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[1] Recently available satellite land cover land use
(LCLU) and albedo data are used to study the impact of
LCLU change from 1973 to 2000 on surface albedo and
radiative forcing for 36 ecoregions covering 43% of the
conterminous United States (CONUS). Moderate
Resolution Imaging Spectroradiometer (MODIS) snow-
free broadband albedo values are derived from Landsat
LCLU classification maps located using a stratified random
sampling methodology to estimate ecoregion estimates of
LCLU induced albedo change and surface radiative forcing.
The results illustrate that radiative forcing due to LCLU
change may be disguised when spatially and temporally
explicit data sets are not used. The radiative forcing due to
contemporary LCLU albedo change varies geographically
in sign and magnitude, with the most positive forcings (up
to 0.284 Wm™ ) due to conversion of agriculture to other
LCLU types, and the most negative forcings (as low as
—0.247 Wm ™ ?) due to forest loss. For the 36 ecoregions
considered a small net positive forcing (i.e., warming) of
0.012 Wm 2 is estimated. Citation: Barnes, C. A., and D. P.
Roy (2008), Radiative forcing over the conterminous United
States due to contemporary land cover land use albedo change,
Geophys. Res. Lett., 35, L09706, doi:10.1029/2008 GL033567.

1. Introduction

[2] Land cover land use (LCLU) affects Earth surface
properties including albedo that impose a radiative forcing
on the climate. It is thought that LCLU change during the
twentieth century has induced a net cooling effect on mid
latitude climate [Oleson et al., 2004; Gibbard et al., 2005]
and globally has resulted in a radiative forcing of approx-
imately —0.25 Wm ™2 [Intergovernmental Panel on Climate
Change (IPCC), 2007]. Albedo changes due to LCLU
depend on both the type and spatial extent of LCLU change,
and the spatial averaging of opposite signs of LCLU forcing
may under represent LCLU contributions over larger areas
[Pielke et al., 2002; Kleidon, 2006]. Previous studies have
considered hypothetical LCLU change scenarios using
representative albedo values. For example, Betts [2000]
simulated a net climate warming influence with boreal
afforestation in the presence of snow, and Bala et al.
[2007] simulated a net cooling influence with large scale
global deforestation. Satellite driven studies have been
undertaken using spatially and/or temporally explicit albedo
retrievals but have not considered contemporary LCLU
change [Jin and Roy, 2005; Myhre et al., 2005; Randerson
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et al., 2006]. In this paper we quantify the surface radiative
forcing of contemporary LCLU albedo change (1973 to
2000) for 43% of the conterminous United States (CONUS)
using recently available satellite derived LCLU change and
albedo data.

2. Data

[3] Classification techniques are being used to generate
60 m LCLU maps from Landsat scenes located within 84
contiguous ecoregions across the CONUS [Loveland et al.,
2002; P. Jellison and W. Acevedo, United States Geological
Survey Land Cover Trends Project, unpublished data,
2008]. The Landsat data are classified by visual interpreta-
tion, inspection of aerial photography and ground survey,
into 10 classes (Table 1). The classes are defined to capture
LCLU discernable in Landsat data. Each ecoregion includes
9 to 48 Landsat 10 km x 10 km or 20 km x 20 km
classified spatial subsets located using a stratified random
sampling methodology that are used to estimate areal LCLU
class proportions [Stehman et al., 2005]. At the time of
writing only 36 of the 84 ecoregions have been processed
by the United States Geological Survey and these are used
in this study. The ecoregion areal LCLU class proportions
and classified Landsat subsets defined for 1973 and for
2000 are considered. The 36 ecoregions are illustrated in
Figure 1 and cover 43% of the CONUS; the classified
Landsat subsets cover 3.7% of this area.

[4] Albedo data are provided by the most recent
Moderate Resolution Imaging Spectroradiometer (MODIS)
Collection 5 BRDF/Albedo 16-day 500 m product [Schaaf
et al., 2002] that is available every 8 days [Roy et al., 2006].
Three years of 500 m (0.3—-5.0 pm) snow-free broadband
white sky albedo data (February 18th 2000 to February 18th
2003) are used to capture inter-annual albedo variability.

[s] The European Center for Medium-Range Weather
Forecasts (ECMWF) 40 year Reanalysis data set (ERA40)
provides global monthly mean incoming surface solar
radiation (SSRD) at 2.5° by 2.5° grid cells from September
1957 to August 2002 [Allan et al., 2004]. Data from January
1973 to December 2000 are used to derive mean monthly
SSRD for each ecoregion.

3. Method

[6] Monthly albedos for each ecoregion were estimated
independently for 1973 and 2000 as:

10

Qecoregion, month, year = § (P i, ecoregion, year (i, ecoregion, month) (1 )
class i=1
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Table 1. Ten LCLU Classes, the LCLU Class Areal Proportions for 1973 and 2000, and the Net Change From
1973 to 2000, for the 36 CONUS Ecoregions Considered in This Study®

2000 LCLU, km? LCLU Change 1973-2000, %

LCLU Class 1973 LCLU, km®
Water 86298
Developed (e.g., residential 164579°
and industrial land uses)
Mechanically disturbed 20512
Mining 9854
Barren 32463
Forest 1142148
Grass/shrubland 1156826
Agriculture 695532°
Wetland 139567
Naturally disturbed 2075

88618 0.07
211232° 1.35°
43737 0.67
10742 0.03
32740 0.01
1094247 —1.39
1182751 0.75
644747° —147°
133384 —0.18
7638 0.16

“See Figure 1.
The greatest net LCLU changes.

where, for each LCLU class i, p; is the LCLU class area
proportion, and &; is the mean monthly snow-free broad-
band white sky MODIS albedo derived from the three years
of MODIS data. The albedo values were derived at
locations defined by the Landsat 2000 classified subsets.
To ensure that MODIS 500 m pixels containing only a
single LCLU class were considered, the boundaries of the
LCLU classes in each subset were morphologically eroded
by 240 m [Serra, 1982]. Albedo values were then extracted
at the remaining LCLU class centroids for 3 years of snow-
free non-missing MODIS data every 8 days after the
Landsat 2000 acquisition date to February 18th 2003. A
total of 197,205 MODIS albedo values were extracted and
used in this study. In some ecoregions, for certain LCLU
classes and months, there were insufficient MODIS data to
compute &;; this typically occurred in ecoregions with small
areal LCLU class proportions (<0.005) in cloudy and snow

Ecoregions Not Considere

Percent Spatial Change
20.5t0=5.0

| =>50t0=s10.0

B > 10.0t0<15.0
>150to= 20.0

[1>200t0<250

Bl - 250t0<300

contaminated months. In these cases, and when p; > 0, &;
was set as the median of the mean monthly class albedos
computed for the ecoregions with available MODIS data.

[7] The monthly surface radiative forcing (AFgurface,
month) 10 each ecoregion due to LCLU induced albedo
change, defined as the instantaneous change in energy flux
at the surface [Hansen et al., 1997], was estimated as:

7l

AFecoregiommonth = Iecoregiowz,month

: (Oéecoregion,month,ZOOO - aecoregion,month‘l973) (2)

where 7' is the mean monthly incoming surface solar
radiation [Wm 2] derived from the ERA40 dataset, and
Q000 and avj973 are the monthly ecoregion albedos for 2000
and 1973 respectively (equation (1)). The mean annual

Figure 1. The 36 ecoregions, available to date, used in this study (numbered and colored) and their proportions of land
cover and land use (LCLU) change, from 1973 to 2000 (P. Jellison and W. Acevedo, unpublished data, 2008).
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Table 2. Mean and Standard Deviation of Snow—Free Broadband White Sky Albedos for Each Land Cover Land Use LCLU Class
Computed Over the 36 CONUS Ecoregions Considered in This Study From 3 Years of MODIS Data®

Median Within

Minimum Within Maximum Within

Mean of Standard Deviation Ecoregion Albedo Ecoregion Albedo Ecoregion Albedo

LCLU Class CONUS Albedos of CONUS Albedos n Standard Deviation Standard Deviation Standard Deviation
Barren 0.240 0.095 1727 0.059 0.068 0.077
Agriculture 0.171 0.026 47484 0.015 0.019 0.033
Grassland/shrubland 0.168 0.039 34597 0.014 0.023 0.047
Mining 0.153 0.038 4818 0.013 0.023 0.039
Developed 0.150 0.030 24297 0.014 0.018 0.034
Mechanically disturbed 0.138 0.027 8501 0.016 0.019 0.025
Forest 0.128 0.026 50821 0.014 0.022 0.031
Wetland 0.127 0.028 12731 0.016 0.024 0.044
Naturally disturbed 0.120 0.026 732 0.017 0.017 0.018
Water 0.058 0.043 11497 0.016 0.028 0.038

See Figure 1; n is the number of albedo values considered; the LCLU classes are ranked in descending mean albedo order. The minimum, median, and
maximum albedo standard deviations are also shown to indicate the variability of within ecoregion albedo.

forcing for each ecoregion was derived as the mean of the
12 monthly forcings.

4. Results

[8] For the 36 CONUS ecoregions considered, the dom-
inant contemporary (1973—2000) LCLU changes were a net
areal increase in developed land (1.35%) and a net decrease
in agricultural land (—1.47%) (Table 1). The most extensive
LCLU changes occurred in the Pacific Northwest (>25%)
and in the Southeast (>20%), and the least (<5%) in the
Central Basin region (Figure 1). This pattern of LCLU
change is driven primarily by socio-economic factors caus-
ing exurban sprawl [Theobold, 2005] and the conversion
and abandonment of agricultural land mainly for develop-
ment [Brown et al., 2005].

[0] Table 2 summarizes the CONUS MODIS 3 year mean
snow-free broadband white sky albedos for each LCLU

[ ] Ecoregions Not Considered
Net Surface Albedo Change
B > -0.0015 to <-0.0010
1 >-0.0010 to = -0.0005

> -0.0005 to < 0.0000

> 0.0000 to < 0.0005
' 1>0.0005 to < 0.0010
I > 0.0010 to < 0.0015
I > 0.0015 to = 0.0020

class. The mean CONUS albedo class values are broadly
comparable to other worker’s results [Myhre et al., 2005],
with the barren and agriculture classes having the highest
mean albedo (0.240 and 0.171 respectively) and the water
class the lowest mean albedo (0.058). The CONUS standard
deviation albedo values and the minimum, median, and
maximum within-ecoregion standard deviations for each
LCLU class are also tabulated, and are indicative of geo-
graphic albedo variation. The CONUS standard deviations
for the different classes are always greater than the median
within-ecoregion albedo standard deviations, but are not
significantly smaller than the maximum within-ecoregion
albedo standard deviations. This in part reflects noise in the
MODIS data, but is not unexpected as the ecoregion LCLU
stratification was not designed with respect to albedo
directly, and because albedo varies as a function of numer-
ous factors not captured by the LCLU classes. For example,
the forest class is present in all the ecoregions considered,

Figure 2. The estimated net albedo change due to contemporary land cover and land use (LCLU) change from 1973 to
2000 (000 — r1973) for the 36 ecoregions used in this study.
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Figure 3. The mean annual surface radiative forcing due to contemporary land cover and land use (LCLU) albedo change
from 1973 to 2000 (equation (2)) for the 36 ecoregions used in this study.

except for the Western High Plains (ecoregion 25), and
encompasses a wide variety of tree species, stand densities,
ages, and soil backgrounds. By using ecoregion specific
mean monthly albedo values in equation (1) we reduce this
geographic variability.

[10] The net changes in ecoregion albedo due to LCLU
change are illustrated in Figure 2. The albedos of the
LCLU classes and the extent of LCLU change determine
these results; consequently ecoregions with the highest
areal proportions of LCLU change (Figure 1) do not
consistently coincide with the ecoregions of highest albedo
change (Figure 2) and the correlation between these data is
low (0.189). Timber harvesting in the Puget Lowland
(ecoregion 2) produced the largest albedo increase
(0.0016), whereas the conversion of agricultural land to
forest in the Mississippi Valley Loess Plains (ecoregion 74)
produced the largest decrease in albedo (—0.0015). To put
these albedo changes into context, the mean annual SSRD
for the 36 ecoregions considered is 190 Wm % thus, a
change in albedo of 0.0015 represents a surface forcing of
0.285 Wm 2, which is not insignificant. Rather than apply
continental annual averages however, equation (2), is used
to compute surface forcings in an ecoregion specific manner
using monthly data.

[11] Figure 3 illustrates the mean annual surface radiative
forcing computed using ecoregion specific and monthly
data (equation (2)). The surface radiative forcing ranged
from —0.247 Wm 2 in the Puget Lowland (ecoregion 2) to
0.284 Wm 2 in the Mississippi Valley Loess Plains (ecor-
egion 74). The geographic distribution of forcing is highly
correlated (—0.984) with the LCLU albedo change and only
weakly (—0.119) correlated with the mean annual SSRD.
Table 3 summarizes the five ecoregions with the highest
observed positive and negative surface radiative forcings.

The LCLU changes that resulted in the net largest magni-
tude of albedo change are also summarized (Table 3,
column 5) and may not necessarily be the most extensive
LCLU changes; for example, LCLU change between clas-
ses with very different albedos may have a greater net
albedo impact than more extensive changes between classes
with similar albedos. All five ecoregions with the highest
positive radiative forcings experienced a LCLU conversion
from agriculture (to forest, developed, or grass/shrub),
whereas forest loss was a common conversion in the five
ecoregions with the most negative forcings.

[12] Figure 4 shows a histogram of the mean annual
surface radiative forcing values illustrated in Figure 3. The
histogram shape illustrates an almost balanced distribution
of positive and negative forcing for the 36 ecoregions (mean
0.001 Wm 2, median —0.006 Wm ?). A CONUS scale
forcing estimate, derived by summing the product of the
ecoregion areas (m?) and forcing estimates (Wm~2), divided
by the total area (m~) of the 36 ecoregions, provides a small
positive (i.e. warming) net surface radiative forcing of
0.012 Wm™>.

5. Summary

[13] This letter has demonstrated the value of regional
spatially and temporally explicit data to quantify, and begin
to understand, the drivers of LCLU related radiative forcing
which remains poorly understood [Pielke et al., 2002;
National Research Council, 2005; IPCC, 2007]. Previous
United States historical [Bounoua et al., 2002; Matthews et
al., 2003] and contemporary [Hale et al., 2006] LCLU
climate studies have indicated directional uncertainty in
radiative forcing estimates. Our results also indicate
this, with a large geographic variation in forcing due to
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Table 3. Five Ecoregions That Observed the Highest Mean Annual Positive and Negative Radiative Forcing, Their Corresponding Mean
Monthly Incoming Surface Solar Radiation (SSRD), Net Mean Annual Surface Albedo Change (000 — @1973), and the Land Cover Land
Use LCLU Change That Resulted in the Net Largest Magnitude of Albedo Change From 1973 to 2000?

Mean Annual Surface

Ecoregion Radiative Forcing, Wm 2

Mean Annual Monthly
SSRD,Wm 2

Net Mean Annual
Surface Albedo Change

(02000 = Q1973)

LCLU Change
Conversion From/To

Positive Radiative Forcing

Mississippi Valley Loess Plain (74) 0.284 194 —0.00149 Agriculture to Forest
Central California Valley (7) 0.236 226 —0.00102 Agriculture to Grass/Shrub
Northern Piedmont (64) 0.164 177 —0.00100 Agriculture to Developed
Atlantic Coastal Pine Barrens (84) 0.156 180 —0.00088 Agriculture to Developed
Western High Plains (25) 0.140 212 —0.00064 Agriculture to Grass/Shrub
Negative Radiative Forcing
Puget Lowland (2) —0.247 151 0.00156 Forest to M. Disturbed
Mojave Basin and Range (14) —0.210 244 0.00089 Grass/Shrub to Developed
Sierra Nevada (5) —0.153 221 0.00082 Forest to M. Disturbed
Southern Florida Coastal Plain (76) —0.132 202 0.00067 Wetland to Agriculture
Middle Atlantic Coastal Plain (63) —0.127 191 0.00068 Forest to M. Disturbed

*Ecoregion numbering is included in Figure 1.

LCLU albedo change, varying from —0.247 Wm 2 to
0.284 Wm ™%, for 36 ecoregions covering 43% of the
CONUS. At the ecoregion level this magnitude of forcing
is not insignificant, being similar in magnitude to global
forcing estimates due to LCLU change during the twentieth
century [/PCC, 2007].

[14] Loss of agricultural and forested lands were ob-
served to be the LCLU changes that caused the greatest
absolute albedo induced forcing. Across the CONUS how-
ever there is no single profile of LCLU change, rather, there
are varying pulses affected by clusters of change agents
[Loveland et al., 2002]. This argues strongly for the
ecoregion based analysis we have described, as continental
averages may mask regional differences; indeed, because of
the variability in magnitude and sign of forcing, we estimate
only a small, 0.012 Wm_z, net CONUS forcing due to
contemporary LCLU albedo change. This work did not
consider snow, which may have a significant land cover
dependent albedo effect [Jin et al., 2002] and so may impact

50— . I I
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Mean Annual Raditive Forcing {(Wm?)

-0.3

Figure 4. Histogram of the mean annual surface radiative
forcing due to contemporary land cover and land use
(LCLU) albedo change from 1973 to 2000 for the 36
ecoregions used in this study (Figure 3 data).

the forcing associated with actual albedo change [Betts,
2000]; however, only about one eighth of the CONUS
ecoregions considered in this study have significant annual
snow cover. Further research will be undertaken to address
these impacts for a larger number of ecoregions as more
LCLU change data become available.
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Medium-Range Weather Forecasts respectively. This work was funded by
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