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Comparison of albedos computed by land surface
models and evaluation against remotely sensed data
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Abstract. The albedos of two land surface models, the Biosphere-Atmosphere
Transfer Scheme (BATS) and the NCAR Land Surface Model (LSM), are compared
with remotely sensed data and each other. The model albedos differ primarily
because of their assumptions about and model differences in soil moisture content,
soil color, snow albedo, shading of snow by canopy, and prescribed parameters for
each land cover type. Global albedo maps for February and July 1995, developed
from the advanced very high resolution radiometer (AVHRR) data, are used to
evaluate model albedos. The models display a high bias as compared to the remotely
sensed values in desert and semidesert regions. Over North Africa, LSM, whose
albedos were previously tuned to data from the Earth Radiation Budget Experiment
(ERBE), has the highest albedos. Elsewhere, and overall, BATS has the highest
bias for desert and semidesert regions. Both models demonstrate a high bias over
regions of winter snow, where the AVHRR data are expected to have a negative
bias. LSM has especially high winter albedos, apparently because of intercepted

snow increasing its canopy albedo.

1. Introduction

Albedo is defined as the ratio of the integrated total of
reflected solar radiation to the integral of the incoming
solar radiation [Monteith, 1973). Land surface albedo
directly controls the net solar radiation absorbed at the
surface and thus the surface energy balance. Conse-
quently, climate is sensitive to albedo variation and its
changes by natural variations and human activities.

The climate response to changes in surface albedo
has been a topic of considerable study. General circu-
lation model (GCM) studies of the climate sensitivity
to desertification [e.g., Charney et al., 1977; Xue and
Shukla, 1993] and tropical deforestation [e.g., Dickin-
son and Henderson-Sellers, 1988; Dirmeyer and Shukla,
1994; Hahmann and Dickinson, 1997] have largely in-
volved the climate response to changes in a region’s
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surface albedo. Because of higher albedos, most such
modeling studies have found the loss of radiative energy
from the Amazon land surface to result in a reduction
in convection and precipitation. A positive feedback
mechanism may then be established with a reduction
in vegetation cover due to the decrease in rainfall that
could further enhance the albedo increase [Charney et
al., 1977; Dickinson and Hanson, 1984].

Errors in the specification of surface albedos in GCMs
may also cause serious biases in surface temperatures
such as those reported in the NCAR Community Cli-

mate Model version 3 (CCM3) by Bonan [1998]. High
soil albedos in the Saharan region in this model caused
temperatures that are several degrees (up to 5°C) colder
than the observations throughout the year.

The derivation of a global albedo data set from sur-
face information on land use type has been addressed by
Matthews [1983, 1985] at 1° x 1° resolution for 32 sur-
face types and by Clinton [1993]. The albedo associated
with each different surface type has been derived from
compilations of available surface-based reflectivity mea-
surements. Hence the basis for including albedo at the
land surface in climate models is still rather rudimen-
tary, and based largely on a limited number of published
surface observations. GCMs include variations of sur-
face albedo with snow cover and soil moisture. Albedos
are further related to climate variability through effects
of agricultural planting and harvesting or land clearing,
as well as drought and fires.

Climate model albedos and their connections to other
climate variables can be further evaluated and improved
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only through use of environmental satellite measure-
ments. Pioneering studies to provide such global data
sets include Li and Garand [1994], who used Earth Ra-
diation Budget Experiment (ERBE) measurements to
derive surface albedo (2.5° x 2.5°) from top of atmo-
sphere albedo, and Csiszar and Gutman [1999], who
produced overhead surface albedos at 0.15° resolution
from the advanced very high resolution radiometer
(AVHRR) Global Area Coverage (GAC) data.

Although satellite observations are excellent at global
mapping and monitoring of the distribution and varia-
tions of surface albedo, various factors complicate the
retrieval of surface albedo from such measurements.
Corrections are required for atmospheric absorption
and scattering to estimate surface albedo from satellite
measurements made above the atmosphere. Remotely
sensed data depend on the view and solar angles (i.e.,
the surface is not Lambertian), and thus a bidirectional
reflectance distribution function (BRDF) must be used
to reconstruct the albedo. In addition, their radiances,
sometimes made over narrow spectral bands, must be
transformed to match the spectral bands used by cli-
mate models. Errors arise and accumulate at each of
the above steps. Furthermore, the derivation of sur-
face albedos is problematical over regions that may be
either snow covered or cloudy because it is difficult to
distinguish between these two possibilities. Because of
such limitations, developing confidence in the use of
such satellite-derived albedos in climate models requires
comparisons of such albedos with those derived histor-
ically. Significant differences should be identified and
explained.

The surface albedos calculated by two land surface
models, the Biosphere-Atmosphere Transfer Scheme
(BATS) [Dickinson et al., 1993] and the Land Surface
Model (LSM) [Bonan, 1996], which are coupled to a
common GCM (the NCAR CCM3), are compared with
the albedo derived from the advanced very high reso-
lution radiometer (AVHRR) data. Section 2 briefly de-
scribes the computation of surface albedo by the two
land surface models. The global albedo data set derived
from AVHRR data is presented in section 3. Section 4
compares the albedo derived from remotely sensed data
for the months of February and July 1995 with that
computed by the land surface models and examines
the annual variation of surface albedo computed by
these two land surface models at several selected grid
squares. Section 4 also provides further comparison
between models and AVHRR data with area-averaged
albedos for each different land cover type for the months
of February and July. Section 5 summarizes our find-
ings and presents our conclusions.

2. Model Albedo Computation

Land surface models such as BATS [Dickinson et al.,
1993] and LSM [Bonan, 1996] describe the processes
occurring at the interface between the atmosphere and
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“the land surface. When coupled to a GCM, these mod-

els provide the input and the exchange of solar radia-
tion, sensible heat, momentum, and latent heat fluxes.
Both models use the current state of the atmosphere to
force the land model, then use the calculated surface
energy, constituent, and momentum fluxes to update
the atmospheric conditions. A complete evaluation of
the climate simulated by these models when coupled
to CCM3 can be found in the works of Hahmann and
Dickinson [2001] and Yang et al. [1999]. Both models
use, in part, data from Olson et al. [1983] to derive sur-
face types. Both are integrated with climatological sea
surface temperatures (SSTs). In addition, a short inte-
gration was carried out with 1995 SSTs to explore possi-
ble boundary-condition-related differences between the
1995 and the long-term climate averages.

The time average model albedos are obtained by av-
eraging the solar radiation reflected from the surface
divided by solar radiation incident on the surface and
not the average of instantaneous albedos. This quantity
thus corresponds to the energy-weighted time average.

Each grid square in BATS is assigned one of 18 land
cover types and one of 8 soil color classes, ranging from
light to dark. An albedo for visible (wavelength less
than 0.7 pm) and near-infrared (wavelength greater
than 0.7 um) radiation is then assigned to each land
cover type and each soil color type. Only the moisture
of its uppermost soil layer is used for soil albedo; how-
ever, a seasonally varying subsurface soil temperature is
used for imposing a seasonality of vegetation properties
and hence their effects on surface albedo.

LSM uses 12 basic plant functional types, which to-
gether with bare soil, are combined by fractional areas
to constitute 28 different land surface types. Vegeta-
tion composition and fractional areas are time invari-
ant. Time-varying leaf and stem areas, and their op-
tical properties and time-invariant canopy heights and
leaf dimensions, describe vegetation structure. There
are nine soil color classes, the first eight of which cor-
respond to those in BATS. The ninth class is a special
class introduced to better match ERBE clear-sky albe-
dos for desert and semidesert surface types located in
North Africa and the Arabian Peninsula by increasing
albedos from that of class 1 by 0.10. At each land grid
cell, LSM can have up to five different surface types,
including a fraction of lakes and wetlands. Vegetation
albedos are computed using the two-stream approxima-
tion [Sellers, 1985].

The albedo of a grid box in either model is an average
of three components: soil albedo, vegetation albedo,
and snow albedo. That is,

o= Olsfs + asnfsn + Olva ) (1)

where o stands for albedo and f stands for fraction,
and the subscripts s, sn, and v refer to bare soil, snow,
and vegetation, respectively. These three components
are examined separately.
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2.1. Soil Albedo

BATS and LSM have adopted the same formulation
for soil albedo as a function of soil moisture and soil
color but independent of solar zenith angle. The lighter
the color, the higher is the soil albedo. They compute
bare soil albedo o from

as = ago +0.01 [max(11 — 40Ssw/Z,),0] ,  (2)
where oy is the albedo for a saturated soil, S, is the
surface soil water content, and Z, is the upper soil layer
depth. Therefore soil albedo becomes insensitive to in-
creases in soil moisture when the depth of water in the
upper layer is approximately 27.5% of the layer depth.
Both models assume that the soil reflectance is isotropic
for all incident solar angles. BATS prescribes saturated
soil albedos for each color class and sets values of soil
albedos for near-infrared radiation to twice that of the
visible radiation. Over desert and semidesert regions,
BATS increases soil albedos by 0.05 above the value
computed by (2).

2.2. Snow Albedo

A number of previous studies have identified factors
influencing snow albedo in BATS and LSM [Yang et al.,
1997, 1999; Yang and Niu, 2000]. The snow albedo in
BATS depends on the solar zenith angle, grain size, and
soot, as inferred from the albedo model of Wiscombe
and Warren [1980], and the snow model and data of
Anderson [1976], using a snow age parameter to provide
the grain size and soot loading. The fractions of bare
soil and vegetation covered by snow are represented by
fon,s and fon v, respectively, both with the same function
of snow depth and surface roughness.

fsn,s=zsnow/ (10 20,5 + anow) (33')

fsn,vzzsnow/ (10 20,v + anow) (3b)

where 29 is the soil roughness (0.05m), zp is the
roughness length for vegetation, and 240w is snow depth
in either case. These two fractions are then combined
to determine the fraction of the grid square covered by
snow (fsn)-

LSM bases its snow albedos on Marshall [1989]. Its
snow albedo is a function of soot content (zero for
Antarctica, 0.2 x 107 for Siberia, and 5 x 107 else-
where) and zenith angle. The fraction of bare soil cov-
ered by snow is defined as

fsn,s = min(zsnow/zo,s’ 1) . (4)
By definition, fs s is always less than unity in BATS,
but it can easily reach unity in LSM when the snow
depth is higher than 5 cm. Thus, when snow accumu-
lates, this difference tends to increase snow albedo at
the soil surface faster in LSM than it does in BATS.
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LSM, as BATS, considers the possibility that snow-
pack may cover the vegetation by scaling the snow
depth with the thickness of the canopy. However, this
vertical burying is used to modify the amount of the ef-
fective leaves used in the radiative transfer calculation.
In addition, LSM includes a snow effect neglected by
BATS that appears to have a major impact on its cal-
culation of wintertime forest albedos. New fallen snow
tends to cover leaves and hence whiten a forest. LSM
addresses this possibility by using its formulation of pre-
cipitation interception to cover its leaves during snow-
fall events. The formulation neglects possible removal
of canopy snow by wind, and various other small-scale
heterogeneities that could accelerate snow removal, and
CCM3 may produce more frequent snowfall than would
be realistic. Hence the LSM forest albedos could have
a high wintertime bias. The LSM leaf fraction that is
covered by intercepted water is defined in LSM in terms
of the canopy water Wc,,, and the leaf and stem area
indexes L and S:

fwet = [ Wcan/p(L + S)] 23 ) (5)

where p is a constant (0.1mm), and p(L + S) represents
the maximum water that can be held by the canopy. Be-
cause fwet, Which ranges from 0 to 1, does not depend
on the roughness length of LSM vegetation, it increases
over forests much more rapidly with snowfall compared
with fsn v in BATS, significantly increasing their albe-
dos. The leaf fraction that is covered by intercepted
snow computed using (5) modifies the vegetation opti-
cal parameters used in the two-stream approximation
[Sellers, 1985].

The snow albedo of BATS is a function of solar angle
only when the Sun is close to the horizon, whereas that
of LSM is much more sensitive to solar angle change.
The snow albedo of BATS is only indirectly affected
by temperature through the temperature dependence
of the grain size growth rate. The snow albedo of LSM,
however, is directly decreased by the ground tempera-
ture warming. Consequently, the albedo of BATS for
fresh snow is generally substantially larger than that of
LSM and appears to remain larger than that of LSM

" with ageing everywhere except for the Siberian region

(cf. Yang and Niu [2000], figure 6).

2.3. Vegetation Albedo

The BATS model prescribes a diffuse albedo for each
plant cover type for two spectral bands. The direct Sun
albedos are obtained from the diffuse values by the solar
angle dependence as a function of plant type that con-
sequently imposes a seasonal and a diurnal variation.
The fraction of vegetation changes with season through
its dependence on subsurface temperature.

LSM obtains its canopy albedos through its prescrip-
tion of plant-type-dependent leaf reflectance and trans-
mittance and through leaf orientation. These param-
eters are combined with soil albedo, seasonally vary-
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ing leaf area index (LAI), and solar angle through use
of the two-stream approximation [Sellers, 1985]. The
fraction of vegetation is fixed for each land cover type.
The LSM surface albedo becomes insensitive to ground
albedo when LAI is larger than 2, at which point the
leaves shade most of the ground. Vegetation albedos are
the lowest when the Sun is at nadir. The dependence
on solar angle becomes stronger with increasing LAIL
Because of their greater interception of light, horizontal
leaves give a larger canopy albedo than vertical ones at
nadir.

3. Remotely Sensed Albedo Data

Strugnell and Lucht [2001] derived global albedos
from channels 1 (580-680 nm) and 2 (725-1100 nm)
of the NOAA-14 AVHRR sensor data for the months
of February and July 1995, at a 10 km horizontal res-
olution. These are compared to model albedos by sim-
ply averaging all 10 km values within each model grid
square (approximately 2.8° x 2.8°) over land.

Strugnell and Lucht [2001] employed the Ross Thick
Li Sparse Reciprocal (RTLSR) model [Ross, 1981; Li
and Strahler, 1992; Roujean et al., 1992; Wanner et
al., 1995; Lucht et al., 2000]. With sufficient observa-
tion at multiple solar zenith angles, the RTLSR model
can be used to fit a BRDF to the measured bidirec-
tional reflectance factors (BRFs). When the BRDF is
sparsely sampled, however, its estimation is improved
by assuming a priori knowledge of underlying surface
BRDF guided by a land cover classification. Theory
and measurements suggest that groupings of land cov-
ers will have similar BRDFs. Thus, intraclass BRDFs
are broadly similar and differ more in magnitude than
in the shape of the BRDF function. A family of BRDFs
is defined by Strugnell et al. [2001] as a group of land
cover classes that have similar BRDFs:

Fy =/Bfn(ﬁi;ﬁr)a (6)

where F,, represents the family of BRDFs associated
with land cover type n and fj, (§2;; ﬁ,) is a typical BRDF
for that land cover type, € is the direction vector, and
the subscripts 7 and r represent incident and reflected
directions, respectively, G is a scaling factor, and py ws
is the diffuse component of the albedo associated with
Fa (S ﬁ,). Although 3 is theoretically constrained to
insure that no albedos exceed 1., it should also remain
close to unity; otherwise, the assumption that members
of a BRDF family have similar shapes is suspect be-
cause of the likelihood of different radiation scattering
mechanisms. This use of a scaling factor dramatically
improves the retrieval estimates of albedo compared to
assigning the same BRDF for all pixels of a certain land
cover.

The time-invariant global land classification used here
to assign BRDF shapes is that of Olson [1994], as ob-
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tained from AVHRR 1 km data by Loveland et al.
[2000]. The Olson land-cover types are divided into
three groups: discrete canopies, where individual crowns
in the canopy have a shadow-casting effect; layered
canopies, where the canopy is continuous and domi-
nated by volume scattering; and backgrounds. Seasonal
growth and senescence of vegetation will change the
scattering characteristics of the canopy. For this rea-
son, different look-up tables were constructed for sum-
mer and for winter, both with and without a snowy
background.

Strugnell and Lucht [2001] estimate the surface reflec-
tance spectrum by fitting a laboratory-measured spec-
trum to a linear combination of those observed channels
1 and 2 reflectances of the NOAA-14 AVHRR bands
(580-680 nm and 725-1100 nm, respectively). They use
the bottom of the atmosphere solar irradiance spectrum
for the energy weights needed to compute albedo over
any particular spectral integral. The initial AVHRR
data were atmospherically corrected only for Rayleigh
scattering and ozone absorption. For the albedo esti-
mates, a small additional aerosol correction was applied
to the data assuming a standard U. S. continental at-
mosphere (i.e., a constant aerosol optical depth of 0.15
at 550 nm) using the 6S program [ Vermote et al., 1997].

Persistent cloud cover and excessive amounts of atmo-
spheric aerosols, such as those derived from biomass
burning, can contaminate the surface albedo retrieval
and should be minimized. Therefore the 1 km AVHRR
imagery was used in the form of a 10-day maximum nor-
malized difference vegetation index (NDVI) reflectance
value as composites for February (winter) and July
(summer) 1995. Three consecutive 10-day composites
were further composited to eliminate cloud cover in
some areas, such as the mountainous regions of Cen-
tral America. Since clouds have albedo values simi-
lar to those of snow, such a cloud-minimization scheme
also minimizes the number of snow-covered pixels in the
scene by choosing snow-free pixels over snow-covered
ones. Thus areas shown as snow-covered are only those
that are snow covered for every day of the month in
question. The retrievals of albedo over snow-covered
areas should therefore be treated with caution.

Global albedo data sets were derived for July and
February 1995 using the above procedures. In the ab-
sence of any other independent sources of data, Strugnell
and Lucht [2001] estimated the overall errors of their
surface albedo retrieval as the combined error of each
of the steps of their algorithm (i.e., errors in aerosol op-
tical depth, BRDF inversion algorithm, and broadband
conversion). This procedure estimates albedo errors of
29%, 11%, and 13% for visible albedo, near-infrared
(NIR) albedo, and total shortwave, respectively. Rel-
ative errors such as these equate to absolute errors in
the visible, which are of the order of £0.015. Typical
absolute errors in NIR and total shortwave are +0.03.



WEI ET AL.: COMPARISON OF MODELED AND REMOTELY SENSED ALBEDO

4. Model Albedos Over Land

4.1. Global Distribution

The global albedo distribution and global differences
among the models and remotely sensed data are evalu-
ated for the months of February and July, correspond-
ing to the two months for which AVHRR albedos were
derived.

The comparison of July and February albedos be-
tween the two models is presented in Plate 1. In July,
Plate 1b shows that BATS has higher albedos than LSM
in many desert and semidesert regions, by as much as
0.1 in central Australia, the southern corner of South
America, central Asia, South Africa, and some parts of
North America. However, over northern Africa, where
LSM has increased its albedo by 0.1 to obtain bet-
ter agreement with ERBE, it gives substantially higher
values than BATS. Similar differences are seen in the
February albedos (Plate 1d).

The February comparison also shows large differences
in regions usually with substantial snow cover, such as
North America and Russia. The higher values of LSM,
by up to 0.1, are most likely a combined result of its
canopy snow interception and high tendency to reach
unity in its ground snow cover fraction, since the BATS
albedos for bare snow tend to be larger than those of
LSM [Yang and Niu, 2000].

Compared to remotely sensed data, both models show
higher albedos than observations over desert and semi-
desert in July and February (Plate 2). Where BATS
has higher albedo than LSM (Plates 1b and 1d), its ex-
cess over the AVHRR estimate is in the range of 0.1 to
0.2 (Plates 2b and 2d). Over the North African region,
LSM is similarly high and BATS closer to the AVHRR
albedos. In the Saharan region, the AVHRR values of
lower than 0.4 are less than values given by airborne
measurements of surface albedo over northwestern Sa-
hara, which had a mean of 0.43 and a standard devia-
tion of 0.021 [Barker and Davies, 1989; Rockwood and
Coz, 1978].

Over tropical South America, LSM albedo is very
close to observations, while the BATS albedo is slightly
lower than that observed (0.02-0.05), and increasingly
so for Central America. Over the Sahel region (15°N),
on the margin of the northern African desert, BATS has
a line of grid squares with albedos that are low com-
pared to those shown by AVHRR. Both models have
classified most of these squares as grassland. Accord-
ing to Tucker et al. [1985] the land cover type for this
region corresponds to wooded grassland and bushland.
The original geographic information going into the land
cover classification used by BATS and LSM could be
quite old, and the discrepancy could, in part, reflect
changing land use or shifts in the land affected by arid-
ity. It could also be some artifact of the averaging used
to provide the GCM albedo information or of their fail-
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ure to account for differences in grassland albedos, with
the Sahel grassland being unusually high in albedo be-
cause of lower LAI and brighter soil than allowed for. In
addition, unusually high precipitation that year could
have lowered albedos from those of previous years that
suffered from long-term drought.

In the central part of North America and most of Asia
and Europe, BATS albedos are in closer correspondence
to those of AVHRR than those of LSM. For February,
Plate 2d shows BATS albedos to be much higher than
those from AVHRR over regions of North America and
Eurasia which are expected to be snow covered. Large
positive biases occur between model simulated and ob-
served albedos over the Himalayas and western China
(Plate 2d). The year 1995 was anomalously warm over
all of northern Asia, with large positive temperature
anomalies (4°-6°) over north central and northeastern
Asia [National Oceanic and Atmospheric Administra-
tion (NOAA), 1995]. The snow cover, hence the ob-
served albedo, could consequently have been anoma-
lously low. However, the model-simulated temperatures
in this region are also above the observed average con-
ditions [Bonan, 1998]. The simulations with 1995 SSTs
showed little or no differences in albedo from the long-
term simulation, i.e., much smaller in magnitude than
the differences between model and observations.

4.2. Seasonal Variation of Model Albedos

Six land cover types (represented by six model grid
boxes), whose combined areas occupy over half of the
global land area, are chosen to examine the seasonal
variation of model albedos. The geographical location,
land cover type, and soil classification of these six grid
boxes are listed in Table 1.

4.2.1. Broadleaf evergreen trees (BETSs), Fig-
ure 1. The grid box that represents the broadleaf ev-
ergreen trees (BETSs) is located in the Amazon. The
albedo of BATS is smaller than that of LSM and has
a larger seasonal variation (Figure 1a); the two models
differ by as much as 0.025 (i.e., 20%) during the wet
season (from December to April), with the smallest dif-
ferences in July. BATS assumes a smaller near-infrared
(NIR) albedo than that given by LSM, but the visible
albedos are about the same. Since the vegetation frac-
tion of BATS remains constant (0.9) through the year
for broadleaf evergreen trees, it does not contribute to
albedo changes. Hence its seasonal changes in albedo
are controlled mainly by soil moisture variations over
the 10% of the box covered by bare soil (Figure 1b).

LSM assumes that all the properties of broadleaf ev-
ergreen trees affecting albedo, such as LAI, are constant
throughout the year. Furthermore, the LSM fraction of
bare soil is only 5%, so changes of the soil albedo will
have less effect on the grid box albedo than they do on
BATS (Figures la and 1b). The only other seasonal



20,692

WEI ET AL.: COMPARISON OF MODELED AND REMOTELY SENSED ALBEDO

Table 1. Location, Vegetation Type, and Soil Classification of Grid Boxes Chosen to Study the

Annual Variation of Albedo.

BATS Land Center Latitude/ Geographic Soil Color
Cover Type Longitude Region Type
Broadleaf evergreen tree (BET) 7.0°S, 61.9°W Amazon 4
Needleleaf evergreen tree (NET) 57.2°N,101.3°W Canada 4
Tundra (TUN) 62.8°N, 146.3°W northern Canada 4
Desert (DES) 29.2°S, 126.6°E Australia 1 (BATS)
2 (LSM)
Grass (GRS) 23.5°N, 101.3°W Mexico 6
Evergreen shrub (EGS) 26.5°S, 146.3°E Australia = 2

variations that might explain the very small seasonal
variations in albedo of LSM are those related to the
solar angle.

Culf et al. [1995] studied the seasonal variation of
albedo in this region and suggested that the seasonal
variation of albedo over the Amazon tropical forest is
mostly driven by changes in soil moisture. Observa-
tional studies [Oguntoyinbo, 1970; Pinker et al., 1980;
Shuttleworth et al., 1984] over tropical evergreen forests
agree on a surface albedo of about 0.13. Both models
are also near this value. The seasonality of the BATS
albedo is a plausible response to the seasonality of pre-
cipitation.

4.2.2. Needleleaf evergreen trees (NETs), Fig-
ure 2. For the needleleaf evergreen trees (NETs) box
in Canada, BATS has a higher albedo in summer but
lower albedo in winter than LSM (Figure 2a). The veg-
etation fraction in BATS implies soil fractions varying
from 20% in midsummer to 30% from November to May.
Snow is a major factor in determining the winter albe-
dos of this high-latitude location. Snow is absent in
summer, when albedos are low, but from December to
May, it nearly covers all the bare soil (Figure 2b). Snow
also covers about 10% of the vegetation. Overall, snow
imposes its large albedo on about 40% of the surface.

At the same point but for LSM, needleleaf evergreen
trees cover 75% of the grid square with the rest be-
ing bare soil. Because at this point the LAI is greater
than 4., the albedo changes little with changes in LAI
and ground albedo. Hence the LSM seasonal albedo
variation is also determined mostly by changes in snow
cover. LSM generally assigns lower albedos for snow-
free needleleaf trees than does BATS. However, be-
cause BATS only piles snow on top of vegetation that
is shorter than the depth of the snow pack, whereas
LSM piles any snow that falls on its leaves, its needle-
leafs are much more easily covered by wintertime snow
than are those of BATS. In addition, the soil surface
is also more easily covered by snow in LSM than in

BATS. Therefore in BATS, snow contributes less to the
grid square albedo, and it has lower albedo in winter.
This feature is apparent in the global distribution of
February albedo differences between these two models
(BATS-LSM, Plate 1d) where large negative differences
are found in northern North America and Siberia.

We use the ground measurements taken in the Bo-
real Ecosystem-Atmosphere Study (BOREAS) at seven
conifer sites in 1994 and 1995 [Betts and Ball, 1997]
to further evaluate albedo over the boreal forest. The
BOREAS data in February and July give mean albedo
values of 0.13 and 0.08 compared to the AVHRR val-
ues of 0.11 and 0.12 for the same location and months.
Consequently, AVHRR may underestimate boreal for-
est albedos in winter but possibly not by enough to
make the climate model winter albedos plausible and,
if anything, may be an overestimate in summer. All the
BOREAS measurements suggest low albedos for the bo-
real forest in winter, generally in the range 0.10-0.20,
and rarely as high as 0.30. Hence the winter boreal for-
est albedos of around 0.35 in LSM and 0.31 in BATS
are likely to be excessive. In general, the albedos for
both models have high biases, especially LSM in winter
and BATS in summer.

4.2.3. Tundra (TUN), Figure 3. The albedos
of the two models at the tundra (TUN) grid box in
northern Canada are very similar from July to March
(Figure 3a) but differ significantly during the snowmelt
season. The BATS vegetation fraction varies between
40% and 50%, and in winter both vegetation and bare
soils are largely covered by snow (Figure 3b) and hence
have high albedos. In summer, both soil and vegetation
contribute to the albedo. LSM assigns a vegetated frac-
tion of 60% that is comprised of two plant cover types:
arctic grass and arctic deciduous shrub. Their LAIs are
close to zero in winter, allowing the underlying snow
to dominate the surface albedo. The physical processes
responsible for albedo changes are similar to those in
BATS.
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Figure 1. Annual distribution in model-simulated

(a) total surface albedo (BATS and LSM), (b) upper
layer and root-zone soil moisture ratio (BATS) and
root-zone volumetric soil water (LSM) for a broadleaf
evergreen tree (BET) grid square.

The albedo from LSM is remarkably lower than that
from BATS during the snowmelt season (April-June).
The albedos in LSM are parameterized to be lower as
the grid point temperatures approach those of melting
(Figure 3c). Albedos are further decreased in LSM com-
pared to BATS when snow begins to melt. Snow in LSM
disappears one month earlier than in BATS, a result
consistent with earlier studies [ Yang and Niu, 2000].

4.2.4. Desert (DES), Figure 4. Desert albedo is
calculated in both models by (2) and in BATS increased
by 0.05 beyond that. For the desert grid square (DES)
in Australia, soil color class classification is 1 in BATS
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and 2 in LSM. In BATS the seasonal variation in albedo
(Figure 4a) is evidently a result of the seasonality of soil
moisture (Figure 4b), as seen in the inverted patterns
between these two quantities. On the other hand, both
albedo and soil moisture in LSM, as indicated by their
rooting zone values (Figure 4b), remain almost constant
throughout the year. The soil color class is 1 for all
desert and semidesert points in BATS, while LSM soil
color classes range from light to dark (1-9). The albedo
difference between soil colors 1 and 2 is at most about
0.02. Therefore the 0.05 to 0.10 higher albedos of BATS
must be a result of drier soils (although the root zone
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Figure 2. Annual distribution in model-simulated
(a) total surface albedo (BATS and LSM), (b) fraction
of bare soil covered by snow (BATS and LSM), and
fraction of the vegetation covered by snow (BATS) for
a needleleaf evergreen tree (NET) grid square.
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Figure 3. Annual distribution in model-simulated (a) total surface albedo (BATS and LSM),
(b) fraction of bare soil covered by snow (BATS and LSM), fraction of the vegetation covered by
snow (BATS), and (c) ground temperature (K, BATS and LSM) for a tundra (TUN) grid square.

soil moisture content is smaller in LSM than in BATS).
Indeed, the upper layer moisture in BATS is drier than
that of LSM (not shown) for most of the year.

For regions with little vegetation, much of the under-
lying soil is exposed to direct solar irradiance and sensor
viewing. The strong anisotropic scattering properties of
actual soil depend on solar angle and view angle. Con-
sequently, the assumption of isotropic albedos may limit
the performance of the models.

4.2.5. Grass (GRS), Figure 5. The grass cover
(GRS) box located in Mexico is examined. The albedo
of grass in BATS is around 0.20 and bare soil in the
range of 0.13 to 0.18, depending on soil moisture, which
covers 20%-25% of the surface. BATS visible albedos
are smaller than those of LSM, but the near-infrared
values are larger. Soil total albedos remain near those of
grass, and the vegetation fraction varies little, so BATS

has a negligible seasonal variation. LSM albedo has
a more pronounced seasonal variation, from 0.175 in
February to 0.235 in August, as the soil and grass albe-
dos vary in phase (Figure 5a). The soil is wettest from
January to March and driest from August to November
(Figure 5b), whereas the prescribed LAI and soil area
index (SAI) vary from near-zero values from September
to April to values larger than 3 and 2, respectively, by
the beginning of August. Thus the lowest LSM albedo
of about 0.175 results in the wintertime, from low values
of LAI underlain by a dark wet soil. The highest LSM
albedos occur in summer when the soil brightens be-
cause of its dryness and the leaves, and especially stems,
contribute to higher albedos. A model with growth of
grass coupled to soil moisture might provide a rather
different seasonality at this location.

There have been a few reported studies concerning
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Plate 1. Geographic distribution of model-simulated land surface albedo: (a) July CCM3-BATS,
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Plate 2. Geographic distribution of land surface albedo: (a) satellite-derived (AVHRR) for July
1995, (b) July differences between AVHRR-derived albedos and that simulated by CCM3-BATS,
(c) AVHRR for February 1995, and (d) the February differences between AVHRR-derived albedos
and that simulated by CCM3-BATS.
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Figure 4. Annual distribution in model-simulated

(a) total surface albedo (BATS and LSM), (b) up-
per layer and root-zone soil moisture ratio (BATS),
and root-zone volumetric soil water (LSM) for a desert
(DES) grid square.

the albedo of tropical grasslands. Oguntoyinbo [1970]
studied a variety of natural and agricultural surfaces
in Nigeria and found seasonally varying grass albedos
ranging from 0.16 to 0.25. Pinker et al. [1980] mea-
sured seasonally varying values for grass in tropical for-
est clearings in Thailand, ranging from 0.13 to 0.16.
More recently, Bastable et al. [1993], in central Ama-
zonia, measured an albedo of 0.16 for grass ranchland
at the end of the dry season. AVHRR data show grass-
land albedo as low as 0.05 and as high as 0.3. Burning
can cause very low albedo because black ashes cover the
ground; grazing and soil moisture reductions can lead
to higher albedo. Hence the wide range of grass albedos
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indicated by the AVHRR data for different places and
times, but not the models, may be realistic.

4.2.6. Evergreen shrub (EGS). At the shrub
(EGS) box, located in Australia, the vegetation frac-
tion of BATS varies between 0.7 and 0.8. Shrub albedo
is about 0.14, and soil albedo varies between 0.21 and
0.24. Hence the surface albedo in BATS varies from
0.15 in summer to 0.17 in winter, as the bare fraction
increases in response to colder temperatures. In LSM,
80% of the grid box is covered by shrubs with albedo of
about 0.119 and 20% with bare soil. The significantly
lower shrub albedos give this location in LSM a lower
year-round albedo than that of BATS.
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Figure 5. Annual distribution in model-simulated

(a) total surface albedo (BATS and LSM), (b) upper
layer and root-zone soil moisture ratio (BATS), and

root-zone volumetric soil water (LSM) for a grassland
(GRS) grid square.
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Table 2. Area-Averaged Monthly Surface Albedo for 11 Land Cover Types From Models
(BATS and LSM) and AVHRR *

BATS
Albedo

LSM
Albedo

AVHRR Satellite
Albedo

Land Cover Type Month Area Covered
(x10%km?)
Broadleaf ever- Jul 14.6
green tree Feb 13.8
Needleleaf ever- Jul 10.0
green tree
Tundra Jul 9.2
Desert and Jul 16.0
semidesert Feb 6.3
Short grass Jul 20.8
Feb 10.5
Broadleaf decid- Jul 5.2
uous tree Feb 4.3
Needleleaf decid- Jul 5.7
uous tree
Crop Jul 10.7
Feb 3.3
Tall grass Jul 9.7
Feb 8.2
Deciduous Jul 3.6
shrub Feb 3.6
Evergreen Jul 1.7
shrub Feb 2.8

0.119(:£0.008)
0.116(=£0.005)

0.146(£0.013)

0.187(40.081)

0.330(=£0.042)
0.326(=£0.056)

0.197(£0.013
0.193(+0.015

0.176(£0.015
0.170(£0.010

~ N

0.138(0.006)
0.186(0.009)
0.185(=£0.008)
)
)

81(£0.013
82(£0.013

0.180(40.020)
0.179(£0.014)

0.152(£0.012)
0.150(=£0.009)

0.139(£0.010)
0.139(£0.013)

0.120(£0.031)

0.188(40.038)

0.316(=£0.099)
0.258(40.090)

0.206(0.021)
0.229(40.029)

0.167(40.032)
0.211(0.031)

0.137(+0.024)
0.180(0.020)
0.165(+0.032)
(

0.177(£0.027)
0.182(40.034)

0.164(+0.039)
0.142(%0.024)
)
)

0.123(£0.034
0.117(£0.024

0.142(0.020)
0.143(=£0.036)

0.132(40.020)

0.173(£0.079)

0.280(=£0.078)
0.237(:£0.064)

0.199(0.049)
0.187(+0.042)

0.152(40.023)
0.152(40.020)

0.137(40.021)
.168(=£0.030)
0.150(0.038)

0.155(£0.023)
0.155(-£0.023)

0.187(=£0.058)
0.185(=£0.052)
(
(

0.162(40.031)
0.184(=£0.018)

e Averaged values are from 90°N to 20°S in July and from 90°S to 20°N in February.

4.3. Remotely Sensed Albedo Within the Same
Vegetation Types

To complement the map and single location compar-
isons, Table 2 compares area-averaged albedos accord-
ing to land cover type. To avoid complications in the
interpretation of snow-covered areas, we have averaged
points from 90°N to 20°S in July and from 90°S to 20°N
in February. Grid squares, in both models and observa-
tions, are grouped according to the BATS classification
for land cover types. This table also provides an esti-
mate of the spatial variability of these albedos through
their standard deviation.

Several of our earlier conclusions are further sup-
ported. In particular, both models are in reasonable
agreement with AVHRR for broadleaf evergreen albe-
dos except that BATS albedos are low by about 0.02.
Culf et al. [1995)] observed the albedos of tropical forest
for 4 continuous years (1990-1993) and obtained a mean
value of 0.141 and 0.122 for July and February, respec-
tively, for three observation sites. In contrast, AVHRR
albedos at this vegetation type are 0.142 in July and

0.143 in February, with spatial standard deviations of
0.020 and 0.036 in these two months, respectively. The
AVHRR values in February during the rainy season may
be biased high because of difficulties in obtaining sam-
ples that are not affected by subpixel cloudiness.

Both models show higher albedos than AVHRR data
over broadleaf deciduous trees by 0.02 in BATS and 0.06
in LSM during February. Albedos for needleleaf ever-
green trees are also in good agreement with LSM and
BATS (higher by only 0.01 than the albedo of AVHRR).
The albedos of needleleaf deciduous trees in both mod-
els match AVHRR data very well, with values around
0.137. Both models are biased high by about 0.02 over
tundra. The short grass albedos of BATS match very
closely those of AVHRR,; LSM is high by 0.01 to 0.04.
Tall grass albedos of both models are higher than that
of AVHRR by over 0.02. Model-derived albedos for ev-
ergreen shrub are significantly lower compared to those
of AVHRR, BATS from 0.01 to 0.03, and LSM from 0.03
to 0.07. For deciduous shrub, the albedos of AVHRR
are close to BATS albedos, only slightly higher by 0.005,
but are higher than those of LSM by over 0.04. Crop
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albedos of both models are larger compared to those of
AVHRR, by 0.02 to 0.04 for BATS and 0.01 to 0.02 for
LSM.

5. Summary and conclusions

This study analyzes the albedo calculated by two
land surface models and studies their seasonal varia-
tion at six specific land cover types. The differences
between the albedos of the two models are caused by
factors inherent to the dominant land cover type, such
as the assigned vegetation albedo, or the vegetation
fraction or LAI Soil moisture differences are important
for broadleaf evergreen trees. Soil color differences are
a major factor in determining albedo for desert and
semidesert regions. Finally, the model treatment of
snow processes is crucial for tundra and needleleaf ev-
ergreen trees, where large differences are found between
the two models.

A global albedo data set for February and July 1995,
described by Strugnell and Lucht {2001}, is used to eval-
uate model-calculated albedos. Large biases are found
in desert and semidesert regions. Both models show
albedos that are too high in winter when compared with
the ground-measured albedo from BOREAS and with
the AVHRR data. However, the satellite-derived sur-
face albedos have been constructed to favor snow-free
values and therefore do not realistically reflect the snow
cover expected in high latitudes in winter. In addition,
any particular year will show some anomalies in surface
albedo related to other climate anomalies (e.g., surface
temperatures and precipitation), and 1995 may have
had some especially large such anomalies. However,
we established that the use of the 1995 SSTs rather
than climatological values for model boundary condi-
tions changes the model albedos by much less than the
discussed differences between model and AVHRR data.

The largest discrepancies between the model and the
AVHRR albedos for snow-free surfaces are found in the
desert and semidesert land cover types. On average,
LSM values are about 0.29 and BATS 0.33, compared
to a value of 0.26 for AVHRR. Because the models
tend to give biases of similar magnitude but opposite
signs in comparison with albedos inferred from ERBE,
the present comparison alone is not convincing evidence
that their desert albedos should be adjusted downward.
However, the present cold biases in CCM3 simulations
[Bonan, 1998], especially over North Africa, make it
tempting to believe the AVHRR desert albedos.

In spite of such limitations the remotely sensed mea-
surements provide good first guesses to modify parame-
ters in models. For example, Bonan [1998] described
CCMS3 simulated desert temperatures that are 10 K
lower than the climatology of Legates and Willmott
[1990]. Some of this bias is probably a consequence of
the high soil albedos [Bonan, 1998]. However, simply
“tuning” surface albedos to obtain correct surface tem-
peratures may obscure deficiencies iu the representation
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of physical processes within the land surface model and
in its coupling to the atmospheric boundary layer. The
satellite data may also be useful as a measure of the
spatial heterogeneity of the surface and to constrain the
land boundary conditions in other ways.
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