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Abstract

Cooling resulting from increases in surface albedo has been identified in several stud-
ies as the main biogeophysical effect of past land-use induced land cover changes
(LCC) on climate. However, the amplitude of this effect remains quite uncertain due
to, among other factors, (a) uncertainties in the magnitude of historical LCC and, (b)5

differences in the way various models simulate surface albedo and more specifically
its dependency on vegetation type and snow cover. We have derived monthly albedo
climatologies for croplands and four other land-cover types from MODIS satellite ob-
servations. We have then estimated the changes in surface albedo since preindustrial
times by combining these climatologies with the land-cover maps of 1870 and 199210

used by modelers in the context of the LUCID intercomparison project. These recon-
structions show surface albedo increases larger than 10 % (absolute) in winter and
2 % in summer between 1870 and 1992 over areas that have experienced intense de-
forestation in the northern temperate regions. The MODIS-based reconstructions of
historical changes in surface albedo were then compared to those simulated by the15

various models participating to LUCID. The inter-model mean albedo response to LCC
shows a similar spatial and seasonal pattern to the one resulting from the reconstruc-
tions, that is larger increases in winter than in summer driven by the presence of snow.
However, individual models show significant differences with the satellite-based recon-
structions, despite the fact that land-cover change maps are the same. Our analyses20

suggest that the primary reason for those discrepancies is how land-surface models
parameterize albedo. Another reason, of secondary importance, results from differ-
ences in the simulated snowpack. Our methodology is a useful tool not only to infer
observations-based historical changes in land surface variables impacted by LCC, but
also to point to major deficiencies within the models; we therefore suggest that it could25

be more widely developed and used in conjunction with other tools in order to evaluate
global land-surface models.
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1 Introduction

Human-induced land-cover change (LCC) has modified large portions of the natural
landscape since pre-agricultural times, and deforestation has been particularly exten-
sive in the Northern Hemisphere temperate regions (Hurtt et al., 2006). Surface albedo
is a key element in LCC-related climate change studies as it controls the magnitude5

of energy absorbed by land-surfaces, which heats the land and drives turbulent fluxes.
In temperate latitudes, non-forested lands reflect about 5 % (absolute) and 30 % more
solar radiation than forests in respectively snow-free and snow-covered conditions (Jin
et al., 2002; Gao et al., 2005).

As spatially coherent global observations of land-surface properties only exist for10

the satellite period, impacts of large-scale historical LCC have been principally as-
sessed using global climate models (GCMs) instead of observations. Most of these
numerical results show that past LCC has principally led to cooling in the northern
extratropics through the increase in surface albedo. This albedo-induced cooling op-
poses the warming induced by non-radiatively processes that in contrast tend to pre-15

dominate at lower latitudes (e.g. Gowindassamy et al., 2001; Bounoua et al., 2002;
Feddema et al., 2005; Betts et al., 2007; Kvalevag et al., 2010; Davin and de Noblet-
Ducoudré, 2010). Changes in surface albedo have usually been characterized and
quantified by means of the radiative forcing concept, in order to compare LCC to other
climate forcings (Hansen et al., 1998; Betts, 2001; Matthews et al., 2003; Myhre and20

Myhre, 2003; Betts et al., 2007; Davin et al., 2007; Forster et al., 2007).
Myhre et al. (2005) estimated the LCC-induced changes in surface albedo and the

resulting radiative forcing based on present-day observations of albedo using the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) data. Their results show weaker
albedo changes than other published numerical studies, in part because of the lower25

MODIS-derived crops albedo values.
In the context of the “Land-Use and Climate: Identification of robust Impacts” (LUCID)

project (Pitman et al., 2009), a coordinated set of simulations was realized using seven

12507

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/12505/2012/bgd-9-12505-2012-print.pdf
http://www.biogeosciences-discuss.net/9/12505/2012/bgd-9-12505-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 12505–12542, 2012

Inferring past
land-use induced

changes in surface
albedo

J. P. Boisier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

GCMs to evaluate the robust biogeophysical impacts of LCC since the preindustrial
period. All simulations were forced with observed sea-surface temperatures and sea-
ice, CO2 concentrations, and two land cover distributions: one for preindustrial times
(year 1870) and one for present-day (year 1992). One robust result is that LUCID mod-
els systematically simulate increases in surface albedo in response to LCC changes5

between preindustrial and present-day. Although in most models the near surface cools
down throughout the year, some simulate seasonal warming due to a dominant impact
of the non-radiative effects (de Noblet-Ducoudré et al., 2012). Although the simulated
change in surface albedo shows a common direction, its magnitude varies significantly
from one model to the other. Such variability has two main causes, as discussed in10

Boisier et al. (2012): differences in land-surface model (LSM) albedo sensitivities to
LCC and differences in land-cover maps prescribed in each LSM. Although all models
used the same crop and pasture extents for both years 1870 and 1992, modelers have
implemented them using different procedures into their own standard vegetation maps.
This has induced significant differences in the deforestation rates that each model de-15

duced between the preindustrial times and present-day (ranging from ∼4 to 10 million
km2) and, therefore, in the simulated responses to LCC in e.g. surface albedo.

It is rather difficult to disclose one of the LUCID vegetation’ reconstructions as there
are many uncertainties in identifying what has been the “real” anthropogenic LCC. One
results from the reconstruction of the historical record of cropland and pastureland,20

while another may come from current land cover characterization as discussed in Fed-
dema et al. (2005) and de Noblet-Ducoudré et al. (2012). Moreover, we often know little
about the specificities of land conversion to croplands (i.e. deforestation or conversion
from previously grass-covered area) although some initiatives have started to address
this issue (e.g. Hurtt el al., 2006). With respect to the surface albedo’s sensitivity to25

LCC, variations between models result from the snow cover simulated and different
land-surface parameterizations, notably, the one used for cropland albedo (Matthews
et al., 2003; Myhre and Myhre, 2003). The realism of this sensitivity should be assessed
using datasets. This is what we are trying to do in this paper.
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In this study we develop a new tool (Sect. 2) to reconstruct changes in surface albedo
since the preindustrial period using satellite data, and following a methodology some-
what close to that of Myhre et al. (2005). The MODIS global albedo dataset is used
to assign seasonally and spatially varying albedo values to different land cover types
under snow-covered and snow-free conditions. This information is then combined with5

land cover and snow cover maps to reconstruct albedo climatologies. After an evalua-
tion of the methodology adopted (Sect. 3.1), we estimate the albedo response to the
different scenarios of land conversion used within the LUCID project (Sect. 3.2). We
then evaluate the LUCID model’s albedo sensitivity to changes in vegetation in relation
to their simulated snow cover (Sect. 3.3). We finally evaluate the impacts of LCC in10

the net solar radiation at the surface based on the simulated and reconstructed albedo
changes (Sect. 3.4). Discussion and conclusion are presented in Sect. 4.

2 Material and methods

The datasets used in this study gather a number of satellite-based data and global
simulations from the LUCID model intercomparison project (Table 1). The short-15

wave broadband directional hemispherical reflectance (black-sky albedo)/snow cover
(MCD43C3; Schaaf et al., 2002) and land cover (MCD12C1) products from MODIS
were used to derive snow-free and snow-covered albedos of different land cover types.
The National Snow and Ice Data Center (NSIDC) snow cover data (Armstrong et
al., 2007) was used, in combination with present-day and pre-industrial LUCID veg-20

etation maps, to reconstruct the surface albedo climatology of both time periods.
The set of LUCID simulations assessed here are 30-yr runs carried out in ensem-

ble mode (5 members) by seven global climate models (GCMs), forced with monthly
varying sea-surface temperature and sea ice concentration (from 1970 to 1999) and
atmospheric CO2 concentration (set to 375 ppm). Two types of simulations were com-25

puted to assess the impacts of LCC from the preindustrial (PI) period to present-day
(PD), which only differ by the land cover maps prescribed in each model, representing
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the vegetation of 1870 in one case and that of 1992 in the other. For more details on the
modeling experiment carried out within LUCID see de Noblet-Ducoudré et al. (2012).
The list of GCMs, the associated land surface models (LSMs; hereafter GCM/LSMs)
and their references are provided in Table 1.

Figure 1 summarizes our methodology for constructing the albedo climatologies. To5

start with, the black-sky albedo, snow cover and land cover data from MODIS were
used to assign albedo values to four groups of vegetation (crops, grasses, evergreen
trees and deciduous trees), in addition to bare soil. These five land cover groups
(LCGs) were defined in order to have a comparable land cover partitioning between
the MODIS data and the vegetation maps of the various LSMs assessed here. As the10

definition of vegetation varies from one model to another, this grouping ensures con-
sistency when comparing the various reconstructions.

From the 5.6-km resolution MODIS dataset (0.05-degree latitude-longitude grid), cli-
matological (2000–2011) monthly snow-covered and snow-free albedo maps for each
of the five LCGs were derived by the means of global interpolation of grid-cells values15

showing a dominant fractional area of the selected LCG. Those grid-cells were defined
as the ones showing LCG’s fractions of 95 % or larger in MODIS land cover. Croplands
dominate over large regions in North America, Eurasia and India (Fig. 2a). Grasses
also dominate over extensive areas such in the North American Great Plains, in cen-
tral Eurasia or in the Sahelian band. Evergreen trees are the major LCG in tropical20

rainforest and in some areas of boreal forest. Deciduous trees dominate in some areas
such as in northeastern Eurasia, in eastern North America or in central South America.
Besides desert regions, grid-cells with a dominant fraction of barren soil are sparsely
found in other regions of the globe.

The albedo values of the dominant LCG’s grid-cells were globally mapped by simple25

interpolation, using the spatially nearest value method. The resulting monthly mean
albedo maps were then degraded from the 0.05-degree grid to a 2.0-degree grid, the
standard one used to combine and compare the ensemble LUCID simulations with
satellite data. This method allows capturing the spatial and seasonal albedo variability
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of each LCG resulting, among other causes, from the plant life-form heterogeneity (e.g.
broad-leaved vs. needle-leaved plants) or from the leaf area index (LAI) distribution
within the concerned LCG.

In a second step, global maps of “data-driven” albedo were reconstructed combining
(a) each LUCID GCM/LSM specific land cover map of 1870 and 1992, (b) the LCGs’5

albedo data derived from MODIS observations and (c) the monthly NISDC snow cover
from 1979 to 2006. We used the NISDC snow cover data instead of the MODIS ones
because of its larger period availability (large enough for a robust climatology), and time
coherency with LUCID simulations that cover the 1970–1999 period (see Table 1). The
net albedo of a grid-cell (at 2.0-degree resolution) is calculated as follows:10

α =
∑
v

Fv [(1− f ) αsf
v + f αs

v ], (1)

where αsf
v and αs

v are respectively the MODIS-derived snow-free and snow covered
albedos of the LCG v . Fv is the grid area fraction of LCG v , and f is the snow cover
fraction of the corresponding grid-cell, assumed to be independent of LCG.

Figure 2b illustrates the forest fraction difference between 1870 and 1992 imposed15

in the various LUCID GCM/LSMs (model mean). Deforestation dominates the histori-
cal LCC, notably in the northern temperate regions where the forest fraction decrease
is larger than 30 % (absolute) over extensive areas. Although the sign and the spatial
pattern of the LCC agree within the various models, the strength of the resulting de-
forestation varies widely between them, because of the different strategies adopted by20

modelers to incorporate the prescribed historical crop and pasture data into the native
land cover maps (de Noblet-Ducoudré et al., 2012).

In summary, 28-yr monthly albedo maps (period determined by the availability of the
NSIDC snow cover data) were computed for the preindustrial (1870) and present-day
(1992) land cover maps of each of the seven LUCID GCM/LSMs. Both time periods are25

assumed here to have experienced the same snow-cover distribution (the present-day
one from NISDC), so that the resulting albedo difference between them only takes into
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account the direct LCC-induced change (i.e. in contrast to the indirect LCC impacts in
albedo through changes in, e.g. snow cover). Differences between the reconstructed
(data-driven) albedos and those simulated by each GCM/LSM are used in the following
to assess the models’ parameterizations and its resulting albedo sensitivity to LCC.

In order to evaluate the skill of the method used (Sect. 3.1), another reconstructed5

albedo dataset was established in the same way described above, but using consis-
tently the 12-yr land cover and snow cover data from MODIS instead of the LUCID land
cover maps and the NSIDC snow cover. Hence, since this reconstruction only uses in-
formation from MODIS, its difference with the MODIS albedo climatology measures
the error of our methodology in scaling up the subset albedo data from grid-cells with10

dominant vegetation.

3 Results

3.1 Method evaluation: reconstruction of the present-day MODIS-based albedo

The northern winter (DJF) and summer (JJA) mean albedo of the northern temperate
(30–60◦ N) subset of the grid-cells used to derive the LCG’s albedo maps are summa-15

rized in Table 2. For DJF both the snow-free and the snow-covered mean albedos are
given. The mean albedo values of the four vegetation classes defined by the LCGs
generally agree with previous results derived from MODIS (Jin et al., 2002; Gao et
al., 2005; Myhre et al., 2005; Cescatti et al., 2012). In summer, the snow-free albedo
of crops and grasses are similar to each other (∼0.15), and exceeds by near 0.06 and20

0.03 those of evergreen and deciduous trees, respectively. As highlighted by Myhre et
al. (2005), the mean snow-free albedo of croplands derived from MODIS (around 0.15
in this study) is lower than the standard values used in previous studies (e.g. Matthews
et al., 2003). The recent MODIS albedo evaluation by Cescatti et al. (2012) have shown
a good agreement between the satellite retrievals and in situ measurements, although25

a systematic underestimation in the MODIS-based albedo of herbaceous ecosystems
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with respect to the one observed in situ. They pointed out that these differences come
from the landscape heterogeneity within these land-cover units (crops and grasses)
and the resulting scale mismatch between the remote and in situ observations.

The snow masking effect exerted by forest compared to that of herbaceous plants is
noteworthy (Table 2). In the case of evergreen trees, the snow-covered winter albedo5

averages 0.22, almost three times lower than that resulting for grasses and crops
(∼0.6).

In order to evaluate the skill of our global albedo reconstruction methodology, we
have compared the reconstructed albedo fields based on the 2000–2011 MODIS land-
cover and snow-cover data to the original MODIS albedo (Fig. 3). The global albedo10

patterns of January and July from MODIS (Fig. 3a and b) are generally well reproduced
by the reconstructions (Fig. 3d and e). These patterns are characterized by relatively
high albedo (larger than 0.3) over deserts and snow-covered areas, notably in the
northern mid and high latitudes in January. By contrast, regions with closed forest
show albedo values below 0.13, such as tropical rainforest or in boreal forest in July.15

More specifically, the difference between the reconstructed and the observed mean
albedo shows relatively small biases (<0.01) in most land areas of the globe (Fig. 3c
and f). Substantial differences are however observed in some regions such as in west-
ern and northern North America, in mid-Eurasia, in northern tropical Africa and in Aus-
tralia. Most of these regions show rather large errors throughout the year (not shown)20

and correspond to areas for which, at the 5.6-km resolution MODIS land-cover data,
very few grid-cells with more than 95 % of one specific LCG were found (Fig. 2a). There-
fore, in these regions of heterogeneous biogeography, the albedo values of each LCG
were interpolated from values over remote regions, with potentially different species
and soil colors.25

The observed MODIS albedo is particularly overestimated by the reconstruction in
Eurasia in January (∼15 %, relative), in central Africa in January (∼30 %) and in Aus-
tralia in both January and July (∼25 %). The large positive bias of the reconstruction in
Africa and Australia are particularly driven by their assigned barren soil albedos, which
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play a major role in these regions (i.e. they held open vegetation biomes), and were
derived from extremely arid regions with high albedo located near them. These errors
are important and could induce misleading estimates of LCC-induced albedo changes
in regions where the latter are of the same order the corresponding bias. However, for
the purpose of this study, the regions affected by the historical land use changes are5

principally located in the northern temperate regions, in areas with low bare soil frac-
tion and small reconstruction errors (see solid contours in Fig. 3c denoting the regions
in which the prescribed deforestation between 1870 and 1992 exceeds 10 % of land
fraction).

Figure 4 shows the mean seasonal cycle of the MODIS observed and reconstructed10

albedo averaged over the temperate regions that experienced significant vegetation
changes between 1870 and 1992, including both North America and west Eurasia
(land areas within the dashed box in Fig. 2b). The monthly mean reconstructed albedo
shows a seasonal cycle that follows fairly well the original MODIS albedo data. The
reconstructed albedo however slightly overestimates the observed values during most15

part of year, with a mean bias of about 0.002 (∼1 % of the observed mean albedo).
This bias results from those regions showing systematically significant errors (Fig. 3),
contributing to a mean absolute error (MAE) of around 5 % in all seasons (the MAE,
indicated by shaded areas in Fig. 4, is calculated from the ensemble of grid-cells within
the selected region).20

3.2 Albedo changes between 1870 and 1992

As described in Sect. 2, seven pairs of MODIS-based albedo reconstructions were cal-
culated for each of the seven LUCID LSM-specific present-day (1992) and preindus-
trial (1870) land-cover distributions. As with the simulated albedo, the MODIS-based
estimated change in surface albedo was computed for each model as the difference25

between the present-day (PD) and preindustrial (PI) climatologies of the reconstructed
dataset.
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The simulated and reconstructed mean LCC-induced albedo differences (PD minus
PI) in January and July are displayed in Fig. 5. In both the simulated and reconstructed
cases, the multi-model mean albedo change is displayed. Both the LUCID average
modeled albedo and the reconstructed albedo maps show clear albedo increases over
areas that have experienced the most intense deforestation between 1870 and 19925

(Fig. 2b). In January, the albedo increases between PI and PD reach more than 10 %
(absolute) in some areas, around five times larger than those simulated in July. This
difference results from the forest canopy snow-masking effect on albedo, which was
larger in pre-industrial conditions when forests cover more area. The simulated mean
albedo differences are very similar to the reconstructed one although slightly weaker in10

January and larger in July.
The consistency shown by the model-mean simulated and reconstructed albedo re-

sponses to LCC masks significant discrepancies when looking at each model indi-
vidually. For each of the LUCID GCM/LSMs, Fig. 6 illustrates the simulated and re-
constructed changes between PI and PD in seasonally varying albedo averaged over15

the region studied of maximum LCC (Fig. 2b). All models simulate a similar seasonal
albedo change pattern characterized by marked maximum increases during the cold
snowy season (black lines in Fig. 6). The amplitudes of the albedo anomalies be-
tween the winter and the summer are however quite at variance from one model to
another. For example, CCAM/CABLE simulates null albedo changes between PI and20

PD in summer and near +2 % (absolute) in winter, while the ARPEGE/ISBA simulates
albedo increases ranging from ∼+1 % in summer to more than +5 % in winter. This is
partly related to the different deforestation rates prescribed in each LUCID LSMs, as
discussed in de Noblet-Ducoudré et al. (2012) and Boisier et al. (2012).

Besides the differences between the model’s albedo responses to LCC, strong25

discrepancies exist between the simulated and reconstructed albedo anoma-
lies (the latter are illustrated as dashed lines in Fig. 6). The reconstructed
winter albedo changes between PI and PD overestimate those simulated for
five GCM/LSMs (CCAM/CABLE, CCSM/CLM, ECHAM5/JSBACH, IPSL/ORCHIDEE
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and SPEEDY/LPJmL) and underestimate them for two models (ARPEGE/ISBA,
ECEARTH/TESSEL). Four models also show marked discrepancies between the
reconstructed and simulated summer (snow-free) albedo changes (ARPEGE/ISBA,
CCAM/CABLE, ECEARTH/TESSEL and SPEEDY/LPJmL).

Table 3 summarizes the annual mean albedo changes averaged over the global5

ice-free lands (i.e. excluding Antarctica and Greenland). The simulated model-mean
albedo increases by 0.51 % in response to increased (prescribed) crop and pasture
areas between 1870 and 1992, globally. This simulated model-mean response to LCC
includes all biogeophysical effects of LCC on climate. It hides quite different individual
model responses ranging from 0.1 % (CCAM/CABLE) to 0.97 % (ECEARTH/TESSEL),10

i.e. an inter-model range (0.87 %) larger than the model-mean albedo response. The
model-mean albedo change derived from the “data-driven” reconstructions is similar
to the simulated change, but the associated inter-model range is more than halved
(0.33 %). As the reconstructed values isolate the sole contribution of the different land-
cover maps to the model dispersion, this result suggests that the role of the land surface15

parameterizations, the simulated background climate (e.g. the snow cover during PI
and PD periods) and atmospheric feedbacks play on the resulting albedo responses to
LCC is of critical importance in explaining the differences in simulated albedo change
between PI and PD in the LUCID models.

Given that the land cover prescribed in each single GCM/LSM is the same as the20

one used for the corresponding albedo reconstruction, each model’s albedo sensitivity
to LCC can be quantified by the difference between each simulated and reconstructed
LCC-induced changes. This difference is principally explained by two causes. First, the
distinct snow-cover extension simulated by each model with respect to that uniformly
prescribed in the reconstructions (NSIDC). A related factor that also contributes to the25

simulated albedo responses to LCC, which is not taken into account in the reconstruc-
tions, is the change in the snow cover and content between the two periods simulated.
Such change, which could result from, e.g. a positive snow-albedo feedback, was how-
ever not identified as a significant driver of the winter albedo responses to LCC within
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the LUCID simulations (Boisier et al., 2012). The second main cause behind the dif-
ferences between the simulated albedo changes and the reconstructed ones is the
inherent albedo sensitivity to land cover perturbations for a given snow cover condi-
tion, which directly depends on the LSMs parameterizations and may differ from the
one derived from MODIS data. Land surface albedo parameterizations are responsible5

for the summer (snow-free) albedo responses to LCC, and should partially contribute
for the winter ones. The relative role of these inherent LSM parameterization-related
albedo sensitivities vs. the snow coverage in the simulated winter albedo sensitivities
are examined in the following section.

3.3 Evaluating LUCID model’s snow cover and the albedo sensitivity to LCC10

In order to evaluate the snow cover and snowpack simulated by the various
GCM/LSMs, we compared their modeled snow extent and the snow water equivalent
(SWE) values in the region studied (North America and Eurasia; dashed box in Fig. 2b).
Figure 7a gives the simulated winter (DJF) area within this region covered by a snow-
pack with SWE equal or larger than the level indicated in x-axis. The snow coverage15

and content relation derived from the NSIDC data is also plotted as reference (dashed
lines in Fig. 7a). In the models as well as in the NISDC dataset, most part of the re-
gion we are looking at (that totalizes nearly 25 million km2) is covered with snow of at
least 1 mm in DJF. The area decays asymptotically when increasing SWE and, e.g. no
model shows an area larger than 7 million km2 covered with a snowpack of 80 mm or20

deeper. More specifically, three GCM/LSMs, ECEARTH/TESSEL, ECHAM5/JSBACH
and SPEEDY/LPJmL, clearly simulate too small snow extent at different given SWE
levels with respect to what is diagnosed from the NISDC data, while ARPEGE/ISBA
clearly overestimates it. CCAM/CABLE and CCSM/CLM simulate larger than observed
snow covered areas with relatively high SWE values (SWE>50 mm) .25

Comparing this analysis with what is depicted in Fig. 6, it is clear that discrepan-
cies in snow cover simulated and that used as input to the reconstruction method are
not the sole accountable for the differences between the simulated and reconstructed
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LCC-induced changes in albedo. For instance, IPSL/ORCHIDEE shows a quite good
concordance in terms of snow content and extent with respect to reference dataset,
buts its change in surface albedo between PI and PD nevertheless overestimate the
reconstructed ones in winter.

To evaluate the albedo’s sensitivity to LCC independently from the magnitude of the5

land-cover perturbation we use normalized anomalies. These are calculated as the net
surface albedo change between 1870 and 1992 (∆α) divided by the corresponding
difference in the total fraction of herbaceous vegetation ∆FH (i.e. ∆ FCROPS+∆ FGRASS):

∆Nα =
∆α
∆FH

. (2)10

This coefficient therefore represents the expected albedo change induced by total de-
forestation when both the barren soil fraction and snowpack are kept constant (few
grid-cells within the LUCID models show significant changes (>5 %) in bare soil frac-
tion and are excluded in the analysis, as well as those pixels showing absolute SWE
changes larger than 10 mm since pre-industrial times).15

The ∆Nα simulated by each GCM/LSM are plotted as a function of SWE in Fig. 7b.
The results are illustrated as moving averages over SWE windows of 15 mm, along with
the range of one standard deviation calculated over the same SWE windows (shaded
area in Fig. 7b). The reconstructed ∆Nα values are also plotted as a reference in Fig. 7b
(dashed lines). This figure clearly shows how much the models differ in their albedo20

response per unit of area deforested, although the magnitude of ∆Nα increases with
SWE in all of them. ARPEGE/ISBA and ECEARTH/TESSEL show the strongest albedo
sensitivity to deforestation when compared to all other models and to the reconstructed
values. This is consistent with their large winter albedo responses to LCC described
in the previous section (Fig. 6). This holds in the case of ECEARTH/TESSEL despite25

the lower snow coverage simulated by this model in the selected region (Fig. 7a). The
simulated ∆Nα in the other five models underestimate those reconstructed at different
SWE levels. The weak albedo change simulated by CCAM/CABLE in winter (less than
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half of its associated reconstructed values) is consistent with the extremely low albedo
sensitivity to LCC of this model.

The uneven winter albedo sensitivities to deforestation depicted in Fig. 7b reflect
differences in land surface albedo parameterizations within the LUCID GCM/LSMs.
As described above, these model sensitivities, independently from their simulated5

snow cover, are explaining an important fraction of the differences between the sim-
ulated and reconstructed winter LCC-induced albedo anomalies. To attribute these dif-
ferences to either the albedo’s sensitivity to deforestation or to the simulated snow
cover/content, for each GCM/LSM we have plotted in Fig. 8a the relative error of the
simulated winter (DJF) albedo response to LCC (∆αmod) with respect to that recon-10

structed (∆αrec) against the winter mean SWE. We use the relative error in ∆α [defined
by (∆αmod −∆αrec) /∆αmod] in order to avoid the differences between the models due
to their specific LCC strength. As well as Fig. 8a and b illustrates the relative errors of
∆α but plotted against the normalized albedo anomaly (∆Nα; see Eq. 2) averaged at
different SWE levels (i.e. this figure thus shows the “intrinsic” albedo sensitivity of each15

model independently from snow cover). No clear relationship was found in the first case
(Fig. 8a), implying that the simulated snow does not dominate the relative ∆α errors.
In contrast, an approximately linear relationship appears in the second case (Fig. 8b).

The reconstructed mean ∆Nα of near 0.3 (dashed line in Fig. 8b) is consistent
with the mean snow-covered albedo difference between forest and herbaceous veg-20

etation found in this study (Table 2) and similar to the strength of the snow-masking
effect reported earlier (e.g. Bonan, 2008). The two models that overestimate this value
(ARPEGE/ISBA and ECEARTH/TESSEL) simulate a higher albedo response to LCC
than that reconstructed, while the others models underestimate it. Hence, the intrin-
sic LSM albedo’s sensitivities to deforestation and, therefore, related to the land sur-25

face parameterizations, appear as the major factor explaining their differences in winter
mean albedo responses to LCC.

The effect of snow content may be distinguished as a secondary component in
Fig. 8b. Based on the linear fit between ∆Nα and the departures of the winter mean
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albedo responses (dashed line), those models that simulate more (ARPEGE/ISBA) and
less (ECEARTH/TESSEL, ECHAM5/JSBACH, SPEEDY/LPJmL) snow than the refer-
ence data (NSIDC) respectively overestimate and underestimate their expected albedo
responses based on their mean ∆Nα.

Figure 8c illustrates the normalized 2-m temperature (∆T2m /∆FH) responses to LCC5

simulated in DJF as function of the mean ∆Nα. In this season and region (North Amer-
ica and Eurasia) all the models simulate cooling of amplitude roughly proportional to
the increase in surface albedo and, then, proportional to the mean ∆Nα. Hence, those
models showing weak albedo sensitivities to deforestation (e.g. CCAM/CABLE) simu-
late almost null temperatures responses, while e.g. ECEARTH/TESSEL, with a mean10

∆Nα of ∼0.37, shows a cooling exceeding 3 K. The MODIS-based mean ∆Nα of ∼0.3
projected on the linear fit between the simulated ∆T2m /∆HH and the mean ∆Nα values
(dashed lines in Fig. 8c), brings an estimated temperature response to total deforesta-
tion of around −2.5 K.

3.4 Impacts on the surface shortwave radiation budget15

The importance of large-scale surface albedo changes on climate resides on their re-
sulting impacts on the surface radiation budget and, then, on the energy balance. The
LCC-induced changes in surface net shortwave radiation (SN) not only depend on the
surface albedo changes (∆α), but also on indirect impacts of LCC and atmospheric
feedbacks that, by means of perturbations in e.g. convection and cloud cover, might in-20

duce changes in the incoming solar radiation (SD). In order to isolate the albedo-driven
(α-driven) component in the LCC-induced change in SN (∆SN) from the preindustrial
period SN (PI) to present-day SN (PD), we use the following decomposition:

∆SN = SN(PD)−SN(PI) = −∆α SD(PI)+ [1−α(PI)] ∆SD −∆α ∆SD. (3)

The first term in the right-hand side of Eq. (3) represents the α-driven SN change, while25

the second term is the “indirect” SD-driven component briefly described above. The
third term is an anomaly of second order (interactions between albedo and atmospheric

12520

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/12505/2012/bgd-9-12505-2012-print.pdf
http://www.biogeosciences-discuss.net/9/12505/2012/bgd-9-12505-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 12505–12542, 2012

Inferring past
land-use induced

changes in surface
albedo

J. P. Boisier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

feedback effects) that is negligible compared to the other terms when the perturbations
are small compared to the net values (as in this case).

Figure 9 illustrates, for each of the LUCID models, the LCC-induced monthly SN
changes, averaged over the region studied in North America and Eurasia. The simu-
lated SN responses to LCC (indicated by solid lines in Fig. 9) are depicted along with the5

simulated (dotted lines) and reconstructed (dashed lines) α-driven ∆SN. The latter are
computed by evaluating the first term of Eq. (3) with the corresponding MODIS-based
reconstructed ∆α value, maintaining in each case the simulated SD (PI).

Most models simulate decreases in SN that exceed 5 W m−2 in some cases (solid
lines in Fig. 9). They also show very different seasonal patterns within their responses10

and, in most cases, quite different anomalies than those expected from the corre-
sponding surface albedo changes (dotted lines). ARPEGE/ISBA is a clear exception
regarding the latter. In this model, the simulated ∆SN is led by the α-driven compo-
nent, indicating comparatively weak changes in SD. Differences between the net ∆SN
and the α-driven component are not systematic among the different models but some15

patterns prevail. During the winter (DJF), most models simulated similar or weaker net
∆SN than those expected from ∆α alone. The opposite pattern, i.e. larger decreases
in SN than those induced by ∆α, is seen in most models in JJA with the clear excep-
tion of SPEEDY/LPJmL. The latter shows particularly large increases in SD leading to
net increases in SN in May–June between PI and PD. These results suggest that the20

indirect impacts of LCC by means of changes in the SD play quite an important role
in the simulated SN changes in response to LCC changes between PI and PD. Within
the various LUCID models, this effect differs in amplitude and, in some cases in sign,
amplifying or dampening the direct (α-driven) SN perturbations.

Except for ECHAM5/JSBACH all models show larger changes in α-driven SD re-25

duction during the winter and spring than in summer (dotted lines in Fig. 9), as
we get in the reconstructions (dashed lines). The seasonal pattern of the simu-
lated and reconstructed α-driven ∆SD is however quite different for most models
(except for IPSL/ORCHIDEE). For instance, in the case of ECEARTH/TESSEL, the
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difference between the simulated and reconstructed surface albedo change under
snow-free conditions (Fig. 6) lead to a substantially overestimated α-driven decrease
in SN with respect to the MODIS-based reconstruction from May to October. A simi-
lar effect occurs with ARPEGE/ISBA and SPEEDY/LPJmL. In turn, the simulated α-
driven SN changes underestimate those reconstructed during most part of the year for5

CCSM/LSM, ECHAM5/JSBACH, IPSL/ORCHIDEE and CCAM/CABLE, in accordance
to their differences between the reconstructed versus the simulated albedo changes
(Fig. 6).

The global land annual mean LCC-induced changes in SN are summarized in Ta-
ble 4. As for the data shown in Fig. 9, the simulated net ∆SN values and the α-10

driven components computed from both the simulated and the reconstructed ∆α, are
indicated. The simulated model-mean ∆SN between PI and PD is near −0.9 W m−2

with a large inter-model range of 1.21 W m−2. The global land α-driven change in SN
is lower in amplitude than the total SN changes when averaged across the models
(−0.75 W m−2). The models differ between each other in their individual total SN re-15

sponses compared to their α-driven ∆SN, and the inter-model range of this component
of 1.44 W m−2, i.e. twice as large as the its model-mean response. Consistent with what
is obtained for the surface albedo (Table 3), the inter-model range of the MODIS-based
reconstructed α-driven ∆SN is strongly reduced from that simulated (0.62 W m−2), high-
lighting the major contribution of differences in land-surface parameterization in ex-20

plaining the simulated albedo responses to LCC and the resulting spread between the
models.

Averaged over the whole globe, the LUCID models show a annual mean SN dif-
ference between PI and PD of −0.16 W m−2 (total simulated). Considering the α-
driven component only, the model-mean SN change is −0.14 W m−2 (simulated) and25

−0.12 W m−2 when using the reconstructed albedo change. These values are coher-
ent with what Matthews et al. (2003) reported. They found a change in SN larger in
amplitude (−0.15 W m−2) using a crop albedo of 0.17 (i.e. higher, in average, than
the crop albedo used in this study; Table 2) for a LCC from the pre-agricultural times
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(1700) to present-day (1992). Their simulated ∆SN is almost twice when crop albedo
is prescribed to 0.20, highlighting the large sensitivity of the radiative impact of LCC to
land-surface parameterization.

The global mean ∆SN found in this study are also within the typical radiative forcing
(RF) of −0.2±0.2 W m−2 attributed to the past LCC due to surface albedo changes5

in previous modeling studies (Forster et al., 2007; Davin et al., 2007) and higher in
amplitude than the RF of −0.09 W m−2 that was estimated by Myhre et al. (2005) from
satellite observations. The change in SN is however a quite rough estimation of the
LCC-induced RF, which is usually computed at the top of the troposphere and, there-
fore, accounts for the net changes in shortwave radiation due to combined surface and10

cloud cover perturbations, in addition to changes in longwave radiation as indirectly
perturbed by LCC via atmospheric feedbacks. The net impact of LCC in terms of RF
could also be amplified by positive feedbacks due to changes in, e.g. the water vapor
(Davin et al., 2007).

4 Discussion and conclusions15

Results from the LUCID model intercomparison project have demonstrated that
changes in surface albedo were one of the main drivers of the GCMs’ responses to
historical land-use induced land cover changes (LCC). This initiative has also showed
that the simulated albedo change was quite different from one model to another. It then
became important to evaluate the magnitude of this albedo response to historical LCC20

based on available observations.
In addition we have to recall that there is no current consensus on the intensity of

past deforestation and, consequently, this aspect represents one of the main sources of
uncertainty when comparing various studies addressing the impacts of LCC on climate
(de Noblet-Ducoudré et al., 2012; Boisier et al., 2012).25

We have used satellite-based surface albedo, land-cover and snow-cover data to
derive snow-free and snow-covered monthly climatologies of albedo for five main land
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cover groups (LCGs). Those climatologies can be combined with any vegetation and
snow cover distribution to reconstruct global albedo maps and then estimate LCC-
induced albedo changes. We have used this methodology to assess changes in surface
albedo since preindustrial times. Reconstructed albedos for both time periods used the
land-cover maps provided by the seven GCM/LSMs that have been run in the context5

of the LUCID project. Preindustrial simulations and reconstructions only differ from
present-day ones by the land-cover maps. The reconstructions were then compared
to the albedo values simulated by each individual GCM/LSM to evaluate how realistic
each model is with respect to the response of this specific variable to LCC.

It is important to note that the reconstructed preindustrial albedo maps use the10

present-day snow-cover data and LCG’s monthly albedos. Thus, the resulting surface
albedo change between 1992 and 1870 represents a first estimate of land-cover per-
turbation, i.e. prior to any climate feedback that could further modulate the albedo
responses to LCC. However, our previous analyses of LUCID simulations show rather
weak positive snow-albedo feedback (Boisier et al., 2012).15

The LUCID models do not exhibit a systematic bias in their simulate albedo re-
sponses to LCC with respect to those reconstructed using the MODIS albedo and
the NSIDC snow cover data. However, single model responses are significantly differ-
ent from their respective reconstructions, notably when snow is present. We show that
these differences reside principally on the land surface parameterizations of albedo20

which is summarized in the LSMs’ albedo sensitivities to deforestation, while differ-
ences in snowpack simulated by the LUCID GCMs represent a secondary component
of their winter albedo changes between pre-industrial and present. It should be noted
that the winter temperature responses to LCC simulated by the LUCID models are
mainly directed by surface albedo changes and, consequently, depend directly on the25

albedo sensitivity of LSMs (Fig. 8c).
The large dispersion in albedo responses to LCC shown by LUCID models echoes

the reported uncertainty in the radiative forcing of past LCC (Forster et al., 2007).
Our results show that the spread in the simulated albedo changes is in its major part
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associated to the LSMs’ parameterizations, reinforcing previous conclusions from LU-
CID (Boisier et al., 2012). The remaining uncertainty is mainly related to the choice of
land-cover maps. The indirect impacts of land-cover perturbations, inducing changes
in the incoming solar radiation, are also quite model-dependent, adding additional un-
certainty to the radiative effect of LCC.5

Narrowing the large uncertainties in regional climate responses to LCC is a ma-
jor challenge to move forward in the understanding of past climate trends and future
projections, and will help other studies such as the climate change detection and at-
tribution. Novel observation-based global products are a useful data source that could
help to this purpose and notably be used as benchmark in climate modeling studies.10

Further, the methodology applied here may be used to estimated either past or future
LCC-related changes in surface albedo, as well as in any other surface quantity that is
available globally at relatively high resolution.
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Table 1. Dataset summary.

Sources Variablesa Period

MODIS (LP DAAC) α, SC, LC 2000–2011
AVHRR/ SMMR/ SSM/I (NSIDC) SC, SWE 1979–2006
LUCID simulations α, LC, SC, SWE, 30-yr runs (5 ensemble members) with
(7 GCM/LSMsb) SN,SD,T2m prescribed SST/SIC from 1970 to 1999.

LC: 1870 (PI) and 1992 (PD)
aSurface albedo (α), snow cover fraction (SC), land cover (LC), snow water equivalent (SWE), net (SN) and downward
(SD) shortwave radiation at the surface and 2-m temperature (T2m).
bGCM/LSMs: ARPEGE/ISBA (Salas-Mlia et al., 2005; Voldoire et al., 2006), CCAM/CABLE (McGregor and Dix, 2008;
Abramowitz et al., 2008), CCSM/CLM (Collins et al., 2006; Oleson et al., 2008), ECEARTH/TESSEL (van den Hurk et
al., 2000), ECHAM5/JSBACH (Roeckner et al., 2006; Raddatz et al., 2007), IPSL/ORCHIDEE (Marti et al., 2010; Krinner
et al., 2005) and SPEEDY/LPJmL (Strengers et al., 2010; Bondeau et al., 2007).
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Table 2. MODIS seasonal mean shortwave broadband (0.3–5 µm) directional hemispherical
reflectance (black-sky albedo) in the northern temperate regions (30–60◦ N) for the five land
cover groups used in this study.a

Land cover group DJF (SC) DJF (SF) JJA (SF)

Crops 0.59±0.07 0.15±0.03 0.15±0.02
Grasses 0.61±0.07 0.19±0.03 0.16±0.02
Evergreen trees 0.22±0.05 0.10±0.02 0.09±0.01
Deciduous trees 0.29±0.04 0.12±0.02 0.12±0.02
Bare soil 0.59±0.08 0.26±0.07 0.26±0.07

aThe mean ±1 standard deviation are indicated for snow-covered (SC) and
snow-free (SF) surface albedo values of the ensemble of grid cells (at 0.05
degree resolution) with dominant land cover (areal fraction>95 %) within the
30–60◦ N latitude band.
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Table 3. Global land (ice-free) annual mean LCC-induced change in surface albedo (×100).

models

ARP. CCA. CCS. ECE. ECH. IPS. SPE. mean (range)

Simulated 0.64 0.10 0.22 0.97 0.28 0.49 0.85 0.51 (0.87)
Reconstructed 0.48 0.55 0.30 0.63 0.36 0.63 0.55 0.50 (0.33)
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Table 4. Global land (ice-free) annual mean LCC-induced changes in surface net shortwave
radiation (W m−2).

models

ARP. CCA. CCS. ECE. ECH. IPS. SPE. mean (range)

Simulated −0.68 −1.53 −0.32 −1.10 −0.35 −0.52 −1.03 −0.89 (1.21)
α−driven (sim.) −0.81 −0.04 −0.29 −1.41 −0.42 −0.79 −1.47 −0.75 (1.44)
α−driven (rec.) −0.53 −0.53 −0.40 −0.80 −0.44 −1.01 −0.72 −0.63 (0.62)
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Figure 1. Flowchart of the methodology used to compute surface albedo climatologies for 2 

land cover maps of 1870 and 1992 based on satellite data. 3 
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LUCID  
Land cover maps of 
1870 and 1992 
from seven LSMs 

NISDC 
Monthly snow cover 
data from 1979 to 
2006 

Snow-free and snow-covered albedo 
climatologies for each LCG (monthly 
maps) 

MODIS  
Surface albedo, 
land cover and 
snow cover data 
from 2000 to 2011 

(1) Snow-free and snow-covered 
albedo climatologies (at 0.05 degree) 

(2) Global albedo upscaling 
(interpolation) for five land cover 
groups (LCGs) from grid-cells with 
dominant land cover (LCG’s areal 
fraction > 95%) 

Reconstructed 28-yr 
(1979-2006) monthly 
surface albedo for both 
land cover maps (1870 
and 1992) of each LSM 

Fig. 1. Flowchart of the methodology used to compute surface albedo climatologies for land
cover maps of 1870 and 1992 based on satellite data.
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 1 

Figure 2. (a) Grid-cells in a MODIS-based vegetation map (at 0.05-degree latitude-longitude) 2 

showing a dominant land cover (fraction of 95% or larger) within the land cover groups used 3 

in this study: crops (red), grasses (lighter green), evergreen trees (darker green), deciduous 4 

trees (blue) and bare soil (orange). (b) Difference between the forest fraction of 1992 and 5 

1870 prescribed in the LUCID LSMs’ land cover maps (model mean). Box indicates the land 6 

areas of large deforestation in the northern extratropics further used for specific analyses. 7 
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Fig. 2. (a) Grid-cells in a MODIS-based vegetation map (at 0.05-degree latitude-longitude)
showing a dominant land cover (fraction of 95 % or larger) within the land cover groups used
in this study: crops (red), grasses (lighter green), evergreen trees (darker green), deciduous
trees (blue) and bare soil (orange). (b) Difference between the forest fraction of 1992 and 1870
prescribed in the LUCID LSMs’ land cover maps (model mean). Box indicates the land areas
of large deforestation in the northern extratropics further used for specific analyses.
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 1 

Figure 3. Mean surface albedo in January (top) and July (bottom) based on MODIS (2000-2 

2011) observations (a, d) and reconstructions (b, e). Note the non-linear scale. Difference 3 

between the reconstructed and the observed albedo (c, f). Solid contours encompass regions 4 

with areal fraction deforested larger than 10% between 1870 and 1992. 5 
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Fig. 3. Mean surface albedo in January (top) and July (bottom) based on MODIS (2000–2011)
observations (a, d) and reconstructions (b, e). Note the non-linear scale. Difference between
the reconstructed and the observed albedo (c, f). Solid contours encompass regions with areal
fraction deforested larger than 10 % between 1870 and 1992.
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 1 

Figure 4. Monthly mean albedo for North America and Eurasia (land areas within the dashed 2 

box indicated Fig. 2b). Solid and dashed lines indicate the observed and the reconstructed 3 

values, respectively. Shading indicates the reconstruction ± mean absolute error (MAE) 4 

between the reconstruction and the observation, calculated from the ensemble of grid-cells 5 

within the region studied. 6 
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Fig. 4. Monthly mean albedo for North America and Eurasia (land areas within the dashed box
indicated Fig. 2b). Solid and dashed lines indicate the observed and the reconstructed values,
respectively. Shading indicates the reconstruction ± mean absolute error (MAE) between the
reconstruction and the observation, calculated from the ensemble of grid-cells within the region
studied.
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 1 

Figure 5. LCC-induced surface albedo change in January (a, c) and July (b, d). Model-mean 2 

change from LUCID simulations (a, b) and from reconstructions (c, d). Note the non-linear 3 

scale. 4 
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Fig. 5. LCC-induced surface albedo change in January (a, c) and July (b, d). Model-mean
change from LUCID simulations (a, b) and from reconstructions (c, d). Note the non-linear
scale.
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 1 

Figure 6. Monthly mean surface albedo change for each LUCID model in the region studied 2 

(North America and Eurasia). Solid and dashed lines illustrate the simulated and the 3 

reconstructed albedo changes, respectively. Shaded area indicates the range between the 4 

minimum and maximum anomalies within the reconstructed single years (i.e., with minimum 5 

and maximum snow cover). 6 
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Fig. 6. Monthly mean surface albedo change for each LUCID model in the region studied (North
America and Eurasia). Solid and dashed lines illustrate the simulated and the reconstructed
albedo changes, respectively. Shaded area indicates the range between the minimum and
maximum anomalies within the reconstructed single years (i.e. with minimum and maximum
snow cover).
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 1 

Figure 7. (a) Snow covered area within the region studied (North America and Eurasia) in 2 

winter (DJF) with snow water equivalent (SWE) levels higher than the value indicated in the 3 

x-axis. Solid and dashed lines illustrate the results from LUCID models and from the NISDC 4 

data, respectively. (b) Normalized surface albedo changes (Δα/ΔFH) averaged over SWE 5 

windows of 10 mm centered on the indicated values (see text). Simulated and reconstructed 6 

anomalies as solid and dashed lines, respectively. Shaded areas indicate the corresponding ±1 7 

standard deviation at each SWE level. 8 
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b. Normalized albedo change over snow"covered surfaces !DJF"
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Fig. 7. (a) Snow covered area within the region studied (North America and Eurasia) in winter
(DJF) with snow water equivalent (SWE) levels higher than the value indicated in the x-axis.
Solid and dashed lines illustrate the results from LUCID models and from the NISDC data,
respectively. (b) Normalized surface albedo changes (∆α /∆FH) averaged over SWE windows
of 10 mm centered on the indicated values (see text). Simulated and reconstructed anomalies
as solid and dashed lines, respectively. Shaded areas indicate the corresponding ±1 standard
deviation at each SWE level.
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 1 

Figure 8. Differences (relative, %) between the winter mean (DJF) reconstructed and 2 

simulated albedo responses to LCC in North America and Eurasia, plotted against the 3 

simulated mean SWE (a), and plotted against the normalized albedo changes (Δα/ΔFH) 4 

averaged at different snow cover contents (b). Winter mean normalized 2-m temperature 5 

changes (ΔT2m/ΔFH) versus the mean Δα/ΔFH (c). Dashed lines indicate the corresponding 6 

values obtained from the reference SWE dataset (NISDC) and the albedo reconstructions. 7 

Labels A, C1, C2, E1, E2, I and S indicate respectively ARPEGE, CCAM, CCSM, 8 

ECEARTH, ECHAM5, IPSL and SPEEDY. 9 
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Fig. 8. Differences (relative, %) between the winter mean (DJF) reconstructed and simulated
albedo responses to LCC in North America and Eurasia, plotted against the simulated mean
SWE (a), and plotted against the normalized albedo changes (∆α /∆FH) averaged at differ-
ent snow cover contents (b). Winter mean normalized 2-m temperature changes (∆T2m /∆FH)
versus the mean ∆α /∆FH (c). Dashed lines indicate the corresponding values obtained from
the reference SWE dataset (NISDC) and the albedo reconstructions. Labels A, C1, C2, E1,
E2, I and S indicate respectively ARPEGE, CCAM, CCSM, ECEARTH, ECHAM5, IPSL and
SPEEDY.
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 2 

Figure 9. As in Fig. 6 but for net shortwave radiation (SN). Simulated total and albedo-driven 3 

(see text) changes in SN as solid and dotted lines, respectively. Dashed lines indicate the 4 

albedo-driven SN changes evaluated with the reconstructed (MODIS-based) changes in 5 

surface albedo. 6 

Net shortwave radiation difference !PD!PI"
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Fig. 9. As in Fig. 6 but for net shortwave radiation (SN). Simulated total and albedo-driven
(see text) changes in SN as solid and dotted lines, respectively. Dashed lines indicate the
albedo-driven SN changes evaluated with the reconstructed (MODIS-based) changes in sur-
face albedo.
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