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S1. OSCAR model configuration

We used the compact earth system model OSCAR v2.4 to assess the impact of
land use change (LUC) on albedo-induced radiative forcing (ARF) in the globe (Li et
al., 2016; Gasser et al., 2018; Fu et al., 2020; Cherubini et al., 2014). OSCAR is a non-
linear box model. It is not a spatially resolved model on a gridded map (i.e., it is not a
gridded model) but on a fixed country/regional scale covering 114 countries and regions
in the globe. In other words, the OSCAR model used in this study is not gridded but
country and regional-based. The OSCAR is a parametric model, in which a relatively
large number of parameters required to calculate RF are calibrated on (or input from)
complex climate models. Hence, OSCAR performs in a meta-modeling approach. That
is, each module of OSCAR is designed to emulate the behavior of other more
specialized models (e.g., global climate models, dynamical vegetation models, or
chemistry-transport models) (Gasser et al., 2018). Compared with other complex earth
system models, the OSCAR has several advantages, including: (1) coupled components:
the model has the ability to couple different components of the Earth system, such as
the atmosphere and oceans, allowing for the study of complex interactions and
feedbacks between these components. (2) The OSCAR ESM is designed in a modular
fashion, which means that individual components can be updated or replaced without
affecting the entire model. This flexibility makes it easier to incorporate new
developments and improve the model over time. (3) The OSCAR can generate Monte
Carlo ensembles, which are multiple simulations that vary input parameters randomly.
These ensembles can be used to analyze uncertainty and variability, providing statistical
analysis of possible outcomes and probabilities. (4) The OSCAR is a simple and
compact earth system model. It is designated to diagnose the climate forcing from
different climate forcers from their “past” changes rather than future. This enables it to
be much easily performed and implemented with the focus on assess quantitatively the
radiative forcing from different climate forcers. These advantages motivate us to choose

this tool in our investigations.



The process of converting land-use types into albedos in OSCAR involves several
steps, which rely on established relationships between specific land-use types and their
associated albedo values. These processes include: 1. land-use classification (Table S1),
2. albedo parameterization, and 3. albedo calculation. Of which, albedo values are
parameterized based on empirical data, literature reviews, and remote sensing
observations. Typically, these values are based on measurements collected from various
studies that provide average albedo values for different land cover and land use types.
In OSCAR, land use and land cover information are integrated into the model to
facilitate the calculation of albedo. When simulating different scenarios, the model
assigns an average albedo value to each region based on the dominant land use type.
The total albedo for an area may change dynamically depending on land-use changes
predicted by the model (e.g., deforestation, urbanization, or agricultural practices).
Once the albedo for different LU types is determined, OSCAR uses these albedo values
to estimate the net radiation absorbed at the surface. The albedo influences RF based
on the changes in surface reflectivity. Details are referred to Gasser et al. (2017).

Given the fixed national/regional scale in OSCAR, we did not attempt to perform
model simulations at different spatial resolutions. Instead, we incorporated
(‘extrapolated’) the updated global LUC data on a 5 kmx5 km resolution to 144
countries and regions across the world, which features more detailed land-use evolution,
into the OSCAR. This LUC inventory captures the most important land use changes
occurring since the early 1980s and provides a unique ecosystem to study the impact of
their LUC on climate over a relatively short period, rather than from pre-industrial times,
which often generates large uncertainties.

In most previous investigations, radiative forcing due to LUC has been estimated
using a radiative transfer model in a GCM (General Circulation Model) (Houghton et
al., 1995; Betts et al., 2001; Myhre et al., 2003; Andrews et al., 2017). In OSCAR, the
RF from LUC is estimated using a simple parameterization of shortwave radiative

forcing. It is parameterized by annually averaged albedo at a biome in a certain region,



and the regional shortwave radiation and downward flux at the surface (Bright et al.,
2013). A detailed description of the OSCAR v2.4 has been provided by Gasser et al
(Gasser et al., 2017). The RF by LUC is simulated using the first-order equation of
Bright and Kvalev&y (2013), defined as:
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where T ans = 0.854 is the global shortwave and upward transmittance, Aearth
denotes the surface area of the Earth (Lenton et al., 2009). @, isthe yearly averaged
downward shortwave radiative flux at the surface that alters with time on an annual
basis in region i, which is taken from three projects. These are the Global Energy and
Water Exchanges (GEWEX, 2010, https://gewex-srb.larc.nasa.gov/) from 1984-2007,
the Clouds and Earth’s Radiant Energy System (CERES, 2015,
https://ceres.larc.nasa.gov/) from 2000-2014, and the Modern Era Retrospective-
Analysis for Research and Applications (MERRA, 2015,

https://gmao.gsfc.nasa.gov/reanalysissMERRA/) from 1979-2014. aé’f’b in Eq. (S1) is

the annually-averaged albedo at the biome b in region i, which is calculated by
weighting the albedo climatology by Moderate Resolution Imaging Spectroradiometer
(MODIS) (MODIS, 2014, https://modis.gsfc.nasa.gov/), European Space Agency’s
Climate Change Initiative (ESA-CCI, 2015, https://climate.esa.int/en/), and He et al
(He et al., 2014). The albedos used in our study is presented in Table S3. AA'® is the
area of a biome b in region i. AA of five land use types in the globe and nine regions

is calculated by twenty land-use transitions in Table S2.

S2. Data and model setup

Fig. S1 and Table S4 compares annual variation of the area of each land use type
from 1983 to 2010 between previously used OSCAR LUH1-LUC and GLASS-GLC
inventories, including cropland, desert, forest, grassland, and shrubs. Significant
differences between the two LUC inventories can be discerned in Fig. S1. As shown,

the area change in GLASS-GLC inventory differs by an order of magnitude from the
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OSCAR LUHI1-LUC results, of which, the change in global cropland differs by almost
700 times. The OSCAR LUHI1-LUC inventory utilizes a GLM extension model and
only combines with satellite-derived current land cover from the Discoverer version 2
(https://heasarc.gsfc.nasa.gov/docs/heasarc/missions/discoverer.html) data using the
International Geosphere-Biosphere Programme (IGBP, www.igbp.net) classification
map in satellite remote sensing. Whereas, the GLASS-GLC inventory was developed
by building the first record of 34-year-long annual dynamics of global land cover
(GLASS-GLC) at 5 km x5 km resolution using the Google Earth Engine (GEE)
platform, with the latest version of GLASS (Global Land Surface Satellite) CDRs
(climate data records) from 1982 to 2015. GLASS-GLC is characterized by high
consistency, more detail, and longer temporal coverage (Liu et al., 2020), thereby
yielding more accurate land-use change in the globe.

Since LUH1 dataset does not explicitly categorize urban land cover change and
OSCAR v2.4 merely uses LUC data at a coarse spatiotemporal resolution (Hurtt et al.,
2011), which would cause large uncertainties in the estimate of albedo-induced RF. To
overcome this difficulty, we replaced the OSCAR LUHI-LUC data with updated
GLASS-GLC dataset, obtained from Key Laboratory for Earth System Modeling,
Department of Earth System Science, Tsinghua University
(https://doi.org/10.1594/PANGAEA.913496). This recently updated LUC inventory
considers seven major types of land cover in the globe on an annual basis from 1982-
2015 and spatial spacing of 5 kmx5 km, including cropland, forest, grassland, shrubland,
tundra, barren land, and snow/ice. The present assessment focused on five major LU
types contributing more significantly to RF. These are cropland, desert, forest, grassland,
and shrubs. The same dataset has been used and examined in other studies,
demonstrating 82.81% overall accuracy based on 2431 test sample units (Liu et al.,
2020).

To distinguish the differences of albedo-induced RF (ARF) between two LUC

inventories, we set up two model scenarios in sensitivity experiments by performing



OSCAR simulations with low spatiotemporally resolved OSCAR LUH1-LUC
inventory (scenario 1) and high spatiotemporally resolved GLASS-GLC inventory
(scenario 2), respectively. We also designed 20 sensitivity experiments to reduce
respectively by 20% area of LU conversions of each LU type among five LU types
from 1982-2010 (Table S2). We estimated disturbance capacity (DC) and effective area
(EA) to assess the impact of LUC on the changes in global ARF.

To examine the response of ARF to the spatial resolution of a LUC inventory, we
also carried out sensitivity analysis by running the OSCAR model to calculate ARF
from 2001 to 2010 using GLASS-GLC inventory on different spatial scales, including
5 kmx5 km, 10 kmx10 km, 20 km*20 km resolution, and LUH1-LUC on 0.5° x 0.5°
latitude/longitude resolution, of which, the 10 kmx10 km and 20 km*20 km resolution
LUC data was extrapolated from GLASS-GLC inventory on the 5 kmx5 km resolution.
We estimated the ARF fractions of three GLASS-GLC datasets from 5 kmx5 km to 20
kmx20 km spacing to the coarse resolution LUH1-LUC inventory. The mean fractions
averaged over 2001 to 2010 between the three GLASS-GLC and LUH1-LUC datasets
are -16.9%, -14.3%, and -14.1% for the 5 kmx5 km, 10 kmx10 km, 20 kmx20 km
resolution GLASS-GLC inventories. As expected, the ARF driven coarse resolution (20
kmx20 km) GLASS-GLC differ insignificantly from the 10 kmx10 km resolution
GLASS-LUC because both datasets are extrapolated from the 5 kmx5 km GLASS-
GLC. The result suggests that the data sources and approaches to derive a LUC
inventory together with spatial resolution determine, to a large extent, the ARF
estimation.

We further compared the GLASS-LUC derived ARF in the OSCAR model to the
modeling result using the MODIS LUC data. Given that the MODIS-LUC data is only
available from 2001 to 2023, we replaced the GLASS-GLC by MODIS LUC data from
2002 to 2010 in the OSCAR model. During this period, the OSCAR simulated RF in
the globe using the MODIS LULC and the GLASS-GLC data are 0.0165 Wm™ and



0.0157 W m?, respectively, indicating only a 5% difference of RF between the two

satellite remote sensing derived LUC datasets.

S3. Disturbance capacity and effective area

To explore the global and nine regional inter-annual ARF fluctuations from 1983-
2010, we used DC and EA to establish a statistical approach that combines the RF
results from 20 sensitivity experiments and the LUC of each target region, as defined
in METHOD of main text. A positive DC is associated with a decrease in surface albedo
subject to LU conversion and an increase in RF, exerting a warming effect, and vice
versa. Here we only discussed the LU conversion subject to those positive DCs. We
also calculated the DC of the net LU conversions, which accounts for the two-way
conversion of LU types (main text). Results are presented in Table S10 and Table S11.
For instance, the DC for the net LU conversion between grassland and cropland is
estimated by the area converted from grassland to cropland minus the area converted
from cropland to grassland. Once the DC is obtained, the EA area can be estimated,
which defines the converting areas of the 10 net land conversion types between 1982
and 2010 divided by their respective absolute DCs. The results explain the change in
ARF from 1983 to 2010.

Globally, net LU conversions with a high DC (|DC|>1%) occurred in grassland to
forest, shrub to forest, grassland to cropland, cropland to forest, shrub to cropland, and
desert to cropland. Their respective DC values are 19.81%, 12.92%, 6.43%, 5.59%,
3.89%, and 1.33%. The result indicates that the conversion between grassland and
forest (DC = 19.81%) exerts the greatest impact on the global ARF. In East and
Southeast Asia, the net LU conversion types with large DC values (|DC|>1%) include
grassland to forest, shrub to forest, grassland to cropland, cropland to forest, shrub to
cropland. Their respective DC values are 13.69%, 5.09%, 13.91%, 15.24% and 1.66%,
indicating that the conversion between cropland and forest (DC = 13.69%) plays most

significant role in the altered ARF in East and Southeast Asia. In Latin America, the net



LU conversions with large DC values (|DC|>1%) occurred in grassland to forest, shrub
to forest, grassland to cropland, cropland to forest. Their respective DC values are
38.52%, 7.22%, 2.76%, 1.26%. As a result, the LU conversion between grassland and
forest (DC = 38.52%) exert the greatest impact on the changes in ARF in Latin America.
In Near East and North Africa, the net LU conversions with large DC values (|DC|>1%)
occurred in grassland to forest, shrub to forest, grassland to cropland, cropland to forest,
shrub to cropland, and desert to cropland conversion, which are 8.23%, 2.42%, 24.08%,
2.68%, 1.46%, and 11.10%, respectively. Of these LU conversions, the grassland and
cropland conversion (DC = 24.08%) contributed the most to the change in ARF in this
region. In North America, grassland to forest, grassland to cropland, and cropland to
forest conversion were major LU conversion types, which are 34.19%, -8.46%, and
6.84%, respectively, so grassland to forestland conversion dominated ARF variation in
this continent. In Sub-Saharan Africa, LU net conversions featured by |DC|>1%
occurred in grassland to forest, shrub to forest, grassland to cropland, cropland to forest,
and shrub to cropland conversions. Their respective DC values are 13.49%, 24.44%,
2.28%, 1.97%, and 7.80%. In this region, shrub and forest conversion (DC = 24.44%)
exerts the greatest impact on the ARF. In South Asia, the net LU conversions with
IDC|>1% occurred in grassland to forest, shrub to forest, grassland to cropland,
cropland to forest, shrub to cropland, and desert to cropland conversion with their
respective DC values at 6.35%, 2.93%, 19.74%, 13.19%, 2.00% and 5.75%. It is
straightforward to identify that grassland and cropland conversion (DC = 19.74%) is
the most important contributor to the regional ARF in the region. The DCs by net LU

conversions in other regions are presented in Table S10.

S4. Analysis of differences between results of simulations in S1 and S2
The major reason was significant differences between the GLASS-GLC and
original OSCAR LUC inventories (LUH1-LUC). The updated GLASS-GLC includes

high-resolution LUC and detailed LU transformation (conversion) between cropland,



desert, forest, grassland, and shrubs. Whereas, the LUH1-LUC inventory only considers
the one-way inter-conversions between cropland and other four land types.

On the other hand, we can also analyze the reasons from the LUC perspective. The
global results are shown in Figure 1. The reason is that in the GLASS-GLC inventory
accounts for the global cumulative area of grassland-to-forest conversion from 1982-
2010 at 78.67 Mha, the cumulative area of grassland-to-cropland conversion is 90.21
Mha, and the cumulative area of cropland-to-forest conversion at 107.52 Mha, which
caused decreasing albedo, and thus ARFs; grown significantly. The LUH1-LUC only
identified a shift of 34.17 Mha from forest to cropland, 25.27 Mha from grassland to
cropland, and 12.54 Mha from desert to cropland from 1982 to 2010. Combining these
LUC conversion resulted in a smooth increase in ARFs;.

The nine regional results are shown in Figure 2. In East and Southeast Asia, the
GLASS-GLC inventory accounts for the cumulative area of grassland-to-forest
conversion from 1982-2010 at 15.39 Mha, the cumulative area of grassland-to-cropland
conversion is 10.10 Mha, and the cumulative area of cropland-to-forest conversion at
60.51 Mha, which caused decreasing albedo, and thus ARFs; in this region grown
significantly. The LUH1-LUC only identified a shift of 29.66 Mha from forest to
cropland, 5.40 Mha from grassland to cropland, and 5.25 Mha from desert to cropland
from 1982 to 2010. Albedo changes are mainly dominated by the process of conversion
of forest to cropland, leading to an increase, and thus ARFs; in this region decreased
smoothly.

In Europe, the GLASS-GLC inventory accounts for the cumulative area of
grassland-to-forest conversion from 1982-2010 at 4.87 Mha, the cumulative area of
desert-to-cropland conversion is 4.73 Mha, and the cumulative area of cropland-to-
forest conversion at 4.15 Mha, which caused decreasing albedo, and thus ARFs; in this
region grown significantly. The LUH1-LUC only identified a shift of 10.73 Mha from
forest to cropland, 4.42 Mha from grassland to cropland, and 3.02 Mha from desert to

cropland from 1982 to 2010. Combining these LUC conversion resulted in a smooth



increase of ARFsj in this region. In Latin America, the GLASS-GLC inventory accounts
for the cumulative area of forest-to-grassland conversion from 1982-2010 at 41.10 Mha,
and the cumulative area of cropland-to-forest conversion at 4.34 Mha, which caused
increasing albedo, and thus ARFs; in this region decreased significantly. The LUH1-
LUC only identified a shift of 18.60 Mha from forest to cropland, 2.76 Mha from shrub
to cropland, and 2.93 Mha from desert to cropland from 1982 to 2010. Combining these
LUC conversion resulted in a significant decrease of ARFs; in this region.

In Near East and North Africa, the GLASS-GLC inventory accounts for the
cumulative area of grassland-to-forest conversion from 1982-2010 at 1.30 Mha, the
cumulative area of grassland-to-cropland conversion is 6.57 Mha, and the cumulative
area of cropland-to-forest conversion at 3.72 Mha, which caused decreasing albedo, and
thus ARFs; in this region grown significantly. The LUH1-LUC only identified a process
of increasing (2.43Mha from 1982-1995) and then decreasing (-1.35Mha from 1995-
2010) cropland area, resulting in a slow increase and then a slow decrease in ARFs; in
this region.

In North America, the GLASS-GLC inventory accounts for the cumulative area of
grassland-to-forest conversion from 1982-2010 at 27.13 Mha, the cumulative area of
grassland-to-cropland conversion is 17.47 Mha, and the cumulative area of cropland-
to-forest conversion at 11.59 Mha, which caused decreasing albedo, and thus ARFs; in
this region grown significantly. The LUHI1-LUC only identified a shift of 14.10 Mha
from cropland to forest, 5.73 Mha from cropland to grassland, and 2.59 Mha from
cropland to desert from 1982 to 2010. Combining these LUC conversion resulted in a
smooth increase of ARFs; in this region.

In Oceania, the GLASS-GLC inventory accounts for the cumulative area of
grassland-to-forest conversion from 1982-2010 at 2.63 Mha, the cumulative area of
shrub-to-forest conversion is 1.61 Mha, and the cumulative area of cropland-to-forest
conversion at 0.97 Mha, which caused decreasing albedo, and thus ARFs in this region

grown significantly. The LUHI1-LUC only identified a shift of 1.39 Mha from cropland



to forest, 1.58 Mha from cropland to grassland (In Oceania, albedo is higher in cropland
than in grassland, as shown in Table S3), and 0.48 Mha from cropland to shrub from
1982 to 2010. Combining these LUC conversion resulted in a significant increase of
ARFs; in this region.

In Russia, the GLASS-GLC inventory accounts for the cumulative area of
grassland-to-forest conversion from 1982-2010 at 53.10 Mha, and the cumulative area
of cropland-to-grassland conversion at 3.37 Mha (In Russia, albedo is higher in
cropland than in grassland, as shown in Table S3), which caused decreasing albedo, and
thus ARFs; in this region grown significantly. The LUH1-LUC only identified a shift
of 5.59 Mha from cropland to forest, 3.13 Mha from cropland to grassland, and 0.60
Mha from cropland to shrub from 1982 to 2010. Combining these LUC conversion
resulted in a smooth increase of ARFs; in this region.

In Sub-Saharan Africa, the GLASS-GLC inventory accounts for the cumulative
area of grassland-to-forest conversion from 1982-1993 at 73.82 Mha, the cumulative
area of shrub-to-forest conversion at 35.13 Mha, and the cumulative area of cropland-
to-forest conversion at 10.46 Mha, which caused decreasing albedo, and thus ARFs>
grown significantly. In 1993-2010, the GLASS-GLC inventory accounts for the
cumulative area of forest-to-grassland conversion at 61.46 Mha, the cumulative area of
forest-to-shrub conversion at 76.19 Mha, and the cumulative area of cropland-to-forest
conversion at 3.74 Mha, which caused increasing albedo, and thus ARFs> decreased
significantly. The LUHI-LUC only identified a shift of 22.26 Mha from grassland to
cropland, 17.84 Mha from cropland to forest, and 9.11 Mha from desert to cropland
from 1982 to 2010. Combining these LUC conversion resulted in a smooth increase of
ARFs; in this region.

In South Asia, the GLASS-GLC inventory accounts for the cumulative area of
grassland-to-forest conversion from 1982-2010 at 2.99 Mha, the cumulative area of
cropland-to-forest 16.37 Mha, and the cumulative area of grassland-to-cropland

conversion at 24.75 Mha, which caused decreasing albedo, and thus ARFs> in this
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region grown significantly. The LUH1-LUC only identified a shift of 2.25 Mha from
desert to cropland, 0.39 Mha from cropland to forest, and 1.20 Mha from grassland to
cropland from 1982 to 2010. Combining these LUC conversion resulted in a smooth

increase of ARFs; in this region.

SS. Sensitivity experiments

We designed 20 sensitivity experiments among five land use types (cropland,
desert, forest, grassland, and shrub) to explore potential causes of RF fluctuations in the
globe and nine regions from 1983 to 2010. In each experiment, we reduced the LU
transition area by 20% in year ¢ as presented in Table S2. We used DC and EA to
interpret the results from the 20 sensitivity experiments (MHTHODS, Section S3 in the
Supplement). We selected the annual LU conversion areas subject to six LU
transformation types having most prominent impact on global ARF based on the
magnitude of [DC|>1%. The results are also compared to their respective contribution
to the altered ARF, defined as ARF4 and calculated by

ARFt, = (RF* — RF*Y) — (RF{* — RF/'™), (S2)
where RF' and RF]' are changes in global ARF from sensitivity experiments for LU
conversion type i in year . We choose ARF4>0.01 m W m™ to characterize the rate and
extent of changes in ARF subject to LU transitions. Based on the results of Table S9
and Fig. S15, we select six LU transformation types in the globe, including grassland
to forest, shrub to forest, grassland to cropland, cropland to forest, shrub to cropland,
and desert to cropland.

The ARF4 in the selected LU conversion types under the same selection criteria
(IDC[>1% and ARF¢>0.01 m W m?) for each of nine regions and the globe are
illustrated in Figs. S3-S12.

S6. Further readings in Figure 3
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Here we further analyze the relationships between RF and EAs in other regions,
which are not discussed in main text. In Europe, the correlation coefficient (77) between
AREF and the EA is 0.860 (P-value<0.01). In this case the EA consists of a cumulative
area of four net LU conversion types, namely grassland to forest, grassland to cropland,
cropland to forest, and desert to cropland, accounting for 46.00%, 37.70%, 12.60%, and
3.60% in the total EA, respectively. In Near East and North Africa, 7 between ARF and
the effective area is 0.934 (P-value<0.01) and the EA includes a cumulative area of six
net LU conversion types, namely grassland to forest, shrub to forest, grassland to
cropland, cropland to forest, shrub to cropland and desert to cropland, contributing
16.50%, 4.90%, 48.20%, 5.40%, 2.90%, and 22.20% to the total effective area in this
region, respectively. In North America, 7 between ARF and the EA is 0.867 (P-
value<0.01), which includes the cumulative area of three net LU conversion types.
These are grassland to forest, grassland to crop, and cropland to forest, accounting for
69.10%, -17.10%, and 13.80% of the total effective area in this continent, respectively.
In Oceania, 7 between ARF and the EA is 0.531 (P-value<0.01), the latter consists of
a cumulative area with five net LU conversion types, including grassland to forest,
shrub to forest, grassland to cropland, cropland to forest, and shrub to cropland,
accounting for 34.70%, 44.00%, -9.00%, 7.70%, and -4.60% of the total effective area
in Oceania, respectively. In Russia, strong correlation coefficient of 0.953 (P-
value<0.01) between ARF and effective area was observed. In this case, the EA includes
a cumulative area of three net LU conversion types. These are grassland to forest,
grassland to crop, and cropland to forest, contributing 78.00%, -17.60%, and 4.40% to

the total effective area in Russia, respectively.

S7. ARF from forest, grassland, and shrubland transition

As can be seen in Fig. 5a-c, the ARF from fixed forestland is, in general, lower
than the ARF from scenario 2 result because in most years of 1983 through 2010, the
ARFs from scenario 2 with fixed LUC (blue solid line) is below the ARF derived from
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altered LUC under scenario 2 (red solid line). We observe a mean percentage-change
in ARF over 5% between fixed and altered forestland in scenario 2 averaged from 1983-
2010. The annual percentage change reaches a maximum of 32% in 2009 (Table S2).
The bar charts in the inset of Fig. Sa-c show that the conversions from cropland and
grassland to forestland contribute 52.11% and 38.13% to the change in forestland
between 1983 and 2010, respectively. Rather, desert-to-forest conversion and shrub-to-
forest conversion merely contribute 0.52% and -9.24% to the change in forestland for
the same period. Since the conversions from cropland and grassland to forestland under
scenario 2 reduces the surface albedo, which, in turn, reduces a negative ARF. On the
other hand, due to lower surface albedo on forestland, the fixed forestland yields greater
negative ARF values, as seen in Fig. 5a-c. The result manifests that the cropland and
grassland to forestland transitions weakens the cooling effect. Likewise, smaller
negative ARF values from the transitions between cropland (Fig. 5a-a) and grassland
(Fig. 5a-d) and the other four LU types are also identified. From the inset bar chart
figure of Fig. 5a-a, we can discern that the transitions from cropland to forestland
(negative bar) and grassland and desert to cropland (positive bar) dominate the LU
conversions. The net transition yields smaller negative ARF values and hence weaker
cooling effect compared to the ARF from fixed cropland with significantly lower albedo
than grassland and desert (Table S3). This result is also applicable in the altered ARF
driven by transitions between grassland and the other four LU types (Fig. 5a-d), in
which the transitions from grassland to shrubland (-28.32%), grassland to forestland (-
16.17%) and cropland (-18.54%) overwhelm desert to grassland (36.97%) transition
(the inset bar chart of Fig. 5a-d), yielding a net conversion area of -26.06%, suggesting
that the reduction of grassland results in smaller negative ARF values and reducing the
cooling effect compared to ARF from the fixed grassland.

In contrast, in the case of LU transition between shrubland and the other four LU
types, the transition from grassland (74.52%), forestland (10.31%), and desert (14.11%)

to shrubland dominates the LUC. As a result, global shrublands expanded at a mean
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growth rate of 6.6 Mha/yr (Fig. S14e), which yields larger negative ARF values
compared to the fixed shrubland because of overall reduced albedo from such LU

transition in the globe (Table S3).

S8. Normalized marginal attribution method

To address the nonlinear processes in the OSCAR climate model, we utilize the
normalized marginal attribution method (Li et al., 2016; Fu et al., 2020) to attribute
various types of LUC and calculate the contribution of each LUC to the changes in ARF.
Assuming A is influenced by n factors (Eq. S3), to attribute A to these causes (x1, X2, ...,
Xn), we compute the marginal effect of each cause with a slight change at a ratio of ¢,
as defined in Eq. S4 (Li et al., 2016; Fu et al., 2020). The relative importance of each
cause can be estimated through the normalization of the marginal effects, as indicated

by the relative importance (Egs. S5 and S6), defined by:

A= f(x11x2""l xn) (83)
AiA :f(xbxz 2 X ;"',xn)_f(xlfo it EXG ’.”'xn) (84)
@ =0 (S5)

T A A+DA+-ApA

Ci = Qa; X A (86)
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Table S1. Mapping land-use and land-cover categories of the LUH1 and GLASS-GLC.

LUH1 Category GLASS-GLC Category | Notes

Pasture is managed grassland, may include
Pasture Grassland

various types of grassland.
Cropland Cropland Generally aligns between the datasets.
Urban Built-up Urban areas as built-up land.

Generally aligned, but definitions may vary
Forest Forest

(e.g., different types of forestry).

Consistently classified, though terms may
Wetland Wetland

differ.

Table S2. Twenty OSCAR sensitivity experiments considering conversions among five major land-
use types in GLASS-GLC dataset.

Sensitivity Land Use Type Conversion
experiment
1 Crop crop to desert
2 - crop to forest
3 - crop to grass
4 - crop to shrub
5 Desert desert to crop
6 - desert to forest
7 - desert to grass
8 - desert to shrub
9 Forest forest to crop
10 - forest to desert
11 - forest to grass
12 - forest to shrub
13 Grass grass to crop
14 - grass to desert
15 - grass to forest
16 - grass to shrub
17 Shrub shrub to crop
18 - shrub to desert
19 - shrub to forest
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shrub to grass

Table S3. Albedo in each country/region over the five land use types in OSCAR (Gasser, 2017) and
regrouped nine regions in the globe.

Region | Number | Country/ Albedo
region
- Cropland | Desert Forest | Grassland | Shrubland
1 China 0.188 0.269 0.141 0.230 0.148
2 Japan 0.146 0.139 0.160 0.160 0.160
3 Korea 0.148 0.133 0.136 0.136 0.136
4 Taiwan 0.153 0.145 0.128 0.151 0.132
5 Cambodia 0.172 0.153 0.146 0.151 0.152
6 Rest of East
East Asia 0.247 0.278 0.168 0.280 0.221
and 7 Hong Kong - - - - -
Southeast | g Indonesia | 0.163 0143 | 0.146 0.163 0.156
Asia Lao
People's
Democratic 0.165 0.150 0.144 0.150 0.149
Republic
10 Myanmar 0.172 0.147 0.137 0.143 0.146
11 Malaysia 0.168 0.119 0.149 0.167 0.157
12 Philippines 0.164 0.156 0.153 0.162 0.159
13 Singapore 0.165 0.109 0.165 0.162 0.163
14 Thailand 0.175 0.154 0.145 0.155 0.152
15 Vietnam 0.167 0.146 0.141 0.149 0.146
16 Rest of
Southeast 0.157 0.156 0.150 0.157 0.152
Asia
1 Austria 0.179 0.209 0.165 0.186 0.164
2 Belgium 0.180 0.170 0.169 0.169 0.168
3 Czech
Republic 0.178 0.168 0.164 0.165 0.163
4 Denmark 0.185 0.160 0.177 0.174 0.179
5 Estonia 0.181 0.160 0.165 0.166 0.166
6 Finland 0.168 0.167 0.169 0.175 0.171
7 France 0.180 0.204 0.155 0.178 0.145
8 Germany 0.180 0.187 0.163 0.177 0.164
9 Greece 0.165 0.129 0.131 0.132 0.126
10 Hungary 0.177 0.180 0.178 0.178 0.179
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11 Ireland 0.198 0.199 0.169 0.196 0.161
12 Italy 0.164 0.271 0.167 0.207 0.156
13 Latvia 0.193 0.172 0.173 0.174 0.174
14 Lithuania 0.194 0.165 0.180 0.182 0.182
15 Luxembour
g 0.162 0.166 0.159 0.165 0.160
16 Malta - - - - -
17 Netherlands 0.169 0.186 0.146 0.184 0.154
Europe 18 Poland 0.184 0.176 0.164 0.169 0.168
19 Portugal 0.160 0.135 0.126 0.130 0.137
20 Slovakia 0.178 0.171 0.164 0.165 0.164
21 Slovenia 0.174 0.154 0.153 0.157 0.157
22 Spain 0.183 0.184 0.150 0.152 0.154
23 Sweden 0.167 0.196 0.150 0.164 0.154
24 United
Kingdom 0.181 0.202 0.199 0.200 0.210
25 Switzerland 0.162 0.266 0.187 0.213 0.186
26 Norway 0.163 0.316 0.173 0.231 0.195
27 Rest of
EFTA 0.300 0.252 0.274 0.216 0.249
28 Albania 0.166 0.164 0.172 0.165 0.160
29 Bulgaria 0.177 0.159 0.161 0.160 0.161
30 Belarus 0.194 0.201 0.176 0.182 0.176
31 Croatia 0.171 0.152 0.159 0.158 0.158
32 Romania 0.183 0.183 0.167 0.174 0.167
33 Ukraine 0.185 0.160 0.168 0.168 0.168
34 Rest of
Eastern 0.175 0.150 0.172 0.142 0.150
Europe
35 Rest of
Europe 0.177 0.180 0.172 0.173 0.170
36 Rest of
Former
Soviet 0.223 0.257 0.249 0.272 0.241
Union
1 Mexico 0.160 0.184 0.140 0.155 0.181
2 Argentina 0.176 0.175 0.134 0.148 0.145
3 Bolivia 0.173 0.197 0.144 0.146 0.137
4 Brazil 0.166 0.163 0.146 0.154 0.156
5 Chile 0.143 0.273 0.129 0.154 0.163
6 Colombia 0.181 0.166 0.147 0.165 0.154
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Ecuador 0.164 0.061 0.146 0.145 0.146
Paraguay 0.166 0.153 0.142 0.148 0.146
Latin Peru 0.166 0.188 0.145 0.156 0.143
America 10 Uruguay 0.181 0.182 0.166 0.181 0.170
11 Venezuela 0.179 0.168 0.144 0.168 0.146
12 Rest of
South 0.167 0.165 0.145 0.162 0.160
America
13 Costa Rica 0.171 0.147 0.158 0.166 0.164
14 Guatemala 0.158 0.156 0.151 0.146 0.149
15 Nicaragua 0.172 0.155 0.169 0.156 0.176
16 Panama 0.173 0.174 0.161 0.173 0.168
17 Rest of
Central 0.155 0.148 0.153 0.148 0.149
America
18 Caribbean 0.170 0.105 0.151 0.158 0.155
1 Cyprus 0.171 0.185 0.131 0.147 0.151
2 Kazakhstan 0.264 0.245 0.218 0.250 0.241
3 Kyrgyzstan 0.242 0.288 0.272 0.289 0.294
4 Armenia 0.235 0.234 0.180 0.245 0.215
Near 5 Azerbaijan 0.178 0.176 0.184 0.210 0.181
East 6 Georgia 0.233 0.236 0.186 0.208 0.172
and 7 Turkey 0.206 0.251 0.158 0.203 0.162
North 8 Rest of
Africa Western 0.192 0303 | 0.213 0.160 0.145
Asia
9 Egypt 0.190 0.358 0.161 0.160 0.159
10 Morocco 0.182 0.250 0.155 0.169 0.171
11 Tunisia 0.196 0.336 0.143 0.214 0.272
12 Rest of
North 0.195 0.369 0.148 0.195 0.190
Africa
1 Canada 0.253 0.274 0.166 0.218 0.174
2 United
North States of 0.212 0.200 0.148 0.192 0.200
America America
3 Rest of
North - - - - -
America
1 Australia 0.192 0.194 0.123 0.156 0.150
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2 New
Oceania Zealand 0.176 0.198 0.120 0.172 0.130
3 Rest of
Oceania 0.157 0.143 0.146 0.153 0.146
Russia 1 Russian
Federation 0.233 0.228 0.185 0.212 0.192
1 Nigeria 0.234 0.308 0.163 0.200 0.170
2 Senegal 0.250 0.284 0.243 0.266 0.190
3 Rest of
Western 0.219 0.384 0.153 0.254 0.165
Africa
4 Rest of
Central 0.214 0.378 0.144 0.193 0.154
Africa
5 Rest of
South
0.151 0.235 0.135 0.142 0.138
Central
Africa
6 Ethiopia 0.150 0.202 0.137 0.150 0.148
7 Madagascar 0.145 0.167 0.140 0.166 0.149
8 Malawi 0.153 0.143 0.144 0.142 0.143
9 Mauritius - - - - -
Sub- 10 Mozambiqu
Saharan . 0.153 0.141 0.141 0.143 0.142
Africa 11 Tanzania | 0164 | 0160 | 0140 | 0.147 0.146
12 Uganda 0.157 0.153 0.150 0.151 0.154
13 Zambia 0.149 0.146 0.124 0.138 0.138
14 Zimbabwe 0.164 0.152 0.148 0.150 0.148
15 Rest of
Eastern 0.202 0.282 0.149 0.200 0.165
Africa
16 Botswana 0.168 0.211 0.148 0.204 0.160
17 South
Africa 0.162 0.195 0.143 0.181 0.143
18 Rest of
South
African 0.186 0.210 0.149 0.178 0.141
Customs
Union
1 Bangladesh 0.157 0.150 0.142 0.152 0.151
2 India 0.178 0.314 0.138 0.257 0.247
3 Pakistan 0.195 0.227 0.142 0.221 0.272
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South 4 Sri Lanka 0.156 0.153 0.152 0.158 0.154
Asia 5 Rest of
. 0.189 0.265 0.124 0.250 0.200
South Asia
6 Iran 0.210 0.223 0.153 0.221 0.207

Table S4. Area of land-use change in five land-use types from 1982 to 2010 in each of selected nine
regions in OSCAR LUHI-LUC dataset and GLASS-GLC dataset. Negative values indicate
declining area of a LU type on an annual basis from 1982 to 2010 and positive values indicate

expanding area.

Region Area (Mha / yr) of OSCAR LUC dataset Area (Mha / yr) of GLASS-GLC dataset
- Cropland | Desert | Forest | Grassland | Shrubland | Cropland | Desert | Forest | Grassland | Shrubland
Global 2.765 -0.448 | -1.221 -0.902 -0.194 0.041 -8.865 | 7.779 -3.411 6.604
East
and
South- 1.481 -0.188 | -1.059 -0.193 -0.041 -1.514 -0.709 | 2.866 -0.124 -0.386
east
Asia
Europe -0.670 0.108 | 0.383 0.158 0.021 -0.523 -0.316 | 0.387 0.502 -0.002
Latin
1.253 -0.105 | -0.664 -0.385 -0.099 0.889 -0.243 | -0.830 -0.708 0.908
America
Near East
and North 0.039 -0.045 | 0.018 -0.017 0.005 0.352 -1.417 | 0.197 0.681 0.173
Africa
North -0.827 0.092 | 0.503 0.205 0.026 0.212 -1.201 | 1.819 -0.476 -0.065
America
Oceania -0.161 0.038 | 0.050 0.056 0.017 0.008 -1.799 | 0.186 0.050 1.556
Russia -0.389 0.056 | 0.199 0.112 0.021 -0.075 -0.453 | 3.225 -1.125 0.000
Sub-
Saharan 1.883 -0.325 | -0.637 -0.795 -0.126 0.248 -1.770 | -0.785 -2.102 4.407
Africa
South
Asia 0.156 -0.080 | -0.014 -0.043 -0.019 0.444 -0.957 | 0.713 -0.110 0.013

Table S5. Contribution (%) of five LU types from 1983 to 2010 in nine regions to the changes in
global ARF. The coefficient of variation (CV) is £5%.

Cro

pland

Desert

Forest

Grassland

Shrub

East and South-

east Asia

14.11

-0.08

18.04

13.25

1.55
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Europe -3.24 1.05 5.36 -0.62 -0.75
Latin America 4.19 -0.07 -1.77 -3.86 4.60
Near East and

8.97 5.26 4.31 6.42 -0.20
North Africa
North America 6.37 0.41 11.50 6.96 3.05
Oceania 3.59 -0.54 0.39 0.40 2.40
Russia 0.59 -0.04 8.02 8.06 0.30
Sub-Saharan

1.58 -0.66 -18.39 14.47 -36.18
Africa
South Asia 6.59 0.60 4.46 6.18 -2.08
Globe 42.76 5.94 31.91 51.26 -27.31

Table S6. Results of aix (see “‘Method’) and significance tests on effective area. aix means the ratio
of different net LU conversion to the global effective area. For example, ai in the immediate cell
below NetGar2for is 0.396, indicating that NetGar2for accounts for 39.6% of global effective area.

Net Net Net Net Net Net Other R-value | P-value
Gra2for Shr2for | Gra2cro | Cro2for | Shr2cro | Des2cro conversion
Global 0.396 0.259 0.129 0.112 0.078 0.027 0.000 0.765 <0.01*"
East
and South-
0.276 0.103 0.280 0.307 0.033 0.000 0.000 0.930 <0.01*"
east
Asia
Europe 0.460 0.000 0.377 0.126 0.000 0.036 0.000 0.860 <0.01*"
Latin
0.774 0.145 0.055 0.025 0.000 0.000 0.000 0.846 <0.01™
America
Near East
and North 0.165 0.049 0.482 0.054 0.029 0.222 0.000 0.934 <0.01™
Africa
North
0.691 0.000 -0.171 0.138 0.000 0.000 0.000 0.867 <0.01™
America
Oceania 0.347 0.440 -0.090 0.077 -0.046 0.000 0.000 0.531 <0.01™
Russia 0.780 0.000 -0.176 0.044 0.000 0.000 0.000 0.953 <0.01™
Sub-Saharan .
0.270 0.489 0.046 0.039 0.156 0.000 0.000 0.834 <0.01
Africa
South
Asi 0.127 0.059 0.395 0.264 0.040 0.115 0.000 0.970 <0.01™
sia

Table S7. ARF (W m?) and ARF trend (W m yr'!) over the nine regions between 1983 and 2010

21



from S1 and S2 scenario modeling. The maximum, minimum, and mean percentage changes (%)

and the trend of percentage change (% yr!) are also presented.

S1 scenario

S2 scenario

Percentage change

1983 2010 Trend 1983 2010 Trend Max Min Mean | Trend
East -0.028 | -0.031 | -7.03x | -0.027 -0.011 593 x -0.84 -70.8 -2848 | -2.15
and South- 1073 10+ in 1993 | In 2009
east
Asia
Europe 7.64 7.83 3.00 x 6.14 8.91 1.93 x 37.02 -64.08 -7.15 2.46
x103 | %107 106 %1073 %1073 104 in 2008 | in 1985
Latin -0.031 | -0.034 - -0.029 -0.033 -1.09 -14.32 8.91 0.18 -0.07
America 1.34x X In 1984 | In 1999
104 10+
Near East 9.75 8.06 | -8.00 x 8.17 1.44 x 2.58 78.64 -44.1 25.09 3.90
and North x103 | x107 1073 x1073 102 X in2010 | in 1989
Africa 104
North -3.19 -2.90 | 1.03 x -3.51 -2.70 x 3.19 18.94 -17.93 5.11 -0.70
America x102 | x10? 104 x1072 102 X in 1999 | in 2008
10
Oceania -3.22 -2.84 1.07 x -3.18 -2.81 x | 1.05x 1.43 -4.62 -0.36 | 3.93x
x102 | x10? 10 X102 102 10 in 1997 | In 1984 103
Russia -6.75 -5.89 | 3.75 X -9.05 -2.90 x 3.02 57.63 -94.47 10.33 | -4.18
x103 | %103 10 x1073 107 X in 1999 | in 2008
10
Sub-Saharan | -0.057 | -0.050 | 2.81 x | -0.051 -0.061 -2.61x 53.38 -75.72 6.78 1.05
Africa 10 10 in 1990 | in 1994
South 0.011 0.012 | 4.16 x 0.012 0.020 3.66 X 70.21 5.44 37.30 2.62
Asia 10 10 in 2008 | in 1989

Table S8. Contribution (%) of six major net LU transitions to the changes in ARF from 1983 to

2010. The coefficient of variation (CV) is +£5%.

Net Net Net Net Net Net
Gra2for For2shr Gra2cro Cro2for Cro2shr Des2cro
East
and South-
19.50 0.16 7.47 16.71 342 0.62
east
Asia
Europe 8.16 -0.01 -9.37 2.40 -1.47 1.97
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Latin

-8.71 3.54 1.05 1.64 5.75 -0.05
America
Near East
and North 4.15 1.01 7.85 3.07 -2.29 9.30
Africa
North
14.22 0.57 -0.51 7.77 5.33 0.16
America
Oceania 0.44 -0.31 0.85 0.97 5.61 -0.26
Russia 15.74 0.03 0.39 0.26 0.59 -0.07
Sub-Saharan
14.29 -55.49 15.22 4.76 -16.31 -0.50
Africa
South
2.35 0.35 10.09 6.22 -4.42 1.30
Asia
Global 70.14 -50.15 33.04 43.79 -3.80 12.47

Table S9. Contribution (%) of six major net LUCs from 1983 to 2010 to global effective area

Net Net Net Net Net Net
Gra2for For2shr Gra2cro Cro2for Cro2shr Des2cro
East
and South-
-1.76 -7.33 1.39 -1.93 -0.75 0.40
east
Asia
Europe 1.87 -0.01 0.04 8.77 -0.02 0.17
Latin
20.36 -22.66 4.88 -0.22 3.53 0
America
Near East
and North 0.26 0.73 0.89 1.04 0.23 1.11
Africa
North
4.89 1.74 0.51 3.36 0 0
America
Oceania 1.49 -0.65 0.71 -0.13 0.08 0.47
Russia 6.91 0 1.91 0.72 0 0.10
Sub-Saharan
5.91 54.43 0.35 -1.10 4.34 -0.12
Africa
South
-0.33 -0.34 2.21 0.67 0.40 0.57
Asia
Global 39.60 25.90 12.90 11.20 7.80 2.70

Table S10. Disturbance capacity (%) of 10 net LU conversions in the globe and nine regions by
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summing two-way LU conversions.

East Near
and Latin East Sub-
Global | South- | Europe | Ameri and North Oceani Russia | Saharan South
east ca North America ‘ Africa Asia
Asia Africa
Net Gra2for | 19.809 | 13.686 | 22.847 | 38.521 8.226 34.190 17.048 | 38.923 13.492 6.354
Net Shr2for | 12.918 | 5.092 | 0.126 7.219 2.423 0.265 21.662 | -0.043 24.442 2.928
Net Gra2cro | 6.429 | 13.907 | 18.749 | 2.757 24.080 -8.462 -4.423 | -8.774 2.275 19.737
Net Cro2for | 5.593 | 15.242 | 6.282 1.255 2.682 6.837 3.788 2.178 1.968 13.194
Net Shr2cro | 3.886 1.660 | 0.036 0.177 1.455 -0.031 -2.265 | 0.006 7.798 1.999
Net Des2cro | 1.331 0.403 1.812 0.020 11.100 -0.018 -0.712 | -0.021 0.018 5.754
Net Des2for | 0.035 0.003 0.142 0.025 -0.013 0.185 0.066 0.051 -0.002 -0.012
Net Des2gra | 0.000 | -0.002 | -0.001 | 0.009 -0.008 -0.002 -0.003 | 0.003 0.001 -0.011
Net Des2shr | 0.000 | -0.001 | 0.001 | -0.008 | -0.007 0.003 0.013 -0.001 0.002 -0.003
Net Gra2shr | 0.000 | -0.003 | -0.004 | 0.008 -0.005 0.007 0.018 0.001 0.002 -0.008
Table S11. Disturbance capacity (%) of 20 land conversion types in the globe and nine regions
East Near
and East Sub-
Global South- Europe Latin and North Oceania | Russia Saharan South
cast America North America Aftica Asia
Asia Africa
grass to forest 20.252 14.264 21.876 38.729 7.305 34.169 22.992 38.094 14.596 5.149
forest to grass -19.366 | -13.109 | -23.817 | -38.313 -9.147 | -34212 | -11.103 | -39.752 | -12.388 -7.560
shrub to forest 12.574 5.156 0.026 7.815 2.233 0.515 22.355 -0.010 23.540 2.604
forest to shrub | -13.261 -5.028 -0.226 -6.623 -2.614 -0.016 | -20.970 0.076 -25.344 | -3.252
grass to crop 6.606 14.161 18.686 2.874 24.578 -8.510 -4.347 -8.918 2.378 21.033
crop to grass -6.252 | -13.653 | -18.812 | -2.641 -23.582 8.415 4.499 8.630 2172 | -18.441
crop to forest 5.763 15.865 6.157 1.381 2.665 6.913 4.007 2.163 2.039 13.912
forest to crop -5.423 -14.620 -6.408 -1.130 -2.700 -6.762 -3.569 -2.194 -1.898 -12.476
shrub to crop 3914 1.745 0.033 0.200 1.368 0.044 -2.140 0.001 7.841 1.901
crop to shrub -3.858 -1.575 -0.038 -0.155 -1.541 0.018 2.391 0.011 -7.755 -2.097
desert to crop 1.383 0.432 1.893 0.017 11.454 -0.007 -0.585 -0.018 0.013 5.969
crop to desert -1.279 -0.373 -1.732 0.023 -10.746 0.029 0.840 0.025 -0.022 -5.539
desert to forest 0.037 0.006 0.153 0.018 -0.015 0.200 0.096 0.054 -0.003 -0.014
forest to desert -0.033 -0.001 -0.130 -0.032 -0.012 -0.170 0.036 -0.047 0.002 -0.010
desert to grass 0.000 -0.001 -0.002 0.010 -0.012 0.000 -0.001 0.004 0.001 -0.008
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grass to desert 0.000 -0.003 -0.001 0.008 -0.003 -0.003 -0.005 0.002 -0.001 0.014
desert to shrub 0.000 -0.002 0.001 -0.012 -0.005 0.000 0.022 -0.001 0.003 -0.003
shrub to desert 0.000 -0.001 -0.001 -0.005 0.009 -0.005 -0.004 0.001 0.001 0.003
grass to shrub 0.000 -0.003 -0.004 0.004 -0.007 0.007 0.011 0.001 0.001 -0.011
shrub to grass 0.000 -0.004 -0.003 -0.011 -0.004 0.007 0.022 0.001 0.003 -0.004

25




6000

4500

3000

Area (Mha)

1500 4=

(a) Global

400

300

200

Area (Mha)

100

1400

1989 1996

Year

1050

700 4

Area (Mha)

350

(¢) Near East and North Africa

500

400

300

Area (Mha)

200

100 +

1400

1989 1996

Year

700

Area (Mha)

350 =

1050 <

1989 1996

Year

2003

Area (Mha)

Area (Mha)

Area (Mha)

Arvea (Mha)

Area (Mha)

800
(b) East and Southeast Asia
6001 —— 7:‘_:/:»&:/3\/,,,7"?—_’3/_. o
400
gl e
1982 1989 1996 2003 2010
Year
1400 - -
(d) Latin America
350 -
0
1982 1989 1996 2003 2010
Year
1000 -
(f) North America
.

750

— N

1996

1982 1989 2003
Year
1000 -
(h) Russia ~_
Ll e

320

1989

1996
Year

2003 2010

(j) South Asia

240 4 i
160
804——— - _— S
—_— =
0
1982 1989 1996 2003 2010
Year

—— OSCAR _cro

OSCAR_des

—— OSCAR_for

—— OSCAR_gra

-~ OSCAR_shr

—— GLASS-GLC_cro

GLASS-GLC_des

GLASS-GLC_for

— GLASS-GLC_gra

~—— GLASS-GLC_shr

Fig. S1. Areas of annual LUs (Mha) from GLASS-GLC datasets (solid line) and OSCAR inventory
(LUH1, dotted line) in five land-use types. The red line represents the area of cropland, the yellow

line represents the area of desert, the green line represents the area of forest, the purple line

represents the area of grassland and the blue line represents the area of shrubs. (a). Global, (b). East
and Southeast Asia, (c). Europe, (d). Latin America, (e), Near East and North Africa, (f). North
America, (g). Oceania, (h). Russia, (i). Sub-Saharan Africa, (j). South Asia.
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Fig. S2. Area of five land use types in each of nine region and their respective percentage in the
total area of nine regions. The bars in the bar chart represent the areas of five LU types in nine
regions in the OSCAR LUH1-LUC (coarse resolution, scaled on the left Y-axis) and GLASS-GLC
(fine resolution, scaled on the left Y-axis), namely, cropland (red), desert (yellow), forest (green),
grassland (purple), and shrub (blue). Small diamonds in the bar chart represents the proportion of
each land use type in the nine regions in the OSCAR dataset (scaled on the right Y-axis); small
circles in the bar chart represents the proportion of each land use type in the nine regions in GLASS-
GLC dataset (scaled on the right Y-axis). The nine color bars represent different regions, which can
be identified in figure legend.
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Fig. S3. ARF4in OSCAR modeled RF (solid black line) from the transition of selected LUCs in the
globe. The vibration is estimated by ARFY, = (RF®— RF{%) — (RF*~! — RF/*™'), where RF®
and RF/® represent ARF in year ¢ and ARF in the same year from sensitivity experiment for land
conversion type i. The solid red line indicates transition area (Mha) of LU conversion types between
1982 and 2010. (a). ARFq and transition area for grassland to forest; (b). same as Figure S3a but for
shrub to forest; (c). same as Figure S3a. but for grassland to cropland; (d). same as Figure S3a but
for cropland to forest; (e). same as Figure S3a but for shrub to cropland; (f). same as Figure S3a but
for desert to cropland.
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Fig. S4. Same as Figure S3 but for ARFq in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in East and Southeast Asia. (a). ARFq and transition area for grassland

to forest; (b). same as Figure S4a but for shrub to forest; (c). same as Figure S4a but for grassland

to cropland; (d). same as Figure S4a but for cropland to forest; (e). same as Figure S4a but for shrub

to cropland.
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Fig. S5. Same as Figure S3 but for ARFq in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in Europe. (a). ARFq4 and transition area for grassland to forest; (b). same

30

60

Area (Mha)

Area (Mha)

ARF; (mW - m?)

0.1

ARF; (mW - m?)

Europe (b)
1983 1992 2001 2010
Year
Europe (d)
1983 1992 2001 2010
Year

30

as Figure S5a but for grassland to cropland; (c). same as Figure. S5a but for cropland to forest; (d).
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same as Figure S6a but for shrub to forest; (c). same as Figure S6a but for grass to cropland; (d).

same as Figure S6a but for cropland to forest.
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Fig. S7. Same as Figure S3 but for ARFq in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in ed LUCs in Near East and North Africa. (a). ARFqand transition area

for grassland to forest; (b). same as Figure S7a but for shrub to forest; (c). same as Figure S7a but

for grassland to cropland; (d). same as Figure S7a but for cropland to forest; (e). same as Figure S7a

but for shrub to cropland; (f). same as Figure S7a but for desert to cropland.
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Fig. S8. Same as Figure S3 but for ARFq in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in North America. (a). ARFq4 and transition area for grassland to forest;

(b). same as Figure S8a but for cropland to grassland; (c). same as Figure S8a but for cropland to
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transition of selected LUCs in Oceania. (a). ARFq4 and transition area for grassland to forest; (b).
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same as Figure S9a but for shrub to forest; (c). same as Figure S9a but for cropland to grassland,;

(d). same as Figure S9a but for cropland to forest.
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Fig. S10. Same as Figure S3 but for ARFq in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in Russia. (a). ARFq4 and transition area for grassland to forest; (b). same

as Figure S10a but for cropland to grassland; (c). same as Figure S10a but for cropland to forest.
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Fig. S11. Same as Figure S3 but for ARF4 in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in Sub-Saharan Africa. (a). ARFq and transition area for grassland to

forest; (b). same as Figure S11a but for shrub to forest; (c). same as Figure S11a but for grassland

to cropland; (d). same as Figure S11a but for cropland to forest; (e¢). same as Figure S11a but for

shrub to cropland.
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Fig. S12. Same as Figure S3 but for ARF4q in OSCAR modeled RF (solid black line) from the
transition of selected LUCs in South Asia. (a). ARFg and transition area for grassland to forest; (b).
same as Figure S12a but for shrub to forest; (c). same as Figure S12a but for grassland to cropland;
(d). same as Figure S12a but for cropland to forest; (e). same as Figure S12a but for shrub to
cropland; (f). same as Figure S12a but for desert to cropland.
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Fig. S13. Effective areas in the globe and nine regions (solid blue line, scaled on the right Y-axis)
and the cumulative area of the six net LU conversion types that constitute the effective area (scaled
on the left Y-axis) from grassland to forest (scarlet), shrub to forest (dashed blue), grassland to
cropland (purple), cropland to forest (green), shrub to cropland (yellow), and desert to cropland
(solid red), respectively. (a). Effective areas in the globe and cumulative area for grassland to forest,
shrub to forest, grassland to cropland, cropland to forest, shrub to cropland, and desert to cropland;
(b). Effective areas in East and Southeast Asia and cumulative area summed over grassland to forest,
shrub to forest, grassland to cropland, cropland to forest, and shrub to cropland; (c). Effective areas

in Europe and cumulative area summed over grassland to forest, grassland to cropland, cropland to
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forest, and desert to cropland; (d). Effective areas in Latin America and cumulative area summed
over grassland to forest, shrub to forest, grassland to cropland, and cropland to forest; (e). Effective
areas in Near East and North Africa and cumulative area summed over grassland to forest, shrub to
forest, grassland to cropland, cropland to forest, shrub to cropland, and desert to cropland; (f).
Effective areas in North America and cumulative area summed over grassland to forest, grassland
to cropland, and cropland to forest; (g). Effective areas in Oceania and cumulative area summer
over grassland to forest, shrub to forest, grassland to cropland, cropland to forest, and shrub to
cropland; (h). Effective areas in Russia and cumulative area summed over grassland to forest,
grassland to cropland, and cropland to forest; (i). Effective areas in Sub-Saharan Africa and
cumulative area summed over grassland to forest, shrub to forest, grassland to cropland, cropland
to forest, and shrub to cropland; (j). Effective areas in South Asia and cumulative area summed over
grassland to forest, shrub to forest, grassland to cropland, cropland to forest, shrub to cropland and
desert to cropland.
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Fig. S14. Percentage-change in OSCAR modeled RF (solid red line) from the transition of each of
five LUs to the rest four LUs. The percentage change is estimated by Frr = (ARFs2, i — ARF's2) /
ARFs> x 100%, where ARF'sy,i (i=1, 2, ...5) is the ARF from ith fixed LU in GLASS-GLC inventory
(S2_land-use) and ARFs; is the ARF from model scenario 2. The solid black line indicates
accumulated transition area (Mha) of different land use types between 1982 and 2010 (scaled on the

right Y-axis). (a). Percentage-change in ARF and accumulated area for cropland; (b). same as Figure.
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S4a but for desert; (c). same as Figure S4a but for forest; (d). same as Figure. S4a but for grassland;

(e). same as Figure. S4a but for shrub land.
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Fig. S15. Histogram of disturbance capacity in the globe and nine regions, each including 20 land

conversion types. The 20 types of LU transformations represented by the 20 color dwellings are

shown in figure legends on the right of the figure. (a). Globe; (b). East and Southeast Asia; (c).
Europe; (d). Latin America; (e). Near East and North Africa; (f). North America; (g). Oceania; (h).
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Russia; (i). Sub-Saharan Africa; (j). South Asia.
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