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Abstract Land cover change (LCC) aﬀects temperature locally. The underlying biogeophysical eﬀects
are inﬂuenced not only by land use (location and extent) but also by natural biogeographic shifts and
background climate. We examine the contributions of these three factors to surface temperature changes
upon LCC and compare them across Coupled Model Intercomparison Project phase 5 (CMIP5) scenarios. To
this end, we perform global deforestation simulations with an Earth system model to deduce locally induced
changes in surface temperature for historical and projected forest cover changes. We ﬁnd that the dominant
factors diﬀer between historical and future scenarios: the local temperature response is historically
dominated by the factor land use change, but the two other factors become just as important in scenarios
of future land use and climate. An additional factor contributing to diﬀerences across scenarios is the
dependence on the extent of forests before LCC happens: For most locations, the temperature response is
strongest when starting deforestation from low forest cover fractions.
1. Introduction
Land cover change (LCC), such as a conversion from forests to grasslands, perturbs the local surface
energy and water balance. Historically, these biogeophysical eﬀects have been found to cool global climate
[e.g., de Noblet-Ducoudrė et al., 2012; Boisier et al., 2012]. For future LCC in the representative concentration
pathway (RCP) scenarios, the simulated biogeophysical eﬀects were found to be substantially weaker [Brovkin
et al., 2013a; Boysen et al., 2014; Davies-Barnard et al., 2015]. The overall sign of the future response depends of
course on the type of LCC (deforestation or aﬀorestation dominating [Davies-Barnard et al., 2015]), but even
scenarios with the same general direction of LCC, such as the deforestation scenarios of RCP2.6 and RCP8.5,
diﬀer in their climatic eﬀects [Brovkin et al., 2013a]. Several factors have been proposed that are responsible
for diﬀerences in LCC eﬀects across scenarios [e.g., Brovkin et al., 2013a; Zhang et al., 2014; Pitman et al., 2011].
In this study, we explore three factors (see next paragraph) that are relevant for the locally induced eﬀects
in past and future scenarios, and we compare their relative importance. We focus our analysis on the locally
induced changes in surface temperature [e.g., Kumar et al., 2013; Malyshev et al., 2015; Winckler et al., 2017].
Additionally, LCC may aﬀect climate by nonlocal eﬀects, such as advection of local changes in air temperature
and humidity to neighboring regions. However, these nonlocal eﬀects are triggered locally, such that a better understanding of interscenario diﬀerences should begin at a local level. Furthermore, local temperature
changes are directly relevant for local living conditions.
The relative importance of the following three factors is assessed in our study: First, past and future eﬀects
may diﬀer because of diﬀerences in areal extent and geographical distribution of land-use-induced land cover
change (LULCC) in the scenarios [Brovkin et al., 2013a]. Second, the eﬀects of LCC at a given location will be
modiﬁed by a warming background climate (WARM), which may lead to a reduction in snow cover and changing evapotranspiration [Pitman et al., 2011]. While the change in background climate between preindustrial
and present-day conditions did not inﬂuence the LCC eﬀects substantially [de Noblet-Ducoudrė et al., 2012],
the inﬂuence of a warming background climate may be substantial in future scenarios. Third, any change
in background climate might cause natural biogeographic shifts, which we refer to as climate-induced land
cover change (CILCC); for instance, due to global warming, the tree-line in boreal regions is shifting northward
[ACIA, 2004], and eﬀects of this tree-line shift might accelerate warming locally [e.g., Zhang et al., 2014]. While
the factors LULCC, CILCC, and WARM have been investigated individually in previous studies [e.g., Brovkin
et al., 2013a; Zhang et al., 2014; Pitman et al., 2011], our approach enables us to determine their relative
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Figure 1. Conceptual diagram illustrating how changes in surface temperature are obtained for a given scenario of
changes in forest fraction. See also section 2 for a methodological overview of the look-up approach. (a) We insert forest
fraction for land-use (LULCC) or climate-induced land cover change (CILCC) into the look-up tables (see Figure 2) to
obtain the corresponding temperature changes. The change in surface temperature ΔTsurf depends on the forest
fractions at the beginning (c1 ) and end (c2 ) of the scenario. (b) We obtain the eﬀect of warmer background climate
(WARM) by comparing the eﬀects in present-day background climate to the eﬀects in a warmer background climate.
To this end, we insert changes in LULCC + CILCC into two look-up tables that were obtained for diﬀerent background
climates. The colors correspond to the colors in Figure 3.

contribution within one set of simulations. This assessment of their relative contribution is essential to
understand diﬀerences in the climate eﬀects of LCC across scenarios.
In addition to the above factors, past and future scenarios diﬀer in their initial forest cover fraction: In some
areas that were partially deforested historically, deforestation or aﬀorestation might take place in the future
but starting from a lower initial forest cover fraction. Further, depending on the scenario, LCC happens in
diﬀerent regions showing more or less forest cover. These diﬀerences in initial forest cover fractions would not
aﬀect the results if, on a grid box level, climate responds linearly to deforestation. However, if climate responds
nonlinearly to deforestation, this diﬀerence in initial forest cover fractions will contribute to the diﬀerence of
the deforestation eﬀects across the scenarios. Such a nonlinearity has been demonstrated in simulations by
Li et al. [2016] for the total eﬀects (locally induced plus remotely induced). We examine if this nonlinearity
is also present for the locally induced changes in surface temperature and to what extent this nonlinearity
contributes to the diﬀerences in the temperature response across LCC scenarios.

2. Methods: Look-Up Approach for the Locally Induced Changes
in Surface Temperature
To infer locally induced changes in surface temperature from LCC—modeled here as a replacement of forests
by grasslands—we proceed as follows (Figure 1a): We simulate changes in surface temperature following a
stepwise reduction in the fraction that is covered with forest within each grid box (“forest fraction”). Then,
we isolate the local eﬀects as described by Winckler et al. [2017]. In each grid box, we interpolate the values
that we obtained from the stepwise deforestation. The resulting curves then serve as look-up tables to infer
temperature change from diﬀerent LCC scenarios without the need for additional simulations: We insert the
forest fractions at the start and the end of a scenario, and we obtain the change in surface temperature that
is locally induced by this change in forest fraction (black arrow in Figure 2).
2.1. From Simulations to Look-Up Tables
First, we simulate changes in surface temperature following a reduction of forest fraction. We use the coupled
land-atmosphere model ECHAM6/JSBACH [Giorgetta et al., 2013; Reick et al., 2013] at horizontal resolution T63
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(about 1.9∘ ). In each experiment, we simulate 30 years after a 5 year spin-up. We
impose present-day background climate: we
prescribe sea surface temperatures (SSTs),
sea ice, and CO2 for the years 1976–2005
from the MPI-ESM CMIP5 (Coupled Model
Intercomparison Project, phase 5) historical
simulation [Giorgetta et al., 2012a]. Following the approach of “sparse” deforestation
described in Winckler et al. [2017], the conversion from forests to grasslands is performed
in 1 out of 8 grid boxes arranged in a regular spatial pattern (see Figure 1 there). In
the remaining boxes, present-day vegetation
Figure 2. Illustration of the look-up approach for one selected grid
is left unchanged. This way, we ensure that
box. Shown are the local eﬀects from the ﬁve simulations with
background climate (the inﬂuence of which
diﬀerent forest fractions (red dots), the resulting interpolated
we investigate separately; see section 2.3)
look-up curve (black), and an artiﬁcial look-up line interpolating
is not altered substantially by deforestation.
linearly between 100% and 0% forest cover (gray). The vertical axis
To decrease the dependence of our results
denotes locally induced changes in surface temperature with
respect to zero forest fraction. The arrows show the respective
on the exact location of the deforestation
changes in surface temperature for a change in forest fraction
grid boxes, we additionally simulate deforfrom c1 to c2 . In this example, the calculated change in surface
estation in 1 out of 8 grid boxes in a spatemperature would be underestimated when using the linear
tial pattern that is shifted by two grid boxes.
look-up line.
For both the “shifted” and “unshifted” simulations, we then isolate the local eﬀects by
removing nonlocal eﬀects and noise related to climate variability (for details see Winckler et al. [2017]). In the
following, we consider the mean of the local eﬀects from the “shifted” and “unshifted” simulations. Going
beyond previously performed simulations [Winckler et al., 2017], we isolate the local eﬀects not only for complete deforestation within a grid box but deforest in steps of 25% starting from 100% forest cover in the
vegetated part of each grid box. The bare land part of each grid box is left unchanged. We have then 5 forest
fractions × 2 (shifted and unshifted) = 10 simulations.
For each land grid box, we compute 30 year means for each of the ﬁve experiments (illustrated by the red dots
in Figure 2). We interpolate these means with a cubic spline. Using this curve s() as a look-up table, we can
convert a given change in forest fraction within the respective grid box (induced by LULCC, CILCC, or both)
into a locally induced change in surface temperature (black arrow):
ΔTsurf (c1 , c2 ) = s(c2 ) − s(c1 ),

(1)

where c1 and c2 denote the forest fractions within a grid box in the start and end year of the LCC scenario.
2.2. Forest Fraction Scenarios
We calculate the locally induced changes in surface temperature for various LCC scenarios: The historical scenario (between 1850 and 2005) and the future scenarios RCP2.6, RCP4.5, and RCP8.5 (between 2006 and 2099)
of CMIP5. To determine the respective temperature response, we require the initial and ﬁnal forest fractions
(see equation (1)). These forest fractions are based on the land-use transitions data set by Hurtt et al. [2011],
which is translated into geographical distributions of the plant functional types of MPI-ESM for CMIP5 as
described in the paper by Reick et al. [2013] (see Figure S1 in the supporting information for LULCC-induced
forest fraction changes in the respective scenarios). While we change the forest fractions within the vegetated
part of a grid box, we keep this vegetated fraction ﬁxed (see Text S1 and Figure S4).
For calculating forest fraction changes due to CILCC in the respective scenarios, we follow the approach by
Schneck et al. [2015] and use the cover fractions from two existing simulations: The changes in forest fractions
in the MPI-ESM simulations for CMIP5 [Giorgetta et al., 2012a, 2012b, 2012c, 2012d] include both LULCC from
the land-use transitions by Hurtt et al. [2011] and CILCC from JSBACH’s dynamic vegetation module [Reick et al.,
2013] for the respective background climate. In a second data set, forest fraction changes are derived from
the transitions by Hurtt et al. [2011], but the dynamic vegetation module is switched oﬀ [Schneck et al., 2015].
We calculate CILCC as the diﬀerence in forest fraction change between these two data sets (see Figure S2 for
WINCKLER ET AL.
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CILCC-induced forest fraction changes in the respective scenarios). The forest fraction changes can then be
applied to the look-up tables to assess the impacts of LULCC and CILCC on surface temperature. In the case of
a nonlinear response of surface temperature to deforestation, it matters whether LULCC or CILCC are applied
ﬁrst. However, in our study this is irrelevant, as LULCC and CILCC are aﬀecting diﬀerent regions, and thus the
synergies between them are negligible (see Figure S3).
2.3. Determining the Inﬂuence of a Warmer Background Climate
In diﬀerent background climates, a given change in land cover may aﬀect surface temperature diﬀerently.
While in reality background climate varies transiently, we consider the diﬀerence between the eﬀects in
two distinct background climates: present-day and the warmer RCP8.5 background climate. In addition
to the look-up tables for present-day background climate (described in section 2.1), we create separate
look-up tables for the warmer RCP8.5 background climate. For this, we repeat all 10 simulations described in
section 2.1, but we prescribe SSTs, sea ice, and CO2 from the years 2070–2099 from an MPI-ESM RCP8.5 simulation [Giorgetta et al., 2012d]. Instead of RCP8.5, we could also assess the eﬀect of the climate change projected
under RCP2.6 or RCP4.5. However, for comparability across scenarios, we want to assess how one given change
in background climate inﬂuences the results for the respective LCC scenarios. We choose the RCP8.5 forcing
scenario because it exhibits the strongest warming of the RCP scenarios and thus can be seen as an upper
bound for the relevance of background warming.
We calculate the inﬂuence of the warmer background climate as follows (see Figure 1b): The LCC eﬀects are
calculated separately for the look-up table corresponding to the warmer background climate s̃() and the
present-day background climate s(). Then, we deﬁne the inﬂuence of the warming background climate as the
diﬀerence between these two results:
[
]
WARM
ΔTsurf
(c1 , c2 ) = s̃(c2 ) − s̃(c1 ) − [s(c2 ) − s(c1 )].

(2)

Here c1 and c2 are the forest fractions within a grid box in the years 1850 and 2099. We choose to include LCC
since 1850 (and not only LCC in the RCP scenarios starting in 2006) in the analysis of warming background
climate for the following reasons: Background warming (mainly warming SSTs) is projected to occur only in the
future. However, the resulting change of surface temperature within a land grid box is not only determined by
LCC in the future but also by the forest fraction before the background warming. For instance, a given decrease
in snow cover might cause warming in a fully forested grid box. However, if this grid box was deforested before
the year 2005, this warming might be even more pronounced: The albedo in the grassland grid box (now
without snow masking of trees) might respond stronger to the change in snow cover. Thus, the response of a
grid box to post-2005 background warming also depends on pre-2005 LCC. Consequently, for calculating the
eﬀect of warming background climate, we also account for LCC prior to the year 2005. Since our LCC scenario
starts in the year 1850, we do not account for LCC prior to the year 1850.

3. Causes of Diﬀerences in Temperature Response to LCC Across Scenarios
3.1. Land-Use-Induced and Climate-Induced Land Cover Change
When averaged over land, the locally induced changes in surface temperature of LULCC cause a cooling in
the aﬀorestation scenario RCP4.5, but warming in all other scenarios, which are the deforestation scenarios
(Figure 3b; corresponding maps in Figure S1).
The temperature changes of CILCC are negligible for historical deforestation and induce a warming in all RCPs.
As opposed to land-use-induced changes in forest cover, in every scenario there are both areas with forest gain
and forest loss (Figure S2). Large parts of these climate-induced gains and losses of forest area compensate for
each other and result in a relatively small temperature signal when averaged over the land surface. Note that
CILCC in semiarid and arid regions may be overestimated because the vegetated fraction of the grid boxes
there is overestimated by JSBACH [Brovkin et al., 2013b]. However, this overestimation has only a small impact
on our globally averaged results: Warming and cooling from forest fraction decrease and increase largely
cancel each other out from these regions on a global scale. More important for the land-mean signal are a
forest die-back in the Amazon (especially in RCP8.5), where forest has a cooling eﬀect, and a northern shift
of the tree line in the boreal regions (in all RCPs), where forest has a warming eﬀect. While the likelihood of
forest die-back in a warmer climate is still unclear [e.g., Sitch et al., 2008; Rammig et al., 2010], there is a broad
consensus that the boreal tree line is about to shift northward as global warming proceeds [ACIA, 2004].
WINCKLER ET AL.
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3.2. Inﬂuence of Changing
Background Climate
In the warmer background climate, the
surface warming induced locally by
deforestation is stronger compared to
the eﬀects in present-day background
climate. In present-day background climate, a conversion from 100% forests to
100% grasslands in an average grid box
leads to a warming of 0.61 K, while the
same eﬀect in the warmer background
climate is a warming of 0.75 K (see maps
in Figure S5). In the temperate and
boreal regions, these changes are associated with reduced snow cover fraction
in the warmer background climate (not
Figure 3. Comparison of LCC eﬀects across scenarios. (a) Changes in
shown), in accordance with the study by
global forest area. Within a scenario, there can be both areas of forest
gain (positive values) and forest loss (negative values). (b) Contributions Pitman et al. [2011]. Due to this reduced
to local surface temperature changes from land-use-induced LCC,
snow cover, deforestation leads to a
climate-induced LCC, and warming background climate. The vertical
smaller albedo increase, and thus, deforaxis denotes surface temperature change averaged over land. For each
estation in the boreal regions becomes
scenario, the left bars account for the nonlinear surface temperature
less cooling. Also, tropical deforestation
response, and the right bars assume a linear response to deforestation.
in the warmer climate warms the surface more compared to deforestation in
present-day climate. This additional warming results from stronger deforestation-induced decreases of turbulent heat ﬂuxes in a warmer climate (not shown). Qualitatively, the change due to a warming background
climate is in accordance with the study by Armstrong et al. [2016]: In their model, deforestation leads to a
cooling, and in a warmer background climate this cooling eﬀect decreases.
The change in background climate aﬀects the results for the RCP scenarios: The eﬀects of LCC in the warmer
background climate are more warming compared to deforestation eﬀects in present-day background climate
(yellow bars in Figure 3b). For instance in RCP8.5, the inﬂuence of background warming on the LCC eﬀects is
0.0204 K. This number consists of the contributions from historical LCC (0.0128 K) and LCC occurring between
the years 2006 to 2099 (0.0076 K). Note that these two time spans are summarized in the yellow bars because
we assign LCC in both time spans to
the future scenario where background
warming might occur. In contrast, the
green and black bars only contain the
contributions from LCC in the respective scenario.

Figure 4. The nonlinearity diﬀers across ecoregions. (top) Spatial averages
of the already interpolated look-up maps for diﬀerent ecoregions. The
vertical axis denotes locally induced changes in surface temperature with
respect to zero forest fraction. (bottom) Ecoregions that are used for
averaging.
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3.3. Inﬂuence of the Forest Fraction
Prior to LCC
Here we assess whether surface temperature responds nonlinearly to the
extent of deforestation within a grid
box. Such a nonlinearity is relevant for
the LCC scenarios: In case of a strong
nonlinearity, the LCC eﬀect depends
on the forest fraction prior to deforestation. For instance in Figure 2, the
change from c1 to c2 (black arrow)
would have caused substantially less
warming if the same extent of deforestation, c2 − c1 , had started from
a higher forest fraction. In contrast,
3837

Geophysical Research Letters

10.1002/2017GL072519

in case of a linear surface temperature response the deforestation eﬀect would be independent of the forest fraction prior to LCC (grey arrow). The forest fraction prior to LCC varies across scenarios, and thus a
nonlinearity, if existing, could contribute to diﬀerences in the LCC eﬀects across scenarios.
Indeed, surface temperature responds nonlinearly to deforestation within most grid boxes (Figure 4).
Deforestation is generally more eﬃcient (that means deforestation causes more temperature change per unit
forest fraction change) when starting from a low forest fraction. This nonlinearity is particularly strong in the
temperate, arid, and tropical ecoregions, where surface temperature responds stronger to the last 25% than
the ﬁrst 75% of deforestation (Figure 4). The nonlinearity might arise from a nonlinear response of the turbulent heat ﬂuxes to changes in surface roughness (not shown). Similar to this study, nonlinearities have been
found in a previous simulation study by Li et al. [2016]. In their study, temperate and boreal changes in surface
temperature were particularly strong when starting deforestation from high initial forest fractions. However,
it is unclear if their nonlinearities were also present in the isolated locally induced eﬀects or if their nonlinearities originated from changes in global circulation due to their approach of global deforestation. Our results
show that nonlinearities are not only present in the total (local plus nonlocal) eﬀects but can also be strong
for the isolated locally induced changes in surface temperature. Thus, the deforestation impact depends on
the forest fraction prior to LCC.
The nonlinearity contributes to the diﬀerences across the scenarios. To show this, we contrast our previous
results (using the nonlinear look-up tables) by the results that would be obtained when ignoring the dependence on the forest fraction prior to LCC, and thus, calculating surface temperature changes using linear
look-up tables (black curve versus grey line in Figure 2). The results are summarized in Figure 3b: For historical LULCC, the impact calculated using the nonlinear look-up tables is smaller than using the artiﬁcial linear
look-up tables because the forest fraction prior to LCC in the historical scenario is relatively high (54% in the
year 1850). The same is true for in RCP4.5, because LULCC largely consists of a reversal of historical deforestation. In the RCP2.6 scenario, the diﬀerence between the results for linear and nonlinear look-up tables
becomes smaller, and in RCP8.5 the eﬀect using the nonlinear look-up tables is even stronger compared to
the results for the linear look-up tables. This is partly because the forest fractions prior to LCC are smaller than
in the historical scenario (30% in the year 2005 for both RCP2.6 and RCP8.5).

4. Discussion
We use a look-up approach to calculate the locally induced changes in surface temperature. Compared to
other methods for isolating the local eﬀects [Kumar et al., 2013; Malyshev et al., 2015; Lejeune et al., 2017], this
approach has two advantages: First, the look-up approach allows us to assess the relative contribution of
the three factors LULCC, CILCC, and WARM, without the need to perform computationally expensive simulations for each factor and scenario separately. Second, our approach allows us to assess the importance of the
nonlinearity in the response and thus the dependence on the forest fraction prior to deforestation.
The look-up approach requires mutual independence of the LCC eﬀects between diﬀerent grid boxes. For the
local eﬀects in this study, this independence is given because the local eﬀects within a grid box are largely
independent of LCC elsewhere [Winckler et al., 2017]. However, the nonlocal contributions from LCC are highly
dependent on the spatial extent and distribution of LCC [e.g., Swann et al., 2012; Devaraju et al., 2015; Winckler
et al., 2017]. Thus, the look-up approach cannot be extended to include remotely triggered eﬀects such as
sea-ice-albedo feedbacks [e.g., Swann et al., 2010; Davies-Barnard et al., 2014].
The locally induced changes in surface temperature are relatively small when averaged over land but can be
substantial on the local scale (Figures S1, S2, and S6). However, we display land average values in Figure 3 for
the sake of comparability across factors and scenarios. Apparently, the averaging over all land areas partly
obscures the fact that particularly the factors CILCC and WARM are warming locally in some regions, while
they cool locally in others. Thus, their relative importance is larger than suggested by Figure 3b because the
averaging artiﬁcially attenuates some of their eﬀects (Figure S8).
There is a large spread in the response to LCC across the CMIP5 models, even for the isolated local eﬀects
[Kumar et al., 2013; Lejeune et al., 2017]. Also, the dependence on forest fraction prior to LCC and the three
considered factors may diﬀer across models, both concerning their relative importance and absolute quantiﬁcation. Rather than giving an exact quantiﬁcation, this study should be seen as illustrating that the relative
contribution of the three factors can diﬀer substantially across scenarios, up to a similar contribution of
WINCKLER ET AL.
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CILCC and WARM as compared to LULCC for future scenarios. Thus, our study suggests that all three factors
contribute substantially to the total climate eﬀects of LCC.
While forest fractions prior to LCC have a relatively minor eﬀect on the considered scenarios, they can be
essential in other LCC scenarios. To illustrate this, we extend our assessment of realistic LULCC scenarios by an
“idealized” deforestation scenario (see Text S2) similar to the experimental setup proposed for the Land-Use
Model Intercomparison Project within CMIP6 [Lawrence et al., 2016]. In such an idealized scenario, surface
temperature responds particularly weakly because of the high forest fractions prior to deforestation (see
Figures S1 and S7). These results highlight the need to be aware of the nonlinearity when comparing deforestation eﬀects across scenarios. To evaluate whether the temperature response depends on the forest
fraction prior to LCC in reality, further studies might assess the nonlinear behavior in observational data sets
[e.g., Li et al., 2015; Alkama and Cescatti, 2016].

5. Conclusions
Previous studies found that the climate eﬀects of LCC diﬀer across scenarios because of diﬀerences in the
spatial extent and spatial distribution of land use [e.g., Brovkin et al., 2013a]. Going beyond this, we identify
two reasons why the locally induced changes in surface temperature diﬀer across scenarios:
First, the relative contribution from land use, natural vegetation dynamics and warming background climate
vary across scenarios. Historically, the locally induced changes in surface temperature have been dominated
by land-use-induced land cover change (LULCC). In the scenarios for future development, the more indirect
factors (warming background climate (WARM) and subsequent climate-induced land cover change (CILCC)
might become of equal importance compared to land use. Background climate varies across scenarios, models, and ensemble members [e.g., Sutton and Hawkins, 2009], and for a given background climate, natural
vegetation dynamics can diﬀer substantially across dynamic global vegetation models [e.g., Sitch et al., 2008].
Our results suggest that both uncertainties in the development of background climate and natural vegetation dynamics might add to the uncertainty of the LCC eﬀects across models beyond the uncertainties in the
implementation of LULCC and diﬀerences in the model parameterizations.
Second, forest fractions prior to deforestation vary between the historical scenario and future projections.
These initial forest fractions inﬂuence the LCC eﬀects, because surface temperature within a grid box responds
nonlinearly to deforestation. These results have implications beyond this study: pre-LCC forest fractions diﬀer
not only across scenarios but also across models [e.g., de Noblet-Ducoudrė et al., 2012]. Thus, the nonlinearity
might contribute to intermodel diﬀerences of LCC eﬀects. If observational studies conﬁrm our ﬁndings, the
nonlinearity may also be relevant for local climate change mitigation.
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