperature at higher latitudes (Figure 11).
In contrast, in much of the Amazonian and African tropics, the PCCR case leads to a warming
over the tropics, particularly regions where tropical forests have been replaced by biofuels. For
the PCCR-biofuel scenario, this warming is greatest in June to November (JJA and SON), the
tropical dry season, possibly because the regional climatic impact of deforestation accentuates
this seasonal relative dryness. The tropical warming, although it occurs to a lesser extent, also
shows the same seasonal dependence in the OLSR scenario.
As large and significant as the annual mean temperature changes due to LCC alone are,
changes seen in the surface temperature in 2050 are primarily due to climate forcing (Figure
10k), however some buffering of the warming due to the greenhouse effect is seen, by the
marked cooling from simply altering the land surface with biofuels in the PCCR scenario (Figure
10e), and to a lesser extent in the OLSR scenario (Figure 10g)). A comparison of Figures 3 and
10 shows there is generally there is a good correspondence between albedo and temperature.
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It is possible to quantify which variables are the major contributors to the global mean change
in surface temperature (due just to LCC) by doing a multiple linear regression analysis. For
example, based on the results presented so far, the relative importance of changes in albedo and
its effects on the net radiation at the surface, and the changes to the surface energy balance (i.e.
the changes to the EF seen in the tropics) to the integrated temperature response, is likely to be
latitude-dependent. For this analysis, the relative contribution (RC) of each independent variable
in the regression analysis to the dependent variable (surface temperature) is calculated using
equation (5) in Xiang and Dirmeyer (2006:1229):
RCi = i * i

(4)

where i is the standard regression coefficient for a particular independent variable, and i is the
interannual standard deviation of that variable, calculated here using the timeseries of weighted
global annual means.

Figure 11. 2 m surface air temperature, seasonal maps: (a) DJF, (b) MAM, (c) JJA, (d)
SON. Non-shaded areas denote statistically insignificant results (p>0.05).

Table 6 shows that the net surface radiation is the most important variable globally and in the
northern extratropics in terms of its contribution to surface temperature, but that in the tropics,
LH is very much more important than anything else in determining surface temperature. These
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results clearly show that the most important determinants of surface temperature are latitudedependent, which is entirely expected—it is the net surface radiation which is the major
determinant of temperature globally and in the northern extratropics, but in the tropics, the
evaporative cooling over the tropical forests (or rather the change in this) is the major contributor
to temperature.
The results of this analysis accord with what appears to be happening in the modeled system:
the ecophysiological changes which occur with tropical deforestation, discussed above, reduce
the latent heat flux over the deforested areas, causing an increase in sensible heat flux and a rise
in surface air temperature.
Table 6. The Relative Contribution of Independent Variables to Surface Temperature.
RC #

1

2

3

4

5

6

Global Results
PCCR
Net
Radiation

OLSR
Net
Radiation

(RC=1.44)

(RC=1.62)

LHF

PSL

(RC=1.22)

(RC=0.73)

PSL

LHF

(RC=0.79)

(RC=0.42)

LHF

LHF

(RC=11032.5)

(RC=2148.5)

Net
Radiation

Net
Radiation s

(RC=2.85)

(RC=3.07)

Net
shortwave
flux

Net
shortwave
flux

(RC=2.54)

(RC=2.58)

Net
shortwave
flux

Net
shortwave
flux

Net
longwave
flux

Net
longwave
flux

(RC=0.31)

(RC=0.24)

(RC=2.54)

(RC=0.89)

PBL Ht.

PBL Ht.
(RC=0.13)

Net
longwave
flux

Net
longwave
flux

Extratropical results
(20–70°N)
PCCR
OLSR
Net
Net
Radiation
Radiation
(RC=2.40)

Net
Shortwave
down
(RC=0.56)

LHF
(RC=0.47)

(RC=2.60)

LHF
(RC=1.76)

Net
Shortwave
down
(RC=0.80)

PSL

PSL

(RC=0.39)

(RC=0.25)

PSL

PBL Ht.

(RC=0.08)

(RC=0.27)

(RC=0.12)

Net
longwave
flux

Net
Shortwave
down

Net
longwave
flux

(RC=0.15)

(RC=0.12)

TMQ

SHF

(RC=0.14)

(RC=0.05)

(RC=0.02)

(RC=0.12)

TMQ

TMQ

(RC=0.03)

(RC=0.07)

TMQ

PBL Ht.

SST

(RC=0.03)

(RC=0.02)

(RC=0.06)

(RC=0.10)

7

Tropical results
(10°N–10°S)
PCCR
OLSR

PBL Ht.

(RC=0.23)

PBL Ht.
(RC=0.11)

3.3 A Preliminary Comparison of the Biogeophysical and Biogeochemical Impacts
of the Biofuel Policy
A comparison of the biogeophysical and biogeochemical impacts on surface temperature of a
biofuel-based energy policy was done for the two different land-use policies used in this study
(PCCR, OLSR). The biogeophysical (i.e. changes in albedo and surface turbulent fluxes due to
land-use change) impact on global surface temperature (–0.119°C (S.E. = ± 0.016)) under the
extensification-biofuels scenario is 1.5 times larger than the biogeochemical impact on global
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temperature (i.e. CO2 gain from biofuel production) due to biofuels, which was an increase of
0.079°C (S.E. = ± 0.012) for the PCCR-with-biofuels scenario, and of the opposite sign. The
difference between the global mean 2 m air temperatures resulting from the PCCR-with-biofuels
simulation which has the default CAM3.1 CO2 concentrations and the simulation which has the
carbon gain from biofuel production, is statistically significant at α= 0.05 (p=0.0000000976).
The total (i.e. direct+indirect) CO2 gain into the atmosphere for the PCCR-with-biofuels
scenario is 43.9 pg C, translating to a 20.6 ppmv concentration increase, 20% of which is taken
up by the terrestrial biosphere, leaving 16.55 ppmv in the atmosphere. The CO2 gain to the
atmosphere (from biofuel cropland) for the intensification scenario (3.1 pg C, translating to 1.5
ppmv (x 0.8 = 1.17 ppmv) led to a warming of 0.01°C (S.E. = ± 0.015), which was not
significant at p=0.05). Therefore, the atmospheric CO2 concentration at 2050 is higher than it
otherwise would be in both scenarios, but only in the PCCR-with-biofuel policy scenario does
this lead to a significant increase in the global temperature (Table 7).
Table 7. Change in 2 m surface temperature due to different factors: (i) trace-gas forcing
or climate change ("CC only") from 1990–2050, (ii) the total gain of CO2 to the atmosphere
(i.e. CO2 both directly and indirectly attributable to biofuels, for both land use scenarios, by
2050 ("CO2 gain only"), (iii) the isolated impact of biofuels at 2050 ("Biofuels only"), (iv)
land cover change for the period 1990–2050, for the four combinations of biofuel and land
use scenarios ("LCC"); and three combinations of these factors. * = not statistically
significant.

Factors influencing ∆Ts
(policy scenario in brackets)

∆Ts (K)

CC only
CO2 gain only (PCCR-with-biofuels)
CO2 gain only (OLSR-with-biofuels)
Biofuels only (PCCR scenario)
Biofuels only (OLSR scenario)
LCC only (PCCR-with-biofuels)
LCC only (PCCR-without-biofuels)
LCC only (OLSR-with-biofuels)
LCC only (OLSR-without-biofuels)
LCC and CO2 gain (PCCR-with-biofuels)
LCC and CO2 gain (OLSR-with-biofuels)
CC and LCC and CO2 gain (PCCR-with-biofuels)
CC and LCC and CO2 gain (OLSR-with-biofuels)

0.751
0.079
0.010*
–0.119
–0.098
–0.258
–0.139
–0.146
–0.048
–0.179
–0.136
0.572
0.615

These results show that at 2050, for the PCCR scenario, the biogeophysical impacts of a
global biofuel policy (i.e. albedo and changes to the evaporative fraction) on temperature,
isolated out from the impacts of land cover change over time, is a more potent and relevant
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climate response, than the impact on surface temperatures of the total (i.e. direct and indirect)
CO2 gain to the atmosphere (i.e. the biogeochemical impact), but that this is not necessarily the
case for the OLSR scenario (due to the lack of statistical significance). Our results extend the
finding of Melillo et al. (2009b); i.e. that the carbon benefit of planting large-scale biofuel
plantations is not realized by 2050 (net carbon exchange is still positive into the atmosphere), in
that the atmosphere contains a residual of carbon from cleared forests. We show that this has a
small impact on global surface air temperatures which is statistically significant for the PCCR
land use scenario. Table 7 shows the impact on the surface temperature, over time, and at 2050,
due to different, and different combinations of factors.
4. CLOSING REMARKS
Our results suggest that by the middle of this century, climate could be significantly impacted
by land-use and energy policies associated with large-scale biofuel plantations. Further, we find
that the change in temperature at 2050 due to the biogeophysical impact of biofuels will
significantly outweigh that due to the biogeochemical impact resulting from the direct plus
indirect carbon gain or loss to the atmosphere.
Generally speaking, the land-use change that led to the largest replacement of forested lands
with biofuel cropland had the largest impact on temperatures around the world, and led to a
regional relative cooling in most of the extratropics (with small areas of actual cooling). The
replacement of rainforests in the tropics with biofuel plantations, and the subsequent disruption
to the turbulent heat fluxes, lead to enhanced warming in the tropics. Thus, although the impacts
of the greater deforestation from the PCCR framework occur more widely, it is the disruption to
the tropical hydrology by the biofuel policy which causes more severe impacts on this region.
Therefore is the case that the climate impacts associated with implementing a large scale biofuelbased energy policy depend very much on the economic land-use framework under which such a
policy is implemented. Under the PCCR economic land-use framework, the growing of biofuels
has more of an impact on global albedo, surface temperature, latent heat flux, sensible heat flux
and net radiation, than it does under the OLSR economic pathway (particularly for albedo and
temperature).
However, the PCCR framework is based on underlying econometrics which represent an
extreme-for-profit-pathway. As such it should be regarded as, conceptually speaking, an upper
bound (in terms of extent of deforestation) to what would likely be a more realistic economic
pathway. Its consideration within this study is to demonstrate the scope of the extreme; the
OLSR scenario is likely to be a more realistic outcome as it is based on empirical evidence and
econometric controls that limit the rate of land-use expansion in the future. The climate impacts
of the global biofuel policy are buffered in the OLSR scenario which better preserves forests by
intensifying the use of existing agricultural lands.
Our study can be regarded as an exploration of the collateral climate benefit or damage of a
combination of land-use and energy policies. As such, this study does not advocate any particular
land-use scenario or biofuels policy. We think it is also useful to keep in mind that the large scale
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deforestation scenario results in a relatively small global cooling, a cooling which is finite (as is
deforestation) and which will be largely hidden by any greenhouse effect.
Also, large scale deforestation has some additional ramifications which are either not dealt
with, or not dealt with explicitly, in the modeling framework used. These include, for example,
the loss of the cooling effect of the cloud condensation nuclei production of boreal forests
(Spracklen et al., 2008), which is not modeled at all, and the impact of deforestation on
permafrost which is not modeled explicitly by TEM, and which is potentially an additional
positive feedback to warming (Lal et al., 2000). Moreover, this study employed a generic crop
parameterization of biofuels, and hence the impact of the large scale biofuel plantations on
climate in these results is the same as that of the generic cropland that the version of CLM
employed in this study is parameterized with. Future work will look at the impact of the biofuel
policies used in this study, with a properly ecophysiologically-parameterized biofuel PFT.
This study is the first part of a larger one which looks at the impacts on both the localized
temperature and hydroclimatological responses and the non-local circulatory patterns which arise
from this; ongoing work in this area indicates that the local surface temperature response has also
produced non-local precipitation and cloud responses, which indicate large scale changes in
circulation patterns. Preliminary results indicate that the greater rate of deforestation and
replacement by biofuels in the PCCR case has the most impact on precipitation, particularly over
the land, and several non-local precipitation responses have been found, which are the result of
land cover change only. These are located in the Bay of Guinea, and extending across the
tropical Atlantic basin, in the ocean west of meso-America in an east-west area extending out
into the middle Pacific, and in a region centered on the Arafura Sea to the north of Australia,
which show an increase in precipitation.
There are some decreases in total precipitation both west and east of meso-America and in the
western pacific, as well as increases in the eastern pacific (both north and south of the equator).
Local precipitation responses include decreases in the Amazon basin and the interior of central
and southern Africa. A preliminary analysis indicates that it is the presence of biofuels, and not
the economic framework used which is largely responsible for these rainfall patterns. A regional
circulation analysis will be employed in an upcoming report to comprehensively analyze these
precipitation results.
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APPENDIX

Figure A1 (a). Maps showing the percent coverage of each of the 16 Plant Functional
Types (PFTs) present in 1990, prior to the implementation of any land-use or biofuelbased energy policies.
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Figure A1 (b). Maps showing the percent coverage of each of the 17 Plant Functional
Types (PFTs) present in 2050 in the PCCR-with-biofuels scenario.
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Figure A1 (c). Maps showing the percent coverage of each of the 17 Plant Functional Types
(PFTs) present in 2050 in the OLSR-with-biofuels scenario.

41

Figure A1 (d). Maps showing the percent coverage of each of the 16 Plant Functional
Types (PFTs) present in 2050 in the PCCR-without-biofuels scenario.
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Figure A1 (e). Maps showing the percent coverage of each of the 16 Plant Functional
Types (PFTs) present in 2050 in the OLSR-without-biofuels scenario.
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PFT 16 OLSRNB

PFT 16 2050 PCCRNB

PFT 16 2050 OLSR

PFT 16 2050 PCCR.

PFT 17 2050 OLSR

PFT 17 PCCR

Figure A2. The effect on cropland in 2050 of the introduction of biofuel crops in 2026. No
economic scenarios were implemented before 2000. PFT 16 is the CLM generic
cropland, and PFT 17 represents the biofuels in both the PCCR and OLSR scenarios.
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