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Abstract Widespread anthropogenic land cover change over the last five centuries has influenced the
global climate system through both biogeochemical and biophysical processes. Models indicate that warming
from carbon emissions associated with land cover conversion has been partially offset by cooling from elevated
albedo, but considerable uncertainty remains partly because of uncertainty in model treatments of albedo.
This study incorporates a new spatially and temporally explicit, land cover specific albedo product derived from
Moderate Resolution Imaging Spectroradiometer with a historical land use data set (Land Use Harmonization
product) to provide more precise, observationally derived estimates of albedo impacts from anthropogenic
land cover change with a complete range of data set specific uncertainty. The mean annual global albedo
increase due to land cover change during 1700–2005 was estimated as 0.00106±0.00008 (mean± standard
deviation), mainly driven by snow exposure due to land cover transitions fromnatural vegetation to agriculture.
This translates to a top-of-atmosphere radiative cooling of �0.15± 0.1Wm�2 (mean± standard deviation).
Our estimate was in the middle of the Intergovernmental Panel on Climate Change Fifth Assessment Report
range of �0.05 to �0.25Wm�2 and incorporates variability in albedo within land cover classes.

1. Introduction

Humans have enacted large-scale transformation of the terrestrial biosphere over the past millennium [Foley
et al., 2005; Steffen et al., 2005]. Anthropogenic land cover change is one of the leading factors contributing to
widespread global environmental changes [Turner et al., 2007]. Improved estimates of the extent and rates
of land cover change at regional and global scales have recently become available [Hurtt et al., 2011] but have
not yet been widely used to quantify associated changes to the climate system.

Land cover conversion can alter climate via both biogeochemical processes (e.g., carbon cycling) and
biophysical processes (e.g., albedo, evapotranspiration, and surface roughness) [Bala et al., 2007; Barnes and
Roy, 2010; Bonan, 2008; Brovkin et al., 2006; Fall et al., 2010; Pongratz et al., 2010]. The overall climate effect of
land cover change depends on the relative magnitude of these processes and can vary regionally [Bala et al.,
2007; Betts et al., 2007; Bonan, 2008]. Global studies with models have demonstrated that deforestation in
low-latitude tropical regions induce a net global warming effect because decreased evapotranspiration and
increased carbon emissions outweigh the cooling caused by higher albedo. In contrast, at higher latitudes,
the relative magnitudes are reversed, resulting in a net cooling effect [Randerson et al., 2006]. This net cooling
in higher latitudes is related to increased exposure of high-albedo winter snow associated with conversion
from tall to short stature vegetation during deforestation or forest disturbance.

Past work quantifying the albedo consequences of global land cover change mostly used coarse-gridded
(i.e., coarser than around 2° spatial resolution) climate models and hypothetical scenarios of albedo change
[Bala et al., 2007; Betts et al., 2007; Pongratz et al., 2009]. Recent Earth observing systems make it now possible
to estimate albedo around the globe with space-based spectral observations [Schaaf et al., 2002], yet only
a few studies have brought this new data source to bear on the question of albedo impacts of land cover
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change [Myhre et al., 2005]. The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
(2007) and Fifth Assessment Report (2013) provide a best estimate of the albedo-induced cooling fromhistorical
land cover change at the global scale, with preindustrial to present cooling amounting to approximately
�0.2Wm�2 [Intergovernmental Panel on Climate Change (IPCC), 2007] or �0.15Wm�2 [IPCC, 2013]. However,
the range of estimates is large, spanning 0 to�0.5Wm�2 [IPCC, 2007] and�0.05 to�0.25Wm�2 [IPCC, 2013],
and improved estimates are needed to reduce this uncertainty.

While the main driver of these changes reflects transitions among a few categories, such as human-induced
conversion of natural vegetation (e.g., shrubs, grass, and forests) to crops [Matthews et al., 2003; Myhre and
Myhre, 2003;Myhre et al., 2005], there can be large variation in the associated preconversion and postconversion
albedos. For example, the albedo of corn grown in United States differs from that of rice in India, and such
variation has not been taken into account in most prior studies. As such, previous studies have tended to
simplify variability in albedo within land cover classes [e.g.,Myhre and Myhre, 2003; Pongratz et al., 2009], which
can arise from many factors including differences in snow properties, time since disturbance, within class
variation in vegetation composition, and soil background. Prior work has also typically combined multiple finer
land cover categories for determining land cover specific albedo [e.g., Matthews et al., 2003]. These limitations
can be partially overcome by the use of remotely sensed albedo to extract unique albedo values at each
location (e.g., image pixel) for different land cover types, combined with the best available information on
historical land cover and change data sets.

The purpose of this study is to provide more precise estimates of historical (1700–2005) land cover change
impacts on surface albedo and associated top-of-atmosphere (TOA) radiative forcing. This is achieved by
merging a new satellite-derived product describing regional-scale land cover specific albedo over the globe
with a new, state-of-the-art land cover change data set, the Land Use Harmonization (LUH) product [Hurtt
et al., 2006, 2011].

2. Methods

This study estimates the impacts of global historical land cover change on surface albedo and TOA radiative
forcing by integrating (1) historical land covermaps to determine the rate and distribution of land cover transitions
around the globe and (2) look-up maps (LUMs) that relate albedo values to corresponding land cover types.

2.1. Historical Land Cover Maps

We have based our historical land cover trajectories on the Land Use Harmonization (LUH) product [Hurtt et al.,
2006;Hurtt et al., 2011], which portrays themost probable land use for every 0.5° global cell since 1700. The land
cover maps used in this study were generated by converting the LUH land use classes mapped from 1700
to 2005 into the 18 International Geosphere-Biosphere Programme (IGBP) land cover classes. This conversion
was performed separately using two different satellite land cover products (namely, Moderate Resolution
Imaging Spectroradiometer (MODIS) and Advanced Very High Resolution Radiometer (AVHRR)) generating two
different historical land cover data sets that encompass the uncertainty in the mapping process. The LUH
product was intersected with the IGBP 30 arc sec AVHRR land cover map [Eidenshink and Faundeen, 1994] for
the common time period (1992–1993) between these two data sets. Prior to the intersection, the fraction of
each land cover type described at 0.5° in the LUH product was converted to 1° by averaging across 2× 2 pixel
blocks (representing 1° spatial resolution) for each land cover type separately. The LUH product reports the
fraction of five different broad land cover types in each pixel. A sixth LUH land cover class for water/ice was
obtained by subtracting the sum of the fractional coverage of the five LUH land cover types from unity (one) for
each pixel. Similarly, the 30arc sec AVHRR land covermapwas also converted to 1° by determining the proportion
of pixels of a given land cover type within each 180×180 pixel block of 1° spatial resolution. Subsequently, the
intersection of the LUH (averaged 1992 and 1993) map and 1992–1993 AVHRR land cover map was used to
derive the one-to-one or one-to-many mapping of land cover classes for each pixel to convert each of the six
broad land cover classes to one or more of the IGBP land cover categories for each pixel. This approach retains
regional specificity in the translation of LUH classes such as secondary land to various IGBP cover classes.

The one-to-one and one-to-many land cover class mapping was specified for each pixel separately based
on map intersection. In the one-to-one mapping, the LUH classes urban and croplands were directly
and exclusively mapped to their corresponding IGBP class. The remaining four classes were mapped with a
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one-to-many class relationship, where (a) LUH pasture was mapped to IGBP closed shrublands, open
shrublands, woody savannas, savannas, and/or grasslands; (b) LUH primary and secondary lands were
mapped to all IGBP forest types as well as closed shrublands, open shrublands, woody savannas,
savannas, and/or grasslands; and (c) LUH water/ice was mapped to IGBP water bodies, wetlands, and/or
snow and ice. Pixels lacking a particular one-to-many mapping were obtained from the nearest pixel.
These IGBP matching fractions for each pixel were normalized to sum to unity. These relationships were
assumed to be temporally invariant and were extrapolated in time by multiplying the LUH fractions
with the normalized matching IGBP land cover proportions. After applying these relationships,
proportional maps of each IGBP land cover type from 1700 to 2005 were obtained. The barren areas
were kept constant from 1700 to 2005 based on the AVHRR land cover product because the LUH
product does not explicitly represent barren areas, by aggregating barren class into primary and
secondary land that also includes vegetation. To access the uncertainty in the land cover intersection,
the entire analysis was repeated using MODIS land cover [Friedl et al., 2002] instead of the AVHRR land
cover product. The MODIS land cover was generated from the most frequently occurring land cover
category from 2001 to 2005 in the MODIS product.

2.2. Albedo Look-Up Maps

Albedo look-upmaps based onMODIS satellite data were used to determine the albedo values for a given land
cover type, month, and location [Gao et al., 2014]. These LUMs were derived by intersecting (1) the monthly
composite (median albedo) MODIS broadband albedo product [Schaaf et al., 2002] from 2001 to 2011 at 30 arc
sec (~1 km) spatial resolution and 2) the climatology land cover (temporally frequently occurring class) from
2001 to 2011 in the 30 arc sec MODIS land cover product [Friedl et al., 2002]. This intersection was performed for
four unique pairwise combinations of sky conditions (white sky and black sky, described below) and snow cover
(snow free and snow covered) to obtain white-sky snow-free LUMs, white-sky snow-covered LUMs, black-sky
snow-free LUMs, and black-sky snow-covered LUMs for different months of the year (from climatology) and for
land cover types. The mean LUMs were used in this study along with the mean plus standard deviation and
mean minus standard deviation LUMs to assess uncertainty in the LUMs. Unlike traditional land cover/albedo
look-up tables, the LUMs used in this study were geographically specific; that is, albedo for a given land cover
type (such as cropland) can vary regionally to reflect the dominant vegetation type, soil background, or land
management. Pixels in the LUMs that lacked a locally defined albedo for a specific class were filled with
interpolation by averaging valid pixel values from progressively larger filter blocks until valid pixel values were
found. In the worst case, algorithmmay end up with the global statistics (same as the global look-up table). The
LUMswere available at different spatial resolutions from 0.05 to 1°. The albedo LUMs were assessed by applying
to the LUH cross-walked IGBPmap inMODIS era (2001–2005). The modeled albedo show very good agreement
with the MODIS albedo data product. Further details on the LUMs are available at Gao et al. [2014].

White-sky albedo is the ratio of upwelling to downwelling radiative flux at the surface for conditions of
isotropic, diffuse illumination, whereas black-sky albedo refers to conditions of direct illumination only. Actual
albedo was calculated from the sum of black-sky and white-sky components based on the relative intensity
of diffuse and direct illumination. In this work, we relied on the common assumption of isotropic distribution
of diffuse skylight. While this assumption can lead to local biases (particularly at higher solar zenith angles)
because of multiple radiative interactions between the ground and atmosphere [Pinty et al., 2005; Román
et al., 2010], we expect this to have a negligible effect for the current application.

2.3. Historical Land Cover Change Impacts on Surface Albedo and TOA Radiative Forcing

Albedo maps were calculated at 1° spatial resolution from 1700 to 2005 by applying the albedo LUMs to the
18 class historical land cover maps. Specifically, the LUMs and the IGBP based 18 class land cover maps were
used to compute albedo (α) of each pixel for each month (m) and year (y):

αm;y ¼
X17

l¼0

X1

s¼0

X1

r¼0
f l;yf s;mf r;m∝l;s;r;m (1)

where fl,y was the fraction (f ) for a given land cover class (l) at year (y), fs was the fraction for snow-covered
(s=0) and snow-free (s= 1) conditions at month (m), and frwas the fraction for white-sky (r=0) and black-sky
(r= 1) radiation conditions at month (m). The snow-covered and snow-free fractions were derived from
the 0.05° spatial resolution monthly level 3 MODIS terra snow cover climate modeling grid global product
[Hall et al., 2002] averaged from 2001 to 2011, resampled to 1° spatial resolution. Lacking readily available
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historical snow cover data for the globe, this study was forced to adopt an assumption of stationarity in the
snow-covered climatology for the full historical period of study. The white-sky and black-sky fractions were
computed from the climatology of the mean monthly National Center for Atmospheric Research (NCAR)
National Centers for Environmental Prediction (NCEP) diffuse and beam incoming surface solar (visible plus
near-infrared) radiation reanalysis Gaussian grid (T62 with 94 × 192 points) product [Kalnay et al., 1996; Kistler
et al., 2001] from 1981 to 2010. For the same reason as above, we also assume radiation fields are stationary
over time.

TOA radiative forcing (F) of each pixel was computed using albedo radiative kernels (K) generated by Shell
et al. [2008] and albedo change (Δα) maps for diffuse/white-sky (ws) and direct/black-sky (bs) radiation
conditions from 1700 to 2005, assuming 1700 as the reference year:

Fm;y ¼ Δαm;y;wsKws þ Δαm;y;bsKbs (2)

The albedo radiative kernels specify the ratio of TOA radiative forcing (i.e., change in the TOA balance of the
outgoing and absorbed radiation) to the surface albedo change. As a result, multiplication of the radiative
kernels (K) with surface albedo change (Δα) was performed to estimate radiative forcing. This multiplication of
radiative kernels and surface albedo is performed separately for diffuse/white-sky conditions and direct/black-
sky conditions to incorporate heterogeneity in radiation regimes, and subsequently, these two separate
contributions were added to estimate the total radiative forcing (see equation (2)). The radiative kernels used in
this study were derived from an off-line radiative transfer version of the Community Atmosphere Model version
3 [Shell et al., 2008]. We did not use the blue-sky albedo computed from equation (1) to determine radiative
forcing in equation (2). Instead, we used the white-sky and black-sky albedos because the kernels were specific
for white-sky and black-sky conditions andwould incorporate the heterogeneity in radiation regimes. To access
the uncertainty in the different data products, we repeated the analysis for different combinations of the data
products by substituting the Community Climate System Model version 4 snow cover product [Lawrence et al.,
2012] for the MODIS product, Modern-Era Retrospective Analysis for Research and Applications solar radiation
product [Rienecker et al., 2011] for the NCAR NCEP product, and Soden radiative kernel product [Soden et al.,
2008] for the product of Shell et al. [2008].

3. Results

The overall global trends in land cover from 1700 to 2005 show a large increase in croplands, and corresponding
decrease in natural vegetation types, mainly forests and grasslands (Figures Sa1 and Sa2 and Tables Sa1 and Sa2 in
the supporting information). The largest decrease in area was for mixed forest which decreased from 10% of
global land area in 1700 to 7% in 2000 for the LUH AVHRR data set combination and decreased from 7% to 4% for
the LUH MODIS data set combination. Evergreen broadleaf forest decreased from 9% to 7% for both the LUH
AVHRR and LUH MODIS data set combination, and open shrublands decreased from 17% to 16% of land area for
the LUH AVHRR data set combination and 16% to 15% for the LUH MODIS data set combination during the same
time period. In contrast the largest gain in area was for croplands, which increased from 2% in 1700 to 9% in 2000
for both the LUH AVHRR and LUH MODIS data set combinations. This conforms to the well-known historical
pattern of clearing natural vegetation to provide land for crops to meet the rising demand for food, fiber, and
biofuel as human populations surged. The major hot spots of land cover change were in the North American,
European, South Asian agricultural belts, and Sahelian Africa (Figure 1). Examples of hot spots of land cover change
include forest to cropland with snow cover in Alberta, Canada (112W, 53N); South Dakota, U.S. (97W, 44N) and
Russia south of Nizhny Novgorod (44E, 54N); and savanna or shrubland to cropland in Sudan southwest of El
Obeid (28 E, 11N) and India west of Kolkata (85 E, 25N).

Land cover types exhibit large seasonal variability in albedo. The mean global surface albedo from different data
product combinations was highest during northern hemisphere winter and lowest in northern hemisphere
summer because of the high surface albedo of snow (Figure 2). The mean annual albedo trend from different
data combinations was intermediate, averaging these trends across the year. Seasonal variation in the change
of surface albedo due to land cover change can be large, with winter having the largest mean albedo increase
fromdifferent data combinations of 0.00188 followed by spring (Δalbedo=0.00093), autumn (Δalbedo=0.00081),
and summer (Δalbedo=0.00060), each averaged over the globe (Figure 2). The largest mean albedo increase
from different data combinations was observed in winter because the conversion of high stature vegetation
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Figure 1. Spatial patterns of (a) fraction converted, (b) fractional gain for the land cover type gained most, (c) land cover
type lost, and (d) land cover type gained most from 1700 to 2000 estimated from LUH and AVHRR.
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(e.g., forests) to low stature vegetation (e.g., crops) results in snow exposure (see the supporting information for
a table highlighting continental variations in land cover specific albedos by season and snow condition).
The mean global annual increase in surface albedo from different data combinations aggregated across all
seasons was 0.00106±0.00008 (mean± standard deviation) from 1700 to 2005 but can be much larger at
local scales. Hot spot regions of large albedo change (Figure 3) can be seen in North America, Europe, South
Asia, and the Sahel largely due to conversion to agriculture. In general, the magnitude of the spatial pattern of
albedo change was larger in the high latitudes and in winter because of high snow cover in these regions in
winter months.

The mean global annual TOA radiative forcing change from different data combinations aggregated across
seasons was �0.15Wm�2 (cooling) from 1700 to 2005 (Figure 2) with standard deviation of 0.01Wm�2 and
range of�0.13Wm�2 to�0.16Wm�2. In general, the spatial patterns of global trends in surface albedo were
similar to TOA radiative forcing trends (Figure 3). The mean radiative forcing changes from different data
combinations vary by season with winter and spring seasons having similarly large magnitudes of radiative
forcing change of�0.17Wm�2 (cooling) from 1700 to 2005 followed by summer (�0.13Wm�2) and autumn
(�0.12Wm�2) (Figure 2). Although northern hemisphere winter season had the highest mean albedo
difference (i.e., increase) compared to other seasons, this difference is reduced in the mean radiative forcing
magnitudes. This is mainly because the TOA radiative forcing for the same albedo change was lower in
northern hemisphere winter season compared to nonwinter because of lower radiative kernel values in
higher latitudes in winter. The lower radiative kernels values were primarily caused by lower solar insolation
in northern hemisphere winter season in higher latitudes.

4. Discussions and Conclusion

The mean TOA radiative forcing of �0.15 ± 0.01Wm�2 (cooling) from different data combinations due to
land cover change from 1700 to 2005 estimated in this study indicates a cooling approximately equal to the
mean of 0.15Wm�2 calculated from four different studies (Table 1) [Betts et al., 2007; Brovkin et al., 2006;
Myhre et al., 2005; Pongratz et al., 2009] but falls approximately in the lower end of the range reported in the
IPCC Fourth Assessment Report [IPCC, 2007] and in themiddle of the range given in the IPCC Fifth Assessment
Report [IPCC, 2013]. The main difference between our study and those prior was the use of new historical
land cover reconstructions based on the LUH product [Hurtt et al., 2006, 2011] and geographically specific
albedo estimates from MODIS (Table 1). Although Myhre et al. [2005] also used MODIS albedo data and a
radiative transfer model to estimate TOA direct radiative effects of anthropogenic land cover changes, they
reported a much weaker cooling effect (�0.09Wm�2) than obtained by previous studies or this study.
Their lower estimate of cooling derived from a relatively low surface albedo reported for snow-free cropland
(0.14 to 0.17) combined with an imposed constraint on the change in surface albedo from preagricultural
land cover to cropland [Myhre et al., 2005]. Removing this constraint yielded a stronger TOA radiative forcing

Figure 2. Global temporal trends in (a) albedo and (b) radiative forcing (Wm�2) due to historical land cover change from
1700 to 2005 estimated from average of different data set combinations.
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of �0.14Wm�2. In comparison, Betts et al. [2007] reported a 1750–1990 radiative forcing from surface albedo
change of �0.20Wm�2, stronger than our study and double the best estimate provided by Myhre et al. [2005],
and accounting for 75% of the total net cooling effect of anthropogenic land cover change which also included
effects on evaporation, roughness, clouds, and longwave radiation.

The majority of past studies including those synthesized in the IPCC Fourth Assessment Report (2007) [IPCC,
2007] assumed geographically homogeneous albedo values for different land cover types. This assumption of
geographically homogeneous albedo misses the regional and seasonal detail that emerges from variation in
plant species, soil types and conditions, and land use practices, all of which are implicitly includedwith themore
direct, geospatial application of remote sensing performed here. Some previous studies also only addressed
conversion to croplands, missing conversion to pasture, and other land uses. The approach presented here
considers a wider range of conversion types along with within-class variability in the albedo assigned to each
land cover class through reliance on the LUMs. These new LUMs provide unique regional specificity of the
albedo for each land cover type on local soils and for pure pixels, meaning those composed of only one land
cover type. It is expected that this data set would better reflect the true albedo impacts of in situ land cover
changes and should be possible to incorporate these LUM results to adjust global parameterizations typically
applied in land surface models.

In addition to the new, MODIS-based albedo estimates used in this study, radiative forcing in our
study derives from the newer LUH historical land use reconstruction [Hurtt et al., 2006, 2011] (Table 1).

Figure 3. Spatial patterns of (a, c, and e) albedo change and (b, d, and f) radiative forcing in December-January-February
(Figures 3a and 3b), June-July-August (Figures 3c and 3d), and annual (Figures 3e and 3f) due to historical land cover
change from 1700 to 2005 estimated from average of different data set combinations.
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Several previous studies relied on
potential vegetation maps to describe
historical land cover. In contrast, the
land use harmonization product
combines multiple sources of
evidence (e.g., data sets, models, and
countrywide statistical data), including
data on harvest removals and
subsequent regrowth, to estimate
historical land cover in greater
detail. This is currently the most
comprehensive product describing
land change of which we are aware
and has been used in the IPCC Fifth
Assessment Report [IPCC, 2013].

Overall, however, there appears to
have been considerable narrowing in
the range of albedo radiative forcing
estimates in recent studies, compared
to the wide range of estimates
presented in IPCC Fourth Assessment
Report [IPCC, 2007]. Since 2007, this
study and three other studies [Betts
et al., 2007; Brovkin et al., 2006;
Pongratz et al., 2009] have converged
on radiative forcing values between
�0.14 and�0.20Wm�2. The adoption
of more consistent remote sensing
estimates of albedo coupled with
improved land use reconstructions
may thus be removing a central
uncertainty to global climate forcing.

This study quantified the direct
consequences of anthropogenic land
use change solely on albedo and TOA
radiative forcing. It is important to
note that the range of climate relevant
effects of anthropogenic land cover
change includes changes in albedo,
evapotranspiration, outgoing
longwave radiation, and surface
roughness, with albedo effects
dominating at the global scale [Betts
et al., 2007]. The direct albedo effect of
anthropogenic land cover changemay
be amplified by positive feedback
involving sea ice, water vapor, and
possibly cloud cover, although the
cloud feedback is less clear because of
countervailing influences of lower
evapotranspiration which reduces
cloud cover but cooler surfaces
which can increase cloud coverTa
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[Brovkin et al., 2006]. In addition, general circulation models show large teleconnections that lead to significant
warming over land and ocean regions, remote from the land use changes themselves, and these teleconnections
can offset the direct effects of surface albedo change [Zhao et al., 2001]. Net radiative impacts of land cover
change-induced changes in evapotranspiration are complicated by a variety of responses that can have
opposite signs including higher surface temperatures and associated increase in outgoing longwave radiation,
decreased cloud cover, and associated decrease in planetary albedo but also decreased absorption of outgoing
longwave radiation from the surface, as well as the water vapor feedback and increased evaporation over
oceans. Historical anthropogenic landcover change has predominantly involved deforestation in temperate
and some boreal regions, where evapotranspiration effects are second order relative to albedo impacts [Betts
et al., 2007], although this may not be true with the present-day tropical deforestation. A more comprehensive,
model-based analysis incorporating the albedo LUMs introduced here would be required to quantify both the
direct and indirect effects of surface albedo change on global radiative forcing and the climate system.
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