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Abstract. Numerous studies have concluded that deforestation of the high latitudes result in a global cooling. This
is mainly because of the increased albedo of deforested
land which dominates over other biogeophysical and biogeochemical mechanisms in the energy balance. This dominance, however, may be due to an underestimation of the
biogeochemical response, as carbon emissions are typically
at or below the lower end of estimates. Here, we use the
dynamic global vegetation model LPJmL for a better estimate of the carbon cycle under such large-scale deforestation. These studies are purely theoretical in order to understand the role of vegetation in the energy balance and the
earth system. They must not be mistaken as possible mitigation options, because of the devastating effects on pristine ecosystems. For realistic assumptions of land suitability,
the total emissions computed in this study are higher than
that of previous studies assessing the effects of boreal deforestation. The warming due to biogeochemical effects ranges
from 0.12 to 0.32 ◦ C, depending on the climate sensitivity.
Using LPJmL to assess the mitigation potential of bioenergy plantations in the suitable areas of the deforested region, we find that the global biophysical bioenergy potential
is 68.1 ± 5.6 EJ yr−1 of primary energy at the end of the 21st
century in the most plausible scenario. The avoided combustion of fossil fuels over the time frame of this experiment
would lead to further cooling. However, since the carbon
debt caused by the cumulative emissions is not repaid by the
end of the 21st century, the global temperatures would increase by 0.04 to 0.11 ◦ C. The carbon dynamics in the high

latitudes especially with respect to permafrost dynamics and
long-term carbon losses, require additional attention in the
role for the Earth’s carbon and energy budget.

1

Introduction

Afforestation or reforestation is considered an effective carbon sequestration measure because of significant amounts
of carbon trapped in the forest biomass. However, the carbon metrics are not the only metrics to be considered in
the evaluation of the forest impact on climate. Changes in
forest cover affect climate through changes in biophysical
parameters such as land surface albedo, evapotranspiration,
and roughness. This is because albedo of forest canopies
is lower than that of other vegetation or bare soil (Alton,
2009). Particularly in boreal latitudes, this albedo difference
is quite enhanced when snow is present, because snow cover
is masked by trees but not by herbaceous vegetation (Bonan,
2008; Nobre et al., 2004). If the snow cover period is long
enough, the biogeophysical effect due to albedo changes
could overcome the biogeochemical effect due to carbon
storage in forests. Studies solely investigating the biogeophysical effects of deforestation on a global scale (Bounoua
et al., 2002; Brovkin et al., 2006, 2009; Matthews et al.,
2003) have found a net cooling. Considering both biogeophysical as well as biogeochemical effects of landuse change,
afforestation in the boreal region would increase the warming due to a decreased albedo feedback, which outweighs the
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cooling caused by carbon sequestration (Arora and Montenegro, 2011; Betts, 2000). Other numerous modeling studies
agree that a net sum of biogeochemical and biogeophysical
effects of deforestation of the high latitudes is a cooling (Bala
et al., 2007; Bathiany et al., 2010; Claussen et al., 2001).
The dominance of the biogeophysical effect of global boreal deforestation (Bala et al., 2007; Bathiany et al., 2010)
could be due to an underestimation of the biogeochemical
response. Bathiany et al. (2010) found that boreal (all land
north of 45◦ N) deforestation results in an immediate global
emission of 20 GtC followed by almost no change in the
global terrestrial carbon during decades and centuries after deforestation. Bala et al. (2007) estimate the total global
emissions from such large-scale (all land north of 50◦ N) deforestation to be 80 GtC. Observationally based studies have
estimated the global carbon stocks of the boreal forests for
vegetation to be 57 to 88 GtC (Prentice et al., 2001) and
according to estimates of 2007 the same was found to be
53.9 GtC (Pan et al., 2011). In addition, the total global carbon stocks of the other carbon pools of the boreal forests,
including dead wood, litter and soil amount to 217.6 GtC
(Pan et al., 2011). Therefore, we expect the value of longterm emissions, because of the slow decomposition of the
carbon of these pools, to be higher than the vegetation carbon storage.
The area of interest in this study involves all landmass
north of 45◦ N, which is the same as that of Bathiany et
al. (2010) but fractionally more than that of Bala et al. (2007).
So apart from the boreal forests, the northern part of the
temperate forests is also included. As per 2007 estimates,
the total living biomass for temperate forests of the Northern Hemisphere is 38.2 GtC (Pan et al., 2011). Assuming our
area of interest in this study to include approximately half of
the temperate forests of the Northern Hemisphere, the total
living biomass in this area would amount to ∼ 73 GtC. We
assume that in the event of deforestation, all the vegetation
carbon is burnt and emitted to the atmosphere immediately.
Apart from this, when land is converted from any form of
natural state to cropland, a substantial part of carbon which
is already stored in the litter and soil is decomposed and emitted due to soil respiration. Numerous studies unequivocally
show that conversion of land from forest to cropland leads to
degradation of soil carbon stocks (Davidson and Ackerman,
1993; Ellert and Gregorich, 1996; Guo and Gifford, 2002;
Post and Kwon, 2000). So in addition to immediate emissions there would be long-term emissions. Thus it is evident
that the total carbon emissions computed in the previous boreal deforestation studies (Bala et al., 2007; Bathiany et al.,
2010) are at the lower end of observationally based model
estimates.
Bioenergy is a cost-effective mitigation measure, as the
cost of production of bioenergy combined with CCS (carbon
capture and storage) is almost half compared to that of more
efficient forms of renewable energy like solar energy (Magne
et al., 2010). Whereas conventional 1st generation biofuels
Earth Syst. Dynam., 4, 409–424, 2013

like ethanol or biodiesel have their limitations (Crutzen et al.,
2008; Fargione et al., 2008; Melillo et al., 2009; Searchinger
et al., 2008), 2nd generation bioenergy technologies (lignocellulosic plant material) could be used in more extensive
combination, as these plants are more tolerant against unfavorable climate and soil conditions (Adler et al., 2007;
Schmer et al., 2008). However, apart from destroying landscapes and reducing biodiversity (Melillo et al., 2009), bioenergy plantations lead to considerable land use change. This
causes immediate emissions due to burning of aboveground
biomass, as well as long-term emissions owing to decomposition of litter and soil carbon (Houghton et al., 1983). These
emissions are dependent on the type of ecosystem being disturbed. For instance, if bioenergy crop plantations are carried out in tropical rainforests or peatlands, it would cause a
net ‘biofuel carbon debt’ by emitting significantly more CO2
than the respective crop would save (Fargione et al., 2008).
Apart from the biogeochemical effect, for areas affected by
seasonal snow cover, the cooling contribution of an increased
albedo from herbaceous bioenergy plantations is significant
(Cherubini et al., 2012a). So the net effect of bioenergy plantations on the climate would depend on the balance between
the biogeophysical and biogeochemical effects.
While we are not proposing large-scale deforestation as a
mitigation option, we carry out a purely academic study to
make a better estimation of the carbon cycle changes under large-scale deforestation of the higher latitudes. Vegetation productivity is sensitive to conditions of the climate,
atmospheric CO2 concentration ([CO2 ]), and different management practices (Norby et al., 2005; Oren et al., 2001;
Smith et al., 2000; Witt et al., 2000). To account for projected
changes in [CO2 ] and climate, and to assess the biogeochemical effects of such land use and land cover change (LULUC),
we used the Dynamic Global Vegetation Model (DGVM)
LPJmL (Lund-Potsdam-Jena managed Land) (Bondeau et
al., 2007). Apart from computing the emissions from deforestation, we also use LPJmL to investigate whether bioenergy plantations in the deforested areas, due to avoided usage
of fossil fuels, is able to compensate for the carbon losses
due to this deforestation. Bathiany et al. (2010) estimated
combined biogeophysical and biogeochemical effects. To estimate the pure biogeophysical effects of deforestation above
45◦ N we use MPI-Earth System Model (MPI-ESM-LR) in
the CMIP5 version for pre-industrial simulation (Giorgetta
et al., 2013).

2
2.1

Model and experimental setup
Model description

LPJmL is a dynamic global vegetation, hydrology and agriculture model representing both natural and managed ecosystems at the global scale and having a spatial resolution of
0.5◦ (Bondeau et al., 2007; Sitch et al., 2003). The natural
www.earth-syst-dynam.net/4/409/2013/
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vegetation is represented by 9 plant functional types (PFTs),
while 12 crop functional types (CFTs), represent the most
important crops (Bondeau et al., 2007). LPJmL is driven
by monthly fields of temperature, precipitation, cloud cover,
[CO2 ] and soil texture (Sitch et al., 2003). This model has
been recently extended to simulate the cultivation of cellulosic energy crops on dedicated biomass plantations. The detailed description is provided by Beringer et al. (2011).
This study investigates the biogeochemical and the biogeophysical effects of high-latitude bioenergy production
1
separately, using LPJmL and MPI-ESM respectively.
Thus to
2
harmonize the experimental setup, it has been assumed
that
3
most of the biofuel production would be in the form
of herbaceous bioenergy crops and bioenergy grass as their
albedo is
4
similar to natural grass.
5
For every experimental simulation, a spinup simulation
is
6
carried out for 1000 years, repeating the climate and land use
7
of the first 30 yr, (1901–1930) in order to bring the distribution of natural vegetation and carbon pools into equilibrium
(Bondeau et al., 2007; Sitch et al., 2003). This is followed by
a 390 yr spinup with gradually expanding land use patterns
to account for the effects of historic land use on 1soil carbon
pools.
2
The Earth System model developed at the Max
Planck
3
Institute for Meteorology in Hamburg, Germany, (MPI4
ESM) includes the atmospheric model ECHAM6 in T63
5
(1.9◦ × 1.9◦ ) resolution with 47 vertical levels described
by
6
Stevens et al. (2012), the oceanic model MPI-OM
at ap7
prox. 1.6◦ resolution with 40 vertical layers (Jungclaus
et al.,
2006), and the land-surface model JSBACH (Raddatz et al.,
2007) sharing the horizontal grid of the atmospheric model.
The representation of snow cover treatment in MPI-ESM is
described in details in Roesch and Roeckner (2006). This
grid set-up is a low-resolution version (LR) of the model used
for centennial-timescale simulations in CMIP5. A detailed
description of the model and an evaluation of the model performance is given by Giorgetta et al. (2013).
2.2

Model setup

Climate projections differ between different GCMs primarily
because of the uncertainty of parameterizations. For example, the global average temperature projection for the SRES
A2 scenario has an approximately 66 % probability of ranging from 2.0 to 5.4 ◦ C, at the end of the 21st century, relative
to the end of the 20th century (Solomon et al., 2007). To account for this variability, LPJmL was driven with 21st century climate projections from an ensemble of 19 different
general circulation models’ (GCM) implementations of the
SRES A2 scenario (Nakicenovic et al., 2000) as listed in
Table 1. The climate scenarios for the individual scenarios
have been prepared by calculating the anomalies relative to
the 1971–2000 average for each GCM and month of the
2001–2099 period and applied to the observed 1971–2000
baseline climate. A detailed description is given in Gerten
www.earth-syst-dynam.net/4/409/2013/
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Figure 1a

3

Figure
1b precipitation (mm day−1 ) difFig. 1. (a) Temperature (◦ C) and
(b)
ference of the annual means between the end of the 21st century
and the beginning of the 20th century. The values are a mean of
19 GCMs.

et al. (2011). All these GCMs participated in the World
Climate Research Program’s Coupled Model Intercomparison Project phase 3 (Meehl et al., 2007) and were used in
the IPCC’s Fourth Assessment Report (IPCC, 2007). Figure 1a, b demonstrates the mean annual change in temperature and precipitation, respectively, from the beginning of
the 20th century to the end of the 21st century. The rise in
temperature becomes more intense with increasing latitude,
with temperature increases in the extreme high latitudes of
more than 8 ◦ C. This is referred to as “polar amplification”
(Holland and Bitz, 2003). The precipitation change on the
contrary shows a spatially heterogeneous pattern with most
areas experiencing an increase while only small patches experience decreasing annual precipitation. The high variability in temperature and precipitation change patterns among
the individual GCMs is illustrated in Fig. 2. The change in
[CO2 ] is illustrated in Fig. 3.
2.3

Land management scenarios

While it could be theoretically possible to remove all natural vegetation from the high latitudes, much of the cleared
land could not be directly used for bioenergy production unless specific soil and terrain restrictions are eliminated by
additional management efforts. As a result we calculate the
biophysical bioenergy potentials, using LPJmL for different
scenarios on management efforts ranging from conservative
Earth Syst. Dynam., 4, 409–424, 2013
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Figure 2a
1
2

Figure
Fig. 2. The variability among the
192bGCMs for the values of (a) temperature (◦ C) and (b) precipitation (mm day−1 ), plotted in Fig. 1 is
demonstrated by the standard deviation.

or more plausible where all restrictions are assumed to hold
(or there is no management to eliminate these) to idealistic,
where no restrictions are considered (or all restrictions are
assumed to be eliminated). Soil and terrain restrictions are
based on the Global Agro-Ecological Zonal (GAEZ) data set
(Fischer et al., 2000). The characterization of the suitability
of land resources for agricultural production includes all relevant components of soils and landform, which are basic for
the supply of nutrients and physical support to plants. Climatic constraints of the GAEZ data set are ignored in this
study as LPJmL already uses climate data as an input and
thus crop growth simulated by this model is already restricted
by climate. The different land management scenarios used in
this study, as tabulated in Table 4, are:
1. MAXL: land with any constraint of unsuitable terrain or unsuitable soil properties, including unsuitable
soil fertility, is assumed to be unavailable for farming.
Unsuitable terrain mean those areas that have severe
terrain constraints (i.e. greater than 16 % slope or areas with greater than slight constraints; Fischer et al.,
2000). In addition we assume that land currently occupied by built area and cropland (Erb et al., 2007) is
considered to be unavailable for bioenergy plantations.
The remaining land is thus available for bioenergy crop
plantations. As a result, we consider this to be the most
plausible of all the scenarios.

Earth Syst. Dynam., 4, 409–424, 2013

Figure 3
Fig. 3. Trend of CO2 (ppm) according
to SRES A2 scenario plotted
from the beginning of the 20th century to the end of the 21st century.

2. CROPL: areas currently occupied by built area and
cropland (Erb et al., 2007) in addition to “generally
38
unsuitable soil” and unsuitable terrain are considered
to be unavailable for bioenergy plantations. “Generally
unsuitable soil” includes constraints of unsuitable soil
depth, drainage, texture and chemistry but not soil fertility, as it is considered to be managed for example by
the use of fertilizers.
3. SOILL: “generally unsuitable soil” in addition to unsuitable terrain is assumed to be unavailable to farming. Thus the remaining area is available for bioenergy
crop plantations.
39

4. TERL: all areas are assumed to be available for bioenergy plantations except areas with unsuitable terrain.
5. UNLIM: all terrain and soil limitations are assumed
to be managed, (e.g. terrain by terrace farming; soil
drainage by mixing clay and sandy soil; soil structure
by plough etc.). As all land area is considered to be
available for bioenergy plantations, we consider this
scenario to be the most idealistic.
The number of restrictions decreases in sequence of scenarios from MAXL to UNLIM and as a result the area available
to bioenergy production increases (Fig. 4 and Table 4).
2.4

Crop management

In the LPJmL version used in this study, as described in detail by Fader et al. (2010), the management intensity, i.e. the
degree of crop production control and input application (fertilizer, technology, labor, weed, and disease control, etc.) is
represented by three parameters: LAImax , HImax and α − a,
where LAImax , which is country specific, refers to the maximal attainable leaf area index of a crop, the HImax refers to
the maximal harvest index while the α − a parameter scales
leaf-level biomass production to stand level. Due to the simplified treatment of agricultural management in the model,
www.earth-syst-dynam.net/4/409/2013/
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the management intensity values that result in the best approximation of the 1999–2003 national yields reported by
FAOSTAT (2009) are used here (for details see Fader et al.,
2010). Sowing dates are computed internally based on past
climate experience as described by Waha et al. (2012).
2.5

Bioenergy plantations on deforested areas

The spatial pattern of crop production is prescribed via the
historical land use data set from 1700 to 2005 as described
by Fader et al. (2010) which has been extended to explicitly
assign areas to the cultivation of sugarcane based on data of
MIRCA2000 (Portmann et al., 2010), because sugarcane had
been implemented into the model at a later stage (Lapola et
al., 2009). In this study, the land use pattern of 2005 is assumed to remain constant for all the years beyond 2005 in
the “CTRL” (control) simulation.
In the experimental simulations (scenarios MAXL to UNLIM), the land use remains the same as CTRL until 2010,
when all land north of 45◦ in the Northern Hemisphere
is cleared of its natural vegetation. After leaving this land
fallow for one year, only suitable areas (varies according
to the different land management scenarios as described
in Sect. 2.3) are planted with herbaceous crops (including
bioenergy grass) such that those crops return maximum primary bioenergy yield (MJ ha−1 ). Areas unsuitable for bioenergy plantations are allowed to be naturally re-vegetated with
only herbaceous vegetation. In this study LPJmL is parameterized such that on deforestation, 100 % of the aboveground
biomass, including 2/3 of the sap wood (as it is assumed that
1/3 of the sap wood is in the roots and thus belongs to the belowground carbon) is burnt and released into the atmosphere
while the rest goes to the litter. The forest litter consequently
enters the soil carbon pool and is then decomposed. This type
of forest clearing is representative of the “slash and burn”
method. This assumption of emitting all the carbon of the
aboveground biomass comes from the fact that even in natural forest fires as much as 90 % of the carbon at the ground
layer of a severely burnt forest is consumed (Michalek et al.,
2000). This assumption has also been used in earlier studies,
e.g. by Grünzweig et al. (2004). For the calculation of the
biophysical bioenergy potential of individual crop types, we
assume that 50 % of crop dry matter is carbon (Rojstaczer,
2001). The primary energy content per gram of crop dry matter is based on the Energy research Centre of the Netherlands
Phyllis database (ECN, 2007) and as listed in Table 2.
The land use of the area deforested in this experiment is
dynamic and depends on which crop would provide maximum energy yield for that particular year. Different crops
have different temperature requirements for optimal photosynthesis as shown in Table 3 and the mix of most suitable
land use types reflects the heterogeneity in climate. As an example, the land use pattern for the UNLIM scenario for the
end of the 21st century is shown in Fig. 5, with the extremely
unproductive regions (having yields of less than 2 tDM ha−1 )
www.earth-syst-dynam.net/4/409/2013/
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masked out and the yield pattern (UNLIM scenario) is shown
in Fig. 6. After annual harvest, all parts of the plant other than
the storage organs are left on the field and as a result enter the
litter followed by the soil carbon pool. It should be noted that
for this illustration, as described in the UNLIM scenario, we
allowed all land to be planted with crops, irrespective of the
suitability. As a result, even the extremely high latitudes have
been planted with crops but the yield in these areas is too
low to significantly affect the overall biophysical bioenergy
potential.
Bioenergy has been assumed to be used directly as a fuel
in this study. The emissions from bioenergy usage could be
thus treated as a single pulse with a short lifetime in the
anthroposphere (Cherubini et al., 2012b). Thus, other than
the land use emission we can consider bioenergy to be carbon neutral. In order to calculate the avoided emission, we
compute the maximum biophysical bioenergy potential from
non-woody bioenergy plants in the area of the high latitudes,
i.e. all land north of 45◦ N. By biophysical bioenergy potential, we understand the production of bioenergy for given climatic and environmental conditions, ignoring the technical
and economic feasibility. In order to compare similar units
we use primary energy, or the energy derived after 100 %
combustion efficiency, to quantify the biophysical bioenergy
potential as we do not specify the form of final energy which
is to be actually used (Fischer and Schrattenholzer, 2001). To
calculate the emissions saved by avoided burning of fossil fuels, we again assume 100 % combustion (EIA, 2008). However we do not discuss other potentially important effects of
extensive bioenergy plantations.
To assess the pure biogeophysical effect of extensive deforestation, in the additional experiment with MPI-ESM, we
replace all woody PFTs north of 45◦ N with grasses, keeping [CO2 ] fixed at the pre-industrial value. We conduct this
simulation for 30 yr.
This study uses two separate models, LPJmL to compute
the biogeochemical effects, and MPI-ESM to compute the
biogeophysical effects. These two models have different spatial resolutions and the simulations carried out are independent of each other. In addition, although harmonized, the experimental setups of the models are not exactly the same.
Thus the biogeochemical and biogeophysical effects on the
global mean near-surface air temperature are presented separately and not added together.

3

Results

We find that the large-scale deforestation of the area
north of 45◦ N would lead to immediate C-emission of
182.3 ± 0.7 GtC. This immediate emission would be followed by long-term changes in the litter and soil carbon
pools, which range from a sequestration of 13.7 ± 8.2 GtC
for the most plausible, MAXL scenario to an emission of
231.7 ± 15.0 GtC for the most idealistic scenario, UNLIM,
Earth Syst. Dynam., 4, 409–424, 2013
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1
Figure 4a

2

Figure 4b

3
4
5
6
7
41

42

1
Figure 4c

2

Figure 4d

3
4
5
6
7

44

43

1
4e
Fig. 4. Percentage2 of area (of each 0.5◦ × 0.5◦ grid cell) used forFigure
bioenergy
crop plantations for land management scenarios (a) MAXL,
(b) CROPL, (c) SOILL,
(d) TERL, (e) UNLIM. Green symbolizes complete availability while red stands for unavailability of that grid cell
3
for bioenergy crop plantation.
4
5
6
by the end of the
21st century, as shown in Table 4 and
7
Fig. 7. The long-term
emissions are dependent on the area
of the land under bioenergy cultivation as the remaining land
deemed unsuitable for cropping is allowed to revert to natural grasslands and thereby sequester carbon, especially in
the soil and litter pools. As soil and litter pools of grasslands
have more carbon compared to forests (Conant et al., 2001;
Guo and Gifford, 2002), the litter and soil carbon pools of
MAXL scenario is greater than the CTRL scenario. It should
be noted that since LPJmL is an offline model, but MPI-ESM
is run online with a prescribed [CO2 ], the emissions reported
above do not influence the climate forcing of the simulations.
With anthropogenic climate warming, plant productivity
is expected to increase in cooler regions due to the fertilization effect of increased [CO2 ] and increased temperatures metabolically enhancing photosynthesis (Melillo et al.,
1993). This is reflected in the biophysical bioenergy potential

Earth Syst. Dynam., 4, 409–424, 2013

which is proportional to the corresponding crop productivity, shown as a 30 yr moving average in Fig. 8. This phenomenon is also demonstrated in Fig. 6 where the high lat45
itude of Alaska (USA), northern Canada
and parts of northern Norway and Sweden have significantly high crop yields.
This is because the climate change, according to SRES A2
storyline, leads to an increase in temperature and precipitation in these areas, as demonstrated by Fig. 1. Both climate
change and increasing [CO2 ] lead to increasing biophysical
bioenergy potentials north of 45◦ N, where the climate effect
is about twice as large as the effect of increasing [CO2 ]. In
combination, the two drivers show an amplifying effect on
the increase of biophysical bioenergy potentials (Fig. 8).
Biophysical bioenergy potentials of the deforested area
are strongly sensitive to the different land management
scenarios. With increasing land availability for bioenergy
cropping, the cumulative biophysical bioenergy potential
www.earth-syst-dynam.net/4/409/2013/
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Table 1. The following is a list of GCMs and the corresponding sponsoring institutes whose climate projections were used in this study.
Model no.

Model name

Sponsoring institute

1

BCCR-BCM2.0

Bjerknes Centre for Climate Research, Norway

2

CGCM3.1

Canadian Centre for Climate Modelling and Analysis, Canada

3

CNRM-CM3

Météo-France/Centre National de Recherches Météorologiques, France

4

CSIRO-MK3.0

Commonwealth Scientific and Industrial Research Organisation, Atmospheric Research, Australia

5

CSIRO-MK3.5

Commonwealth Scientific and Industrial Research Organisation, Atmospheric Research, Australia

6

GFDL-CM2.0

US Department of Commerce/National Oceanic and Atmospheric Administration (NOAA)/
Geophysical Fluid Dynamics Laboratory (GFDL), USA

7

GFDL-CM2.1

US Department of Commerce/National Oceanic and Atmospheric Administration (NOAA)/
Geophysical Fluid Dynamics Laboratory (GFDL), USA

8

GISS-ER

National Aeronautics and Space Administration (NASA)/Goddard Institute for Space Studies
(GISS), USA

9

INGV-SXG

Instituto Nazionale di Geofisica e Vulcanologia, Italy

10

INM-CM3.0

Institute for Numerical Mathematics, Russia

11

IPSL-CM4

Institut Pierre Simon Laplace, France

12

MIROC3.2(M)

Center for Climate System Research (University of Tokyo), National Institute for Environmental
Studies, and Frontier Research Center for Global Change (JAMSTEC), Japan

13

ECHO-G

Meteorological Institute of the University Bonn, Meteorological Research Institute
of the Korea Meteorological Administration (KMA), and Model and Data Group, Germany/Korea

14

ECHAM5/MPI-OM

Max Planck Institute for Meteorology, Germany

15

MRI-CGCM2.3.2

Meteorological Research Institute, Japan

16

CCSM3

National Center for Atmospheric Research, USA

17

PCM

National Center for Atmospheric Research, USA

18

UKMO-HadCM3

Hadley Centre for Climate Prediction and Research/Met Office, UK

19

UKMO-HadGEM1

Hadley Centre for Climate Prediction and Research/Met Office, UK

1
2

Figure 5

Fig. 5. The land use pattern at the end of the 21st century for the UNLIM scenario with areas having extremely low yielding areas (less than
3
2 tDM ha−1 ) masked
out.
4
5

increases with decreasing constraints on land management
efforts (Fig. 9). 6Reflecting the uncertainty in climate projec7 bioenergy potentials are also sensitive to
tions, biophysical
the selection of 8the GCM realization of the SRES A2 emission scenario. This
uncertainty increases with the area as9
sumed to be available for bioenergy production (Fig. 9). The
10
bioenergy potentials at the end of the 21st century, along with
the uncertainty, have also been tabulated in Table 5.
Assuming 20.9 gC to be emitted per MJ of fossil fuel burnt
(an average of all stationary and transportation fuels and
considering 100 % combustion efficiency) (EIA, 2008), this
www.earth-syst-dynam.net/4/409/2013/

means that 1.4 ± 0.1 GtC yr−1 to 7.8 ± 0.7 GtC yr−1 of fossil fuel emissions could be saved at the end of the 21st century if the biophysical bioenergy potential would be fully exploited. Over the entire time frame of this study, bioenergy
plantations could thus cumulatively save 102.2 ± 5.1 GtC to
569.5 ± 36.6 GtC (Table 5). To convert these saved emissions
into avoided warming, we use a metric of transient climate
sensitivity to cumulative emissions suggested by
46 Matthews et
al. (2009) and evaluated for Earth System models taking part
in the climate model intercomparison project 5 (CMIP5) by
Gillett et al. (2013). They concluded that the observationally
Earth Syst. Dynam., 4, 409–424, 2013
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Table 2. CFTs of LPJmL and the primary energy per CFT (ECN, 2007).
CFT

CFT name

Examples

1
2
3
4
5
6
7
8
9
10
11
12
13
15
16

temperate cereals
rice
maize
tropical cereals
pulses
temperate roots
tropical roots
oil crops sunflower
oil crops soybean
oil crops groundnut
oil crops rapeseed
sugarcane
managed grass
biomass grass
biomass tree

Wheat grain
Rice
Maize
Millet
Pulses
Potato/Beet
Cassava
Sunflower oil (seeds)
Soybean oil (seeds)
Groundnut oil (seeds)
Rapeseed oil (seeds)
Sugarcane
Others (managed grass)
Avg. of Miscanthus & Switchgrass
Avg. of Poplar & Eucalyptus

Figure
Fig. 6. The crop yield (tDM/ha)
at6the end of the 21st century for
the UNLIM scenario. The values plotted are a mean of the 19 values
simulated by LPJmL as a result of using climate data simulated1 by
2
19 GCMs (Table 1).

based estimate of global mean warming to cumulative emissions at CO2 doubling ranges from 0.8 to 2.1 K per 1000 GtC
emissions. While this metric is simplified and linear, it could
be used as a first-order simplified method in our study since
it accounts for response of the ocean carbon system on multidecadal timescale. Applying this metric to the range 102.2 to
569.5 GtC of cumulative saved emissions at the end of the
21st century, we can estimate an avoided warming of 0.08 to
1.2 ◦ C (Table 5) due to extensive bioenergy crop plantations
on the deforested area north of 45◦ N. This is in addition
to the predominantly albedo-driven cooling from the largescale deforestation of the high latitudes.
To analyze the changes in temperature from purely biogeophysical effects of such large-scale deforestation, we analyze the results from the additional experiment with MPIESM. To exclude the small trend during the first few years,
we report changes averaged over the last 20 yr of the 30 yr
experiment. We find a decrease in the global mean annual
Earth Syst. Dynam., 4, 409–424, 2013

Energy in kiloJoules
per gDM (Phyllis HHV)
18.2
15.3
17.7
18.9
17.2
17.7
17.3
27.8
23.4
29.4
28.1
17.0
18.6
18.5
20.0

Figure 7
Fig. 7. Long-term carbon emissions
from the litter and soil carbon
pools of the respective land management scenarios (solid colored
lines) compared with that of CTRL (dashed black line). The mean
of an ensemble of 19 values is shown by the thick line while the
error bars represent the uncertainty (1 standard deviation). After an
47
initial decrease,
the carbon pools of soil and litter start recovering as
natural grassland is allowed to regrow on areas not used for bioenergy cropping. The difference in carbon pools of the different land
management scenarios is because of the different extents of land
under bioenergy cultivation. MAXL, the most plausible scenario,
has the least land under cultivation and thus has the most land under
natural grassland. As grassland soils have more carbon than that of
woody forests, the sum of litter and soil carbon of MAXL exceeds
that of CTRL.

near-surface air temperature by 0.35 ± 0.17 ◦ C and the regional cooling by more than 4 ◦ C compared to the control
simulation (Fig. 10). This temperature change is mainly a
result of an increase in albedo, reflected by the increase
in the surface upwelling shortwave radiation (Fig. 11). The
biogeophysical effects of boreal deforestation could also be
www.earth-syst-dynam.net/4/409/2013/
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Table 3. Lower and upper temperature limits for optimal photosynthesis for all CFTs.
CFT

CFT name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

temperate cereals
rice
maize
tropical cereals
pulses
temperate roots
tropical roots
oil crops sunflower
oil crops soybean
oil crops groundnut
oil crops rapeseed
sugarcane
managed grass C3/C4
biomass grass
biomass tree

Lower
temp –
optimal
photosynthesis
(◦ C)

Upper
temp –
optimal
photosynthesis
(◦ C)

12
20
21
20
10
10
20
25
28
20
12
18
10/20
15
15

17
45
26
45
30
30
45
32
32
45
17
30
30/45
45
30

1
2

Figure
8
Fig. 8. Sensitivity of biophysical
bioenergy
potentials of the most
plausible scenario, i.e. MAXL, to changes in climate (simulated by
ECHAM5 model only) and/or CO2 shown as a 30 yr moving average. The purple line at the bottom stands for the scenario where
there is no change in climate or CO2 , while the green line at the top
represents the scenario where both climate as well as CO2 change
according to the SRES A2 scenario. The land use for all the scenarios remain constant. Since perennial bioenergy grasses need a
few years to reach full productivity in LPJmL, the total bioenergy
potential is lower in the first years.

understood by analyzing the change of surface energy balance, as tabulated in Table 6.
We assume in this study that bioenergy production is carbon neutral (except for the land use change emissions). Thus
in spite of the large emissions due to the large-scale deforestation, bioenergy production could potentially lead to
www.earth-syst-dynam.net/4/409/2013/

Figure 9
Fig. 9. Total biophysical bioenergy
potentials of the area north of
◦
45 N for the respective land management scenarios. To put the potentials into perspective, we have plotted the bioenergy demand (red
dots) as simulated by REMIND-R for the “Biomass-max” scenario
(Leimbach et al., 2010b). The values plotted are a 30 yr moving average. The thick line represents the mean of 19 values while the
uncertainty (1 standard deviation) is shown by the error bars. Since
perennial bioenergy grasses need a few years to reach full productivity in LPJmL, the total bioenergy potential is lower in the first
years.

savings of carbon emissions in the long term if the “carbon
debt” caused by the deforestation is “repaid” (Fargione et al.,
2008) by the carbon saved by the avoided use of fossil fuels.
However as evident from Fig. 12, this cannot be achieved
within the 21st century in the most realistic land use scenario
MAXL. It takes more than 60 yr in the unlimited or most
idealistic scenario UNLIM to repay this carbon debt. Using
the metric of transient climate sensitivity to cumulative emissions (Gillett et al., 2013; Matthews et al., 2009) and subtracting the cumulative carbon saved from the total emissions
at the end of the 21st century, but ignoring biogeophysical
feedback, we estimate that the global anthropogenic warming is increased by 0.04 to 0.11 ◦ C for the MAXL scenario
as the
49 carbon debt is not neutralized within the 21st century.
However, for the less constrained and more hypothetical scenarios, the global anthropogenic warming of 0.02 to 0.35 ◦ C
could be theoretically avoided under the scenarios CROPL,
SOILL, TERL and UNLIM (Table 5).
4

Discussion

The conclusion that a biogeophysical cooling would dominate over a biogeochemical warming as a result of deforestation of the high latitudes, as suggested by previous studies
(Bala et al., 2007; Bathiany et al., 2010) is being re-assessed
here. There is a significantly large disparity between previous and this study in the deforestation-induced carbon emissions. Bathiany et al. (2010) had concluded that boreal deforestation or removal of all vegetation other than grass would
Earth Syst. Dynam., 4, 409–424, 2013
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Table 4. Different land management scenarios (their restrictions included), the corresponding area available for bioenergy plantations, the
corresponding emissions and resultant increase in temperature because of that at the end of the 21st century.
Scenario

Restrictions

Area
(Million
Hectares)

Long-term
emissions
(GtC)

Total
emissions at
end of 21st
century
(GtC)

Increase of
global mean
temperature at
end of 21st
century only
due to
emissions (◦ C)

MAXL

Terrain + soil (depth, drainage, texture,
chemical) + built area + cropped land +
soil fertility

536.7

−13.7 ± 8.2

168.5 ± 8.6

0.12 to 0.32

CROPL

Terrain + soil (depth, drainage, texture,
chemical) + built area + cropped land

1787.7

83.7 ± 12.0

266.0 ± 12.5

0.20 to 0.53

SOILL

Terrain + soil (depth, drainage, texture,
chemical)

2073.2

101.1 ± 12.3

283.4 ± 12.8

0.22 to 0.57

TERL

Terrain

3121.4

172.6 ± 14.0

354.9 ± 14.5

0.27 to 0.72

UNLIM

None

3801.4

231.7 ± 15.0

414.0 ± 15.5

0.32 to 0.84

1
2

1

◦
10
Fig. 10. The change of annualFigure
near-surface
air temperature
2 ( C)
in response to high-latitude deforestation. Shown is the difference
between the MPI-ESM boreal deforestation experiment, averaged
over the last 20 yr and the pre-industrial control simulation. Shown
are only statistically significant changes (p < 0.05).

result in a net global cooling of 0.25 ◦ C as biogeophysical effects dominate over the immediate emission of 20 GtC. They
found the changes in global terrestrial carbon being close to
zero as the enhanced productivity of the tropics compensate
for the slow soil respiration of the cold regions. On the other
hand, Bala et al. (2007) found a reduction of global mean
temperature by 0.8 ◦ C at the end of the 21st century as cooling biogeophysical effects overwhelmed an emission of 80
GtC due to tree removal. Our study using LPJmL suggests
that the clearing and consequently burning of all natural vegetation, woody and herbaceous, from the land north of 45 ◦ N
results in the immediate emission of ∼ 182 GtC which is
Earth Syst. Dynam., 4, 409–424, 2013

Fig. 11. The same as Fig. 10 but
for11 the change of annual surface
Figure
upwelling shortwave radiation (W m2 ).
51

52

much higher. Moreover, it is followed by long-term changes
in the litter and soil carbon pools ranging from a sequestration of ∼ 14 GtC for the most realistic scenario (MAXL)
to an emission of ∼ 232 GtC for the most idealistic scenario
(UNLIM) by the end of the 21st century.
The mismatch in the carbon emissions reflects the difference in how “deforestation” is simulated in these studies. In
Bala et al. (2007) deforestation meant removal of trees, in
Bathiany et al. (2010) it meant the removal of all vegetation
other than grass and as immediate emissions, only 50 % of
the aboveground vegetation carbon was released to the atmosphere. In this study using LPJmL, deforestation meant
complete removal of any kind of natural vegetation, leaving behind bare ground. This mismatch in the carbon emissions also reflects the different representation of the carbon
www.earth-syst-dynam.net/4/409/2013/
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Table 5. The bioenergy potentials, the cumulative carbon saved by avoided burning of fossil fuels and the corresponding potential additional
cooling of the respective land management scenarios.
Scenario

Bioenergy
potential at end of
21st century (30 yr
mean) (EJ yr−1 )

Cumulative
carbon saved at
end of 21st
century (avoided
fossil fuel
burning) (GtC)

MAXL
CROPL
SOILL
TERL
UNLIM

68.1 ± 5.6
177.3 ± 16.5
233.4 ± 20.0
320.9 ± 28.1
373.8 ± 33.4

102.2 ± 5.1
280.0 ± 19.7
366.0 ± 22.6
499.4 ± 31.3
569.5 ± 36.6

Additional cooling
cause by
bioenergy
cropping at end of
21st century (◦ C)

Net change of
global mean
temperature (net
biogeochemical
effects only) (◦ C)

0.08 to 0.21
0.22 to 0.59
0.29 to 0.77
0.40 to 1.05
0.46 to 1.20

+0.04 to +0.11
−0.02 to −0.06
−0.08 to −0.20
−0.13 to −0.33
−0.14 to −0.35

Table 6. The annual surface energy balance averaged over land cells
north of 45◦ N over the last 20 yr of the MPI-ESM boreal deforestation experiment. Values for the experiments are given as deviations
of boreal deforestation experiment (1Def) from the control climate (CTRL). All fluxes are in Wm−2 , surface temperature in ◦ C.
SW = shortwave radiation; LW = longwave radiation; LH = surface
upwards latent heat flux; SH = surface upwards sensible heat flux;
Temp = near-surface air temperature.
Values

CTRL

1Def

30.7

+12.4

Net SW (downwards – upwards)

86.9

−8.0

Net LW (downwards – upwards)

−43.6

+1.5

Net radiation (SW + LW)

43.3

−6.5

LH

30.3

−3.7

SH

11.7

−2.8

Temp

−2.8

−1.9

Surface upwelling SW
(proxy for albedo)
1
2

12
Fig. 12. Time to repay carbonFigure
debt
for the respective scenarios.
We show the total emissions incurred due to bioenergy cultivation
(dashed line) and the carbon emissions saved potentially for each
of the scenarios through avoided use of fossil fuels (solid line) with
each color unique to the respective land management scenarios. The
time taken for the lines of the respective scenarios (colors) to intersect gives us the time to repay the carbon debt. While the thick
or dashed line represents the mean of 19 values, the uncertainty
(1 standard deviation) is shown by the error bars.

cycle in LPJmL (Bondeau et al., 2007; Sitch et al., 2003),
JSBACH (Raddatz et al., 2007) (land surface model of MPIESM) and INNCCA (Bala et al., 2005; Thompson et al.,
2004). In general, compared to observations (Prentice et al.,
2001) JSBACH underestimates carbon pools of plant and litter in the boreal latitudes (Bathiany et al., 2010). In the preindustrial experiment with MPI-ESM, we find that the equilibrium boreal carbon storage (for pre-industrial [CO2 ]) is
29 MgC ha−1 averaged over all land north of 45◦ N, which is
an underestimation compared to the range of observed values of 42 to 64 MgC ha−1 (Prentice et al., 2001). On the contrary, the average vegetation carbon for the same region computed by LPJmL is 53.2 MgC ha−1 which is within the range
of observed values as mentioned above. However, compared
to observational data, LPJmL overestimates the immediate
www.earth-syst-dynam.net/4/409/2013/
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emissions. According to 2007 estimates, the carbon stock in
the living biomass in the boreal forest and half of the temperate forests of the Northern Hemisphere amounts to ∼ 73 GtC
(Pan et al., 2011) and this study computes the immediate
emissions, or the carbon emitted when the living biomass
is burnt completely to be ∼ 182 GtC. Compared to satellite
data, LPJ (predecessor of LPJmL and represents only natural vegetation) also overpredicts the coverage of deciduous
broad-leaved vegetation in the boreal forests of Canada and
Eurasia (Sitch et al., 2003). Hickler et al. (2006) found that
while comparing vegetation modeled by LPJ with potentially
occurring vegetation, the agreement is reasonably good for
all vegetation types of the high latitudes except for temperate conifer forests. Brovkin et al. (2012) show that LPJmL
overestimates litter stocks in the polar tundra region while
the woody litter is underestimated in all other regions. These
disagreements thus have its consequent effects on the carbon cycle. Apart from this, it is well documented that LPJmL
Earth Syst. Dynam., 4, 409–424, 2013
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is able to reproduce key features of the global carbon cycle
(Jung et al., 2008; Luyssaert et al., 2010).
With respect to the biogeophysical feedback, the albedo of
herbaceous bioenergy crops is essentially similar to grass,
especially when covered by snow in the winter months
(Robinson and Kukla, 1984). Moreover it has often been observed that even shrubs and consequently herbaceous crops
are bent over and buried by a depth of snow that is less than
their height when erect (Bewley et al., 2010). Thus when
covered by snow all herbaceous crops would have a similar
albedo as even tall grasses would be bent over by snow. This
means that if the forests of high latitudes were hypothetically
removed and planted with bioenergy crops, we could expect a
similar biogeophysical effect as we find in our additional experiment with MPI-ESM (a reduction in global mean annual
temperature by 0.35 ± 0.17 ◦ C for complete boreal deforestation). We also find that this biogeophysical effect is similar to
other large-scale deforestation experiments (e.g. Bala et al.,
2007; Bathiany et al., 2010).
Even though biophysical bioenergy potentials can be substantial, for instance in projected high bioenergy demand
scenarios (Leimbach et al., 2010a,b), these are strongly dependent on the assumption of how much of the deforested
area could effectively and efficiently be managed. Bright et
al. (2011) who study the effects of bioenergy production
from production forests of Norway on the radiative forcing
also found that in the long term the negative radiative forcing from avoided fossil fuel emission (biogeochemical effect) plays a more active role compared to the negative forcing due to albedo changes (biogeophysical effect).
Various studies show that the soil carbon does reduce after forest clearing followed by agriculture, but the magnitude
of CO2 emissions from soils could be overestimated if the
change in bulk density of the soil is not considered (Karhu
et al., 2011; Murty et al., 2002). Our study also shows a decrease of soil carbon after conversion of land cover from forest to agriculture. However as LPJmL does not estimate the
change in soil bulk density, it would overestimate the emissions from soils.
In order to compare similar units of energy we have
computed and compared only primary energy, i.e. assuming
100 % combustion efficiency. However, during the commercial exploitation of this bioenergy, there is a loss of energy
when plant material is converted from its natural form to a
form which can be commercially used. This feedstock conversion efficiency ranges from as low as 17 % for sugarcane
to around 50 % for corn and wheat to as high as approximately 100 % for soy and palm oil (Bruckner et al., 2011).
Similarly, fossil fuels have varying moisture and ash content
and thus have different energy densities (Reed, 2010). On top
of this there is loss of energy depending on different energy
conversion efficiencies of the final device being powered by
the respective fuels.
The long-term fertilization effects due to increasing temperature and CO2 simulated by LPJmL and as shown in
Earth Syst. Dynam., 4, 409–424, 2013

Fig. 8 are optimistic, as nitrogen dynamics and its limiting
effect on CO2 fertilization (Oren et al., 2001; Reich et al.,
2006) are omitted here. Thus the increasing trend of productivity shown in this study assumes that current management
intensity levels can be maintained also with respect to soil
fertility. Moreover, while most of the area investigated in this
study is permafrost, the carbon dynamics of permafrost are
not represented here. So we ignore the additional CO2 and
CH4 emissions from permafrost soils due to climate change
(Koven et al., 2011; Schaefer et al., 2011; Schneider von
Deimling et al., 2012; Zimov et al., 2006) and disturbance
(Myers-Smith et al., 2007).
The climate and CO2 data used by LPJmL is according to
the SRES A2 scenario, which does not include any form of
climate mitigation (Nakicenovic et al., 2000). We thus get an
increasing trend of biophysical bioenergy potentials as CO2
and temperature continuously increase over the 21st century.
The mitigating effect of large-scale bioenergy production on
climate is not considered here. To include these feedbacks,
a full coupling of the carbon cycle and the climate system
would be necessary.
The different land management scenarios assumed here involve different management measures. All forms of management, especially the application of fertilizers and agricultural
machinery, would result in additional emissions. For example, a 2002 report suggested that the production of ammonia
consumed about 5 % of global natural gas production, which
is somewhat under 2 % of the world energy production (International Fertilizer Industry Association, 2002). Irrespective of management, there would be additional emissions for
other agriculture-based activities like crop harvest and transportation, which have not been considered here.
Carrying out such a large-scale deforestation would be impractical and in reality one would only deforest those areas
which would be suitable for bioenergy cropping. However
we do not perform such an experiment with LPJmL as otherwise this study would not be comparable with that of Bala et
al. (2007) and Bathiany et al. (2010). In a study by Brovkin
et al. (2013) we see that the changes in climate simulated
by ESMs are relatively small in comparison with interannual
variability of climate and are difficult to detect when the land
use changes are small. For this reason, small-scale deforestation experiments are not carried out in the boreal deforestation experiments using MPI-ESM.

5

Conclusions

Comparing this study’s results to those of Bathiany et
al. (2010) and Bala et al. (2007), we find much higher carbon emissions from high-latitude deforestation both for immediate as well as long-term emissions. If bioenergy is to
be produced in the suitable parts of the deforested area, considering limitations in terrain, soil conditions and land that
is currently built or cropped, bioenergy production saves
www.earth-syst-dynam.net/4/409/2013/
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carbon emissions through avoided combustion of fossil fuels, thereby reducing the carbon debt. The global mean temperature change at the end of the 21st century, due to deforestation emissions for the most realistic scenario, ranges
from +0.12 to +0.32 ◦ C, depending on the climate sensitivity. Since the most realistic scenario involves only about
14 % of the total deforested area for bioenergy cropping,
the carbon debt caused by the deforestation emissions is not
compensated for by the bioenergy plantations by the end of
the 21st century, leading to a net increase in anthropogenic
warming. Considering the net effect of deforestation emissions and bioenergy substituting fossil fuel emissions, the
global mean temperature at the end of the 21st century is
found to increase by 0.04 to 0.11 ◦ C compared to the preexperimental period.
Taking into account the pure biogeophysical effects of
high-latitude deforestation, we find the near-surface global
mean temperature to decrease by 0.35 ± 0.17 ◦ C. The biogeochemical and biogeophysical effects have been computed
separately by different models, having different spatial resolutions and having harmonized but different experimental setups. Therefore the effects on global mean temperature have
been reported separately and have not been compared quantitatively or added to produce a net result.
A number of issues like realistic combustion efficiencies
of fuels, nitrogen dynamics, carbon dynamics of the permafrost, mitigation effects of large-scale bioenergy plantation and emissions from different management measures
have not been accounted for in this study. These, as well as a
better assessment of biogeochemical versus biogeophysical
effects, need further consideration in future studies to make
a better assessment of the impact of boreal deforestation for
bioenergy production. In addition, given the strong impact
on the land’s biosphere carbon cycle and non-assessment of
other detrimental effects such as destruction of landscapes
and reduction of biodiversity, all studies, including this, have
not promoted large-scale deforestation as a measure to mitigate anthropogenic climate change. Large-scale deforestation experiments must therefore remain purely theoretical
experiments.
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