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Abstract A new canopy radiation transfer and surface
albedo scheme is developed as part of the land surface
model EALCO (Ecological Assimilation of Land and Cli-
mate Observations). The model uses a gap probability-
based successive orders of scattering approach that
explicitly includes the heterogeneities of stands and crown
elements and the radiation multiple scattering. The model
uses the optical parameters of ecosystem elements and
physically represents ecosystem processes in surface
albedo dynamics. Model tests using measurements from a
boreal deciduous forest ecosystem show that the model
well reproduced the observed diurnal and seasonal albedo
dynamics under different weather and ecosystem condi-
tions. The annual mean absolute errors between modeled
and measured daily albedo and reflected radiation are 0.01
and 1.33 W m2, respectively. The model results provide a
quantitative assessment of the impacts of plant shading and
sky conditions on surface albedo observed in high-latitude
ecosystems. The contribution of ground snow to surface
albedo in winter was found to be less than 0.1 even though
the canopy is leafless during this time. The interception of
snow by the leafless canopy can increase the surface albedo
by 0.1-0.15. The model results show that the spectral
properties of albedo have large seasonal variations. In
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summer, the near infrared component is substantially larger
than visible, and surface albedo is less sensitive to sky
conditions. In winter, the visible band component is
markedly increased and can exceed the near infrared pro-
portion under cloudy conditions or when snow exists on the
canopy. The spectral properties of albedo are also found to
have large diurnal variations under the clear-sky conditions
in winter.

1 Introduction

The albedo of the earth’s surface controls the distribution
of the solar radiative energy between the surface and the
atmosphere. The important role of surface albedo in the
climate and ecosystems has been well documented. For
example, Bounoua et al. (2002) showed that the large-scale
conversion of temperate forest and grassland into cropland
brings about increases in albedo, which, in turn, may cool
near surface air temperature by as much as 0.7°C in sum-
mer and 1.1°C in winter. Betts (2000) compared the radi-
ative forcing associated with changes in surface albedo and
atmospheric CO, and suggested that the positive forcing
brought about by forestation-related decreases in albedo in
temperate and boreal forest regions could significantly
offset the negative forcing expected from carbon seques-
tration. Chase et al. (2001) also suggested that the global
climatic effects of land cover change can be as strong as
those attributed to changes in CO, and aerosols. Surface
albedo is also an important modulator of regional precipi-
tation. For example, in tropical areas, increases in surface
albedo were found to have a negative effect on moisture
flux convergences and rainfall by which desertification
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generally results in droughts (e.g., Knorr et al. 2001). In
terrestrial ecosystems, surface albedo controls the radiation
absorption and microclimate conditions of soil and plant
canopies, which affect physical, physiological, and bio-
geochemical processes such as evapotranspiration and
ecosystem carbon budgets (Wang et al. 2001, 2002a,
2002b).

While land cover and land use changes can result in
persistent changes in surface albedo, ecological processes
can have similar, but more dynamic effects. For example,
the annual cycles of plant phenology can dramatically
alter the seasonal distribution of surface albedo. Results
from site measurements and satellite observations show
that season-to-season albedo differences in boreal forest
can be larger than the differences observed among veg-
etation types (Eugster et al. 2000; Davidson and Wang
2004, 2005). Ecosystem water condition not only changes
the soil albedo, but also affects plant leaf water and
chlorophyll contents, which are the two important factors
controlling leaf optical characteristics such as reflectance
and absorptance (Carter 1993). Moreover, changes in
surface albedo can also be brought about by the effects of
long-term drought on plant growth that result in the
production of less biomass (e.g., Wang and Davidson
2007). At high latitudes, seasonal variations in Snow
cover may cause large variations in surface albedo. Fur-
thermore, plants protruding above the snow surface can
significantly reduce the surface albedo due to canopy
shading effects. Observations over the boreal forests have
also showed the impact of sky-conditions on surface al-
bedo. For example, clear-sky days tend to have lower
surface albedo values than cloudy days in winter (Betts
and Ball 1997). Other processes such as litterfall on snow,
interception of snow and rain by canopy, dew and frost
formation can also have significant impacts on surface
albedo (Minnis et al. 1997; Lundberg and Halldin 2001;
Melloh et al. 2001; Niu and Yang 2004).

Recent comparisons of surface albedo from climate
models and remote sensing products revealed significant
discrepancies, particularly in the interannual variations and
long-term trends. Wang et al. (2006) analyzed 17 Global
Circulation Models (GCM) participated in International
Panel on Climate Change (IPCC) Fourth Assessment Re-
port (AR4) model intercomparison. It was found that in
summer, the GCMs systematically overestimated surface
albedo relative to the satellite-based data by as much as
0.05 over the high latitudes of the northern hemisphere. In
winter, large differences were detected between the climate
models and satellite product up to 0.15-0.19 in some cases.
Since climate, weather, and ecosystem processes are sen-
sitive to surface albedo, it is important to improve albedo
simulations so that uncertainties in climate projections and
ecosystem water and carbon simulations are reduced.
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Albedo models developed for vegetated land surfaces
vary largely in their complexities. Empirically based sim-
ple methods are easy to modify when new observations are
available, but they are limited in their ability to accurately
represent the details of albedo dynamics and heterogeneous
surface conditions. Process-based comprehensive methods
have the advantage of physically representing the albedo
process, yet the accuracy depends on the availability of
model parameters and the model assumptions. The most
comprehensive canopy models have been developed for
remote sensing applications to simulate the bi-directional
reflectance distribution from which the surface albedo is
obtained as the hemispheric integrals (e.g., Li et al. 1995).
These models provide useful insight into the reflection
process, but their application in climate models is con-
strained by the demand for large computational resources
and the unnecessary details because the directionality of
surface reflection is not a major concern for climate
simulations.

For all practical purposes, surface albedo in current
climate models is obtained either from prescribed albedo
parameters (land cover type dependent, e.g., Milly and
Shmakin 2002) or through the use of simplified radiation
transfer schemes. The tendency in the development of
modern land surface scheme is to find an optimal combi-
nation of prescribed components with dynamical vegeta-
tion and snow properties (Bonan et al. 2002, 2003; Collins
et al. 2004). The two-stream method proposed by Dickin-
son (1983) and Sellers (1985) is one of the most widely
used approaches. This scheme has advanced the albedo
calculation in climate models from simple land cover-
based albedo parameterization or look-up tables to more
physically based simulation which enables the models to
reproduce albedo changes caused by variation in canopy
leaf area index (LAI) and optical properties of canopy
elements and soil. However, this approach involves a
number of simplifications such as the big-leaf paradigm
and horizontally uniform canopy. Yang et al. (2001)
modified the two-stream method to include both the be-
tween- and within-crown gap probability in the discontin-
uous canopy. Niu and Yang (2004) used the scheme of
Yang et al. (2001) to study the effects of vegetation canopy
on snow surface energy and mass balances. These modi-
fications have demonstrated improvement in surface albedo
simulations, particularly in late spring, when the solar ze-
nith angle (SZA) is getting smaller and the ground surface
under the canopy is still covered by snow. Their method
assumes uniform stand distribution and ignores multi-
scattering between crowns. Although the method is able to
simulate some features of 3-D canopy structure, it still
systematically underestimated surface absorbed flux by
about 10%, which may introduce noticeable biases in
surface albedo (Yang et al. 2001).
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In other studies, Pinty et al. (2006) introduced a
domain-averaged structure factor and wupdated the
two-stream approach by using the effective variables to
account for the effects induced by canopy structure and
heterogeneity at grid cell level. This modification signif-
icantly improved the two-stream approach for simulating
canopy radiation regimes by the more realistic use of land
surface parameters, such as LAI, from remote sensing. It
ensured the consistency between various fluxes and state
variable values when using assimilation techniques.
Essentially, Pinty et al. (2006) showed that solution of
two stream surface radiative transfer scheme can be tuned
quite precisely to accurate 3-D results if appropriate do-
main-average SZA-dependent structural parameter is
introduced. Their results were successfully evaluated
against those from Monte Carlo simulations with explicit
3-D representation of canopies. The estimation of effec-
tive parameters from their true values depends on the land
cover types and environmental factors such as SZA.
Robust estimation of GCM grid cell effective parameters
still requires further studies. Smolander and Stenberg
(2005) proposed a simple radiation scheme which relies
on the parameter called ‘‘recollision probability (p)’’ that
represents the canopy structure. It explicitly includes the
multiple scattering between leaves and within shoot. Their
results showed that the canopy absorption and scattering
were well described by the single parameter p, but the
simulation of canopy reflectance for coniferous forest or
high LAI canopies still needs improvement. After the
two-stream approach was modified according to the above
scheme, the scattered radiation flux components were
significantly improved for shoot canopies. The parameter
p was found to be quite stable under different SZA, which
maybe advantageous for developing more complicated
surface radiation models. Comparisons with field mea-
surements in the above studies still need to be conducted
to rigorously validate these methods.

The two-stream approach and most of its current mod-
ifications are focused on estimating the average radiation
conditions of the canopy. It is not appropriate for
describing sunlit leaf area regimes in the canopy profile
which are important for leaf photosynthesis and other
physiological calculations. For example, some lower can-
opy leaves under sunlit may receive more radiation than the
upper canopy leaves that are under shaded conditions.
Moreover, the canopy shading effect on snow is often ac-
counted for using empirical modifications which, depend-
ing on assumptions used, can yield substantial differences
in the modeled forest albedo in winter (Thomas and
Rowntree 1992; Yamazaki et al. 1996; Roesch et al. 2004).
The albedo spectral properties and dynamics, which have
substantial impact on climate simulations (Roesch et al.
2002), have not been adequately addressed.

In a recent study, Wang (2005) developed the canopy
radiation transfer and surface albedo scheme using the
gap probability approach of Nilson (1999) and successive
orders of scattering approximation. The model treats
canopies as being composed of 3-D crowns and explicitly
accounts for the clustering of stands as well as plant
tissues. It includes multiple layers of canopy and multi-
scattering between crowns. The model calculates the
sunlit leaf area regimes from the SZA dependent gap
probability. The leaf radiation absorption profile is ob-
tained from the sunlit leaf area regimes and the absorption
from higher order scattering. The model directly simulates
the surface albedo as ratio of hemispheric radiative fluxes.
It avoids the complexity of full 3-D radiation models
employed for directional reflectance simulations and
therefore is less computationally demanding. The model
is designed to run for the number of spectral bands de-
fined by user to produce albedo spectral dependence and
facilitate direct comparison with narrowband observations
(e.g., satellite data). More details of the model can be
found in Wang (2005). This approach represents an
intermediate solution between numerical scheme like 3-D
methods and analytical scheme like two-stream solution.
At the same time it retains all major canopy structural
parameters, is computationally much more efficient than
3-D simulations, and is suitable for implementation in
coupled surface scheme in regional and global circulation
models.

In this paper, we describe the implementation and
performance of the surface radiation scheme of Wang
(2005) coupled in the land surface model EALCO
(Ecological Assimilation of Land and Climate Observa-
tions). The EALCO model is developed and used at the
Canada Centre for Remote Sensing (CCRS) for the
assessment of climate change impact on major terrestrial
ecosystems using satellite and climate observations. The
radiation scheme simulates the surface albedo and the
absorption of radiation by ecosystem elements that is
used in simulating other ecosystem processes in the
EALCO model, such as the leaf-level energy, water, and
carbon exchanges, and the soil/snow thermal and
hydrological conditions. The coupled model run enables
representation of dynamical ecosystem processes such as
snow evolution, plant phenology, water stress, precipita-
tion interceptions by canopy, dew and frost presence,
etc., in the surface albedo dynamics. It provides oppor-
tunities to rigorously test the model behaviors under
different environmental and ecological conditions. In this
study, the model is applied to a boreal deciduous forest
using two broad wavebands: visible (VIS) and near
infrared (NIR). Results are compared with field mea-
surements obtained in the Boreal Ecosystem-Atmosphere
Study (BOREAS) in 1994.
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2 Model description
2.1 Canopy gap probability

The gap probability for a radiation with zenith angle 6 to
transfer through layer k of the canopy, a(6), is calculated
as (Nilson 1999; Wang 2005):

a(0) = Pu(Se)di 4(0) (1)
n=0

where P,(Sy) is the probability of having n trees on a plot

area of Sy and a, 4(0) is the gap probability for the radiation

to transfer through layer k of a single tree. S; is the

projected area of layer k of the tree on a horizontal plane at

the angle 0. The ay ,(0) is calculated as

ap k(@) = e*C(@)(QLAI/HrWAI/()/(NSk cos(0)) (2)

where G(6) is the projection function of unit canopy sur-
face area on the plane perpendicular to the radiation
(canopy surface area is defined on half-area basis and
equals to the sum of leaf area index LAl and wood area
index WAI), LAI, and WAI, are the LAl and WAI (m2 m’z)
of layer k, respectively, Q is the leaf clumping index in
shoots, and N is the stand density (trees/mz). The effect of
stand geometry on the canopy gap probability is accounted
by the variations of Sy, LAl, and WAI, with the canopy
height. To reproduce forest conditions at the study site, the
canopy was separated into a total of ten layers with equal
height, and was assumed to have a cone shape on the top
(k = 1-3) and cylinder shape for the main part below
(k = 4-10) (Wang 2005).

If the canopy element has no preferred azimuth ori-
entation, G(0) depends only on its inclination angle
distribution and the zenith angle of the radiation vector.
For special cases of horizontal, vertical, and spherically
distributed canopy elements, G(6) = cos 6, 2 sin 0/n, and
0.5, respectively. The angular distribution of most natural
canopies has not been well evaluated and the analytical
form of G(0) is difficult to obtain. In the EALCO
model, G(0) is approximated by the weighted average
of the three special cases above. The weighting factors
can be defined as the fractions of canopy area that are
distributed horizontally, vertically, and spherically. The
tree branches are assumed to be spherically distributed
and tree stems to be vertically distributed. The canopy
leaves with preferred horizontal distribution are separated
into two parts: a fraction to be horizontally distributed
(f,) and the remainder to be spherically distributed
(1 = f»). The parameter f, is a simplified representation
of the general characteristics of leaf inclination (Wang
2005).
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While the parameter Q represents the clumping of
ecosystem elements within a tree, the function P,(Sy) de-
pends on the stand density as well as the spatial distribution
pattern of trees that can be used to account for the
clumping effects among stands. In this study, the distri-
bution of trees is assumed to follow the Poisson distribu-
tion. Equation (1) then becomes (Nilson 1992)

ar(0) = e~ NSk(1-ar(0)) (3)

2.2 Interaction of radiation with ecosystem elements

Ecosystem elements that intercept radiation include plant
leaves, branches and stems, snow or rain (including frost
and dew) on the canopy, and the ground surface under the
canopy. The ground surface can be either bare mineral
soil or covered by snow, litterfall, or vegetation such as
lichen and moss. When radiation is intercepted by a plant
leaf, three processes are considered: reflection, transmis-
sion, and absorption. The radiation transmission through
leaves, often ignored in most models (e.g., Ni and
Woodcock 2000; Bartelink 1998), is included here be-
cause it can be significant for certain wavelengths (e.g.,
near infrared). The model also explicitly includes radia-
tion interactions with the two sides of the leaf to account
for the adaxial and abaxial optical differences of some
plant leaves. When radiation is intercepted by plant
branches, stems, or the ground surface, only reflection and
absorption are considered. When there is snow on the
canopy, the optical parameters of the canopy element are
modified using a weighting factor of canopy snow cover
fraction f;. as discussed below. By assuming the inter-
cepted snow always stays on the upper surface of the
ecosystem elements, the above modification is only made
to the adaxial surface. The effect of liquid water on the
canopy (rain interception or dew formation) is not in-
cluded in this study.

The reflection of radiation by ecosystem elements is
considered to be Lambertian. When an ecosystem element
intercepts radiance I from a particular direction, it is
treated as an isotropic illumination source with a scat-
tering intensity of «f, where « is the Lambertian reflec-
tivity of the element. This scattering is further divided
into two parts according to their general directions,
the upper hemisphere (f,,) and the lower hemisphere
(1 - fup), depending on the angular distribution of the
element and the position of illumination source. Since the
same concept is used for f,, calculations as for G(0)
calculations in dealing with angular distribution of canopy
elements, f,, is linked with the parameter f}, in the model
and there is no extra parameter induced. The sensitivity of
modeled surface albedo to f;, (f,p,) was analyzed in Wang
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(2005), which shows that canopies with more horizontally
distributed leaves tend to have higher albedo. In general,
the sensitivity of the surface albedo to f; (f,p) is relatively
small. The transmission of radiation through plant leaves
is determined by 7/, where 7 is the leaf transmissivity.
The absorption of radiation by ecosystem elements is
obtained as (1 — o — 7).

2.3 Snow cover fractions
2.3.1 Canopy snow cover fraction—f; .

The f;. is defined as the fraction of canopy surface area
covered by snow. It is estimated using Michaelis-Menten
function

fs.,c = Hs,c/(Hs,c + HO.S) (4)

where Hys is a parameter (set to 0.2 mm liquid water
equivalent), and the H; is the canopy snow amount (mm)
per unit canopy surface area and equals to S./(LAI + WAI),
where S, is the canopy snow amount (mm) per unit ground
area.

In the model, all frozen water on the canopy is treated as
snow. The S, is determined by solving the following can-
opy snow balance equation

Se =S, 4+ M, — E,+ W; + D, — U, (5)

where S'c is the S, at the previous time step, M; is the
melting or refreezing of snow, E; is snow sublimation,
W; is frost formation, Dy is the snow interception during
snow events, and U is the snow unloading. The terms
M, E;, and W; are obtained from solving the canopy
energy balance equation as described in Wang et al.
(2002a).
The canopy snow interception Dy is estimated by

—a(0)) (6)

where P.. is snowing amount and a(0) is the canopy
gap probability at the zenith angle of 0. Compared with
most other models where Dy is empirically given, Eq. (6)
uses a(0) which gives a more realistic solution.
According to this approach, tree stems cannot intercept
snow because of their vertical distribution results in
a(0) = 1. For more horizontally distributed tree elements
(higher f;)), the probability of precipitation interception is
also higher.

The snow unloading U can be caused by either the
overloading of snow or the influence of environmental
factors such as wind speed. In the model, the maximum
snow holding amount S ;,,,x is first estimated based on the

Ds = Prec(l

canopy snow holding capacity (Schmidt and Gluns 1991)
and wind speed V

Semax = B(0.27 + 46/p,)(LAI + WADF(V) (7)

where f§ is a parameter (set to 6.0 mm), p, is the snow
density (kg m™), and f(V) is a function of wind speed
(= e **V). Fresh snow density is calculated as (Hedstrom
and Pomeroy 1998)

p, = 67.92 + 51.25¢"/%5° ®

where T, is the canopy temperature (°C). The empirical
function f(V) gives a value of approximately 10% when
V=6 ms " and it is provisionally specified in the model.
The snow unloading is then estimated by the difference of
Sc.max and S.. In addition to wind speed, temperature may
also affect the snow falling off rate (Roesch et al. 2001).
Since the snow density, which is calculated from temper-
ature, is used to determine the canopy snow holding
capacity, the temperature effect on the snow falling process
is not explicitly included.

2.3.2 Ground snow cover fraction—f; ,

The f;, is defined as the fraction of ground surface area
covered by snow. Factors controlling f; , can include snow
depth H,,, ground surface roughness, and the snow redis-
tribution processes, which is influenced by landscape
topography and wind. In model applications, the same kind
of method as Eq. (4) is often used to calculate f;, (e.g.,
Zhou et al. 2003). The disadvantage of using this method is
that the calculated f; , is always smaller than unit. As dis-
cussed in Sect. 2.5, the model separately simulates two
ground surface conditions (snow covered and no snow)
within a pixel. The smaller than unit f; , causes the model
to always include simulations for the two surface condi-
tions even when the snow depth is very high. This may be
unreasonable in reality and it also increases the computing
time. For the sake of simplicity, in this model run the f; , is
assumed to be wunit when H;,2>20cm. When
H,, <20 cm, f;, decrease linearly to zero with H,.

The pixel-average snow depth H,, is obtained from the
EALCO snow module that simulates the snow physical
processes based on a dynamic snow-layering scheme. The
module solves the snow surface energy balance equation
and simulates the heat conduction, snow melting, liquid
water transfer, refreezing, metamorphism and densification
for each layer. This module provides outputs of fluxes of
the snow with the atmosphere, including sublimation and
sensible heat, with the underlying soil including heat and
water, as well as the snow variables for each layer
including bulk density. Note that the snow pack depth used
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Table 1 Parameters of the aspen stands used in the model

Parameter Value
VIS reflectance Leaf adaxial 0.06
Leaf abaxial 0.14
Bark 0.15
NIR reflectance Leaf adaxial 0.35
Leaf abaxial 0.35
Bark 0.35
VIS transmittance Leaf adaxial 0.05
Leaf abaxial 0.05
NIR transmittance Leaf adaxial 0.35
Leaf abaxial 0.35
Stand density N (m™) 0.11
Leaf f;, 0.4
Leaf Q 0.9

for snow simulations is converted from H;, using f; 4, SO it
is different from H,, when f;, is less than unit. The de-
tailed snow simulations are beyond the scope of this paper
and will be discussed in a companion paper.

2.4 Parameterization of ecosystem optical properties
2.4.1 Plants

The plant optical parameters used in this study are treated
as constants and listed in Table 1. They can be changed to
represent the impact of ecosystem water stress since leaf
water potential is solved as the prognostic variable in the
dynamic water balance equation in the model (Wang et al.
2002a). During the study year, the observed water stress at
the study site was not significant (Blanken et al. 1997).

2.4.2 Soil

The surface albedo of soil uses a soil moisture-dependent
parameterization, as given in Wang (2005). For forest
ecosystems in the high latitudes, since the ground is cov-
ered by snow in winter and by the canopy leaves in sum-
mer, soil surface albedo plays a minor role on an annual
basis. Soil surface albedo only moderately affects the land
surface albedo during the transitional periods between
winter and summer (Wang 2005).

2.4.3 Ground snow

Snow albedo o, depends on snow properties and is
affected by snow surface pollutants. Snow grain size,
particle density, and liquid water and ice content can all
affect og,. As snow ages, begins to melt, develops into
firn or exposes bare ice, o, can be greatly reduced. To
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account for these effects, some models parameterise oy,
according to environmental factors such as temperature
(e.g., Roesch et al. 2001) while others directly calculate
the snow age effect. In the latter case, the commonly used
approach is to modify a maximum value (often referred to
as fresh snow albedo) by snow age factor, which is either
a function of time (i.e., Walter et al. 2005) or also in-
cludes the effect of environmental factors such as tem-
perature and pollutants (i.e., Zhou et al. 2003). These
approaches are highly empirical and usually account for
some of the changes in snow properties. The assumption
of a constant fresh snow albedo regardless of the snowing
conditions may not always be realistic. Ignoring the
possible contributions of old snow on albedo after a
snowing event, when the amount of new snow is small
may also be a crude approximation.

Snow bulk density p; is determined by snow properties
and its physical conditions. The snow processes such as
melting, refreezing, transfer of liquid water, metamorphism
and densification are the key processes in modeling p. The
ps 1s thus an integrated indicator in representing the snow
properties, and hence, it is proposed here to be used di-
rectly in snow albedo estimation. In this study, the snow
albedo o was simply formulated as

°= 060(1 - ¢p(ps,1 - ps,min)/(ps,max - ps,min)) (9)

where o is a parameter representing the maximum albedo
a snow can have (set to 0.95 for VIS, 0.55 for NIR), pg; is
the modeled p; of the surface snow layer, ¢, is a parameter
representing the slope of albedo change with p;; (set to 0.5
for VIS, 0.7 for NIR), and pgmin and pgmax is the snow
minimum and maximum density, respectively. In the
model, the pg i, equals to 67.92 kg m™ according to Eq.
(8) and the pg max Was set to 700 kg m~>. The above method
has the advantage of representing the integrated changes of
snow properties in albedo calculation, yet it still needs to
be refined when field data are available. Note that o refers
to the snow maximum albedo rather than fresh snow al-
bedo. Fresh snow albedo is determined by its density
according to Egs. (8) and (9). Thus, it varies with tem-
perature during snowing events, though this variation
might be small because fresh snow density is mostly lower
than 100 kg m~>. Another advantage of the above method
is that the contribution of old snow on the albedo after new
snow events can be included. Since p;; represents the
overall density of the surface layer (set to 5 cm in the
model), when the new snow amount is less than that, p; ; is
the weighted average of the new and old snow in the sur-
face layer.

To account for the albedo impact of pollutant accumu-
lation on the snow surface, the ‘‘snow age’’ concept (Zhou
et al. 2003) is used to further modify o obtained in Eq. (9)
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U = [1 = P,7/(1+ 7)) (10)

where ¢, is a constant (set to 0.2 for VIS, 0.5 for NIR) and
7 is a snow age factor that increases with model time step
At (in seconds) by Ay.

Ay =1 x 1077 At (11)

where ry represents rate of dust accumulation (set to 0.3 s~
1. The effect of plant litterfall processes on snow albedo is
not explicitly included in this model run. The provisional
routine proposed by Hardy et al. (1998) for estimating
litterfall impact on snow albedo was found to have im-
proved the snow albedo and subsequent snow sublimation
predictions in a conifer stands (Hardy et al. 2000). This
process will be incorporated into EALCO when validation
data are available at our test site.

2.4.4 Canopy snow

The model does not contain explicit calculations for the
bulk density change of canopy intercepted snow after snow
events. The canopy snow albedo is simply estimated using
the fresh snow albedo and the snow age function discussed
above, but with

Ay =1x10"°(r; + 1) At (12)

where r; (=¢3000W27316-VIOy and r, (=min(ri% 1)) repre-
sents the snow property changes as used in Zhou et al.
(2003). The snow retention time is short on the leafless
canopy. Therefore, the accuracies of the canopy snow
albedo largely depend on the estimation of fresh snow
albedo. The above modification is less important.

2.5 Radiative transfer scheme and surface albedo
simulation

For many applications in climate, ecosystem, and remote
sensing studies, models that account only for first-order
scattering cannot meet the desired accuracy requirements.
Higher-order scattering can have significant contributions
to leaf absorption, which affects leaf physical and physi-
ological processes and the land surface albedo. This is
particularly true at the wavelengths where ecosystem ele-
ments show low absorption and high reflection coeffi-
cients. As such, a scheme is developed to simulate the
higher-order scatterings using the above algorithms. The
scheme first separates the canopy into multiple layers L
(user defined, L = 10 for model run in this paper). The
resolving of layers has important applications in studying
the radiation absorption profile of the canopy that plays a

crucial role in the leaf-level plant carbon simulation (Wang
et al. 2001).

The initial radiation profile within a canopy is deter-
mined by the interception of direct radiation from the sun
and diffuse radiation from the atmosphere. The interception
of a radiation by layer k is obtained by the difference in gap
probabilities between its top and bottom. For direct radia-
tion, the gap probability of each layer can be directly cal-
culated using the equations described in Sect. 2.1 (0 =
SZA). For diffuse radiation which is assumed isotropically
distributed, the hemispheric average gap probability of
layer k, A, can be calculated as

n/2
Ay = 2/ a(0) sin(0) cos(0)do. (13)
0

The above calculation assumes that the intercepted
radiation is evenly distributed over the ecosystem ele-
ments in that layer. In reality, the surface elements at the
top of the canopy are always fully exposed to the
incoming radiation. Their reflection to the atmosphere
will not be intercepted and it directly contributes to the
surface albedo. The above assumption was found to cause
errors in surface albedo particularly at higher SZA when a
larger proportion of radiation is intercepted by the top
surface elements (Wang 2005). To account for this, a
proportion (=min(0.7, e > %) of the radiation inter-
cepted by the top layer was attributed to the surface
canopy elements in this model run.

After the initial radiation interception profile is obtained,
the reflection, absorption, and transmission of radiation are
then calculated according to the optical properties of ele-
ments in each layer discussed in Sects. 2.2-2.4. The gen-
eral direction of the reflected and transmitted radiation is
also determined. These are then either transferred back to
the atmosphere or intercepted again by other layers in the
ecosystem. This second-order radiation interception is
determined by the gap probability between the two layers
and the scattered radiation intensity from the source layer.
Since any layer of the ecosystem can be a multi-scattering
source or sink, the gap probabilities between any two layers
need to be calculated first. The average probability from
layer [ to layer k, A, is calculated using Eq. (13), while
ai(0) is replaced by a; (0) (accordingly, the LAI, and WAI,
are replaced by LAI;; and WAI,,).

After obtaining the second-order radiation interception
profile (including both intensity and direction), the above
procedures are repeated for the higher-order radiation
scattering events. In general, the upward and downward
mth-order scattering intensity of radiation for layer k,
Lok and IGy 4, can be calculated by
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where I, ! and I35} is the upward and downward
(m — I)th-order intensity of scattered radiation of layer
[ (I = 0 atmosphere, [ = 1 top canopy layer, / = L bottom
canopy layer, / = L + 1 ground surface). When the canopy
is divided into sufficient number of layers, the self-inter-
ception of scattered radiation within a layer can be ignored.
Otherwise, the layer’s self-interception needs to be in-
cluded.

After tracing the radiation scattering for M times, the
total radiation that transferred back to the atmosphere is
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Given a criterion e—the maximum value of tolerance for
surface albedo accuracy—the simulation is terminated
when oM —a" "' <¢ The above calculations are
implemented separately for direct and diffuse radiation.
Assuming a diffuse fraction in the total shortwave radiation
of fys, the total sky albedo « can be obtained as

o = fairoair + (1 — fair) air (16)

where og; is diffuse albedo and oy, is direct albedo.
When there is fractional snow coverage in a pixel, the

model treats the ground surface with and without snow

separately. The pixel level albedo oy is obtained as

Olpix :fs,gucs + (1 _fssg)an (17)

where o and o, are the albedos for the canopy with and
without snow covered grounds.

While the modeling scheme and algorithms are inde-
pendent of radiation wavelength, the simulated radiation
absorption and surface albedo are determined by the optical
parameters of ecosystem elements at the given wavelength/
bands.

3 Study site
A boreal deciduous forest ecosystem located in the Prince

Albert National Park, Canada (53.6°N, 106.2°W) was se-
lected to test the model. The overstory of the forest was
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dominated by an evenly aged (~70 years old) stand of as-
pen trees with a mean canopy height of 21.5 m and a mid-
summer LAI of 2.3 m* m™ in 1994. The understory was
dominated by hazelnut with a mean height of 2 m and a
mid-summer LAI of 3.3 m> m™> in 1994 (Blanken et al.
1997). The plant parameters used in the model are listed in
Table 1. These parameters are obtained from site mea-
surements by various BOREAS research teams (Sellers
et al. 1997), including Shugart and Nielsen (2000) and
Gower (2000) for tree allometry data, Walter-Shea (2000)
for leaf optical data, and Kharouk and Rock (2000) for the
aspen bark optical data. These data are available from the
BOREAS CD-ROM (Newcomer et al. 2000).

This ecosystem was chosen for the model test for two
main reasons. First, the ecosystem experiences large
seasonal changes in climatic and ecological conditions. In
winter, the canopy stays leafless and is represented by tree
branches and stems for more than half a year when the
ground surface is mostly covered by snow. The daily
mean air temperature drops below —30°C and snow events
frequently occur. The noontime SZA on the winter sol-
stice is as high as 77°. In summer, the total canopy LAI
reaches as high as 4-5 m® m™. The daily mean temper-
ature rises above 20°C. The noontime SZA on the sum-
mer solstice is as low as 30°. During the transitional
period between winter and summer, the ecosystem expe-
riences a short period of bare ground and woody canopy.
Such large seasonal changes in surface conditions provide
opportunities to test the model performances under di-
verse conditions. Second, intensive measurements of
surface meteorology and ecosystem parameters were
made at the site during the BOREAS field campaign.
These measurements provide high quality data for model
simulation and validation. Specifically, the 30-min mete-
orological observations of downward shortwave and
longwave radiations, air temperature, humidity, wind
speed, precipitation, and atmospheric pressure were used
to drive the model run (Shewchuk 2000). The downward
and upward shortwave radiation measurements were used
to calculate the ‘‘measured albedo’’. The hemispherical
photographs were used to calculate the canopy gap
probability (Rich 2000). These data are also available
from the BOREAS CD-ROM (Newcomer et al. 2000).
More information on the observation and data quality
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control can be found in Betts and Ball (1997), Shewchuk
(1997), and Rich (1999).

4 Results and discussion

Seven typical days in 1994 were selected for the analysis of
diurnal variations using results generated at 30-min time
steps. The seven days contained a complete record of
observations and covered the entire range of ecosystem and
weather conditions as listed in Table 2. In summary, the
canopy conditions included summer full leaf canopy (DOY
173) and winter leafless canopy (all other days). The
leafless days further included canopy without snow (DOY
70, 75, 361) and canopy with snow (DOY 74, 361). The
ground surface included full snow cover (DOY 70, 74, 75),
partial snow cover (DOY 355, 361), and no snow (DOY
124, 173). The weather conditions included clear (DOY 70,
124, 173, 355, low fg), cloudy (DOY 74, high fyy), and
overcast (DOY 75, f4ir= 1). Moreover, the DOY 173 rep-
resented the time with annual minimum SZA, and the DOY
355, 361 with annual maximum SZA. The different com-
binations of the above ecosystem, weather, and SZA con-
ditions on the seven days represented the typical situations
of the site and they are very helpful to rigorously evaluate
the model performance in albedo simulation. The analyses
of seasonal variations of the results were based on daily
values that were calculated from the 30-min model simu-
lations and site observations.

4.1 Canopy gap probability

Figure 1 gives the diurnal variations of the modeled can-
opy gap probability and the corresponding SZA. Since the
gap probability depends on the zenith angle of radiation, it
showed large diurnal changes for direct radiation. Note that
the modeled gap probability was symmetric in the morning
and in the afternoon due to the fact that the model assumed
neither azimuth nor diurnal differences of canopy condi-
tions whose variations could cause asymmetric patterns as
being frequently observed in the field. The impact of sea-
sonal differences in SZA on the canopy gap probability can
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Fig. 1 Diurnal variations of modeled a canopy gap probabilities for
direct radiation and diffuse radiation and b solar zenith angle SZA for
seven days under different weather and ecosystem conditions

be clearly seen by comparing those days with the same
canopy. For example, on the mid-winter DOY 355, the
SZA at noon was as large as 77° at the site. The maximum
gap probability for this day was only 0.14. On the late
winter DOY 75, the SZA at noon decreased to 56° that
caused an increase in the daily maximum gap probability to
0.48. The DOY 124 in spring had the same canopy with
further decreased SZA (noontime SZA = 38°). It yielded a
daily maximum canopy gap probability of 0.64. The gap
probability on the summer DOY 173 was very low (daily
maximum is 0.09) though the SZA further decreased to 30°
(annual minimum). It was lower than the mid-winter values
and mainly due to the large canopy LAI (5.2 m* m™2). The
modeled variations of canopy gap probability with SZA
were larger than those calculated using Beer’s law. This is
largely due to the facts that large gaps between stands were
accounted for in the EALCO model while the canopy is
assumed to be composed of uniformly distributed light
intercepting elements throughout the extinction space in
Beer’s law.

For isotropic diffuse radiation, the canopy gap proba-
bility is solely controlled by the canopy conditions and

Table 2 The ecosystem and

. Day of year
weather conditions on the seven yory

days used for result analyses at

70 Mar 11 74 Mar 15 75 Mar 16 124 May 4 173 Jun 22 355 Dec 21 361 Dec 27

half-hourly time step

Leaf No No No No Yes No No
Snow on canopy No Yes No No No No Yes
Snow on ground Yes Yes Yes No No Yes Yes
Weather Clear Cloudy Overcast  Clear Clear Clear Overcast
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independent of the changes in SZA. Note that WAI was
assumed unchanged (=0.88) during the year. Figure 1
shows that the canopy gap probability was 0.54 for the
leafless canopy and 0.06 for the full leaf canopy. The dif-
ference of the gap probability for diffuse and direct radi-
ations depends on the SZA of the day. On the mid-winter
day, the gap probability for diffuse radiation was about four
times as high as the maximum daily value for direct radi-
ation. On the spring and summer days, it became smaller
than that for direct radiation around noon.

Figure 2 shows the seasonal distribution of daily aver-
age canopy gap probability and the corresponding LAl
WAI and noontime SZA. The daily average is calculated
from 30-min values by

gy =Y _[@zomin (SZA(t)) cos(SZA(r))] / > "cos(SZA(1)).

t

(18)

For direct radiation, the daily average showed very low
values in mid-winter (=0.09 on the winter solstice), indi-
cating the strong canopy shading effect on snow even
though the canopy is leafless. These values increased to its
annual maximum of 0.52 on DOY 129 shortly after the
leafing date due to the combined positive effect of
decreasing SZA and the negative effect of increasing LAI
The rapid increase in LAI in late May and early June re-
sulted in the rapid decrease of canopy gap probability
which reached 0.05 when the plant leaf was fully devel-
oped in late June. After that, the canopy gap probability
decreased slightly in July and August although the canopy
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Fig. 2 Annual distributions of modeled daily a canopy gap
probability for direct radiation and diffuse radiation, and b the
corresponding canopy leaf area index LA, wood area index WAI, and
solar zenith angle SZA at noon. The measured canopy gap probability
(mean + 1SD) in a was obtained from hemispherical photographs
acquired at heights of 0.5-2.0 m at the study site (Rich 1999)
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LAI was assumed to be constant during the period. This
was caused by the increase of SZA after the summer sol-
stice. The results show that the impact of SZA on the
canopy gap probability is small during the full plant
growing season. During the senescence period in mid-
September, the canopy LAl reduced to O in less than 2
weeks. The canopy gap probability increased accordingly
and its daily average values reached 0.36 when the canopy
became leafless. This value is significantly lower than that
just before the leafing date in spring.

The canopy gap probability was also calculated using
hemispherical photographs taken at the study site by Rich
(1999). The daily average values calculated from this
measurement and Eq. (18) were given in Fig. 2a. It shows
that the model reproduced well the seasonal variations of
canopy gap probability induced by changing LAI and SZA.
However, the measured values were found generally higher
than the modeled values, although they were generally
close to within measurements uncertainties. The hemi-
spherical photographs were acquired at heights of 0.5—
2.0 m above ground (Rich 1999). Significant amount of
plant leaves below the measuring heights were not ac-
counted in the photographs which resulted in the overes-
timation for the gap probability of the whole canopy. This
is likely the main reason for the differences shown in
Fig. 2a.

For diffuse radiation, the daily average values of the gap
probability for the leafless canopy were six times as high as
that for direct radiation in mid-winter (0.54 vs. 0.09). This
difference decreased with the decrease of SZA after the
winter solstice and became minimal shortly after leaf fall.
In summer when the canopy scattering was dominated by
leaves, these differences were small. Given the latitude and
stand conditions of the site, the daily average gap proba-
bility for diffuse radiation was always higher than that for
direct radiation during the year. It is important to note the
large seasonal changes in their relative quantity because it
determines the seasonal pattern of how weather affects
surface albedo (discussed later).

4.2 Snow cover fractions

Snow covers the study region for approximately 6 months
of the year. In 1994, the total snow amount was about
120 mm (the total annual precipitation was 430 mm).
Figure 3a shows the distribution of daily snow amount and
daily mean air temperature. Since the differentiation be-
tween snow and rain was not made in the observations,
precipitation was treated as snow in the model when air
temperature was below 0°C. This differentiation can be
problematic since snow (rain) may occur when air tem-
perature is above (below) 0°C. Errors due to this effect can
influence the results discussed below.
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Fig. 3 Annual distribution of daily a air temperature and precipita-
tion, b modeled vs. measured snow depth, and ¢ modeled snow
density for the top snow layer

The comparison of measured vs. modeled snow depth is
shown in Fig. 3b. Overall, the model simulated changes in
snow depth fairly well. In January and February, the snow
depth was dominated by increases due to a number of snow
events and the low temperatures (panel a). During this time
period, snow melt was minimal and the snow density of the
surface layer changed little (panel ¢). The maximum annual
snow depth was observed at the end of February (measured
43 cm, modeled 46 cm). In March, air temperature occa-
sionally rose above 0°C (panel a). Significant variations in
snow depth were found from both measured and simulated
(panel b) results. These variations were mainly caused by
snow melt, snow density change (panel c), and more snow
fall events (panel a). For most days in April, the daily
average temperatures remained above 0°C, and were as
high as 13°C on April 17 and 22 (panel a). As a result,
snow depth decreased rapidly and snow cover disappeared
by the end of April. In addition to snow melt, the increase
of snow density (panel c) also significantly contributed to
the decrease of snow depth in April. Late in the year, the
heavy snow event on November 2 brought the snow cover
to above 10 cm. After this, an overall increase of snow
depth occurred with a number of snow events in November
and December. Moderate decrease of snow depth is also
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Fig. 4 Annual distribution of modeled snow cover fraction of the
ground and of the canopy

seen in several time periods which mainly corresponded to
high temperatures.

The snow bulk density of the surface layer p;, which
was used to determine the snow albedo, varied within a
reasonable range of 65-370 kg m~ (Fig. 3c). However, a
direct validation of this simulation was not possible due to
the lack of observations. Note that the result in Fig. 3c
refers to the surface snow layer whose density changes are
not affected by some of the snow processes implemented in
the model (e.g., compaction metamorphism).

Figure 4 shows the modeled snow cover fractions of the
ground surface f; , and of the canopy f; .. During most of
the snow season, the f; , equals, or was close, to 1.0. The
spring snow melting period lasted about 3 weeks, during
which f; , dropped from 1.0 to 0. The f; . varied dramati-
cally. This was mainly due to the frequent snow events and
the short snow retention time on the tree branches. Figure 5
gives the modeled f; , and f; . for the seven days listed in
Table 2. The DOY 74 was simulated to have a f; . of about
0.4 in the morning and it dropped to O in the afternoon, and
the DOY 361 was simulated to have a f;. of 0.7 all day.
Each of the other five days was simulated as snow-free on
the canopy during the daytime when albedo simulation was
conducted. The model results of the ground snow cover
shows that the DOY 70, 74, and 75 had a f;; of 1.0, the
DOY 124 and 173 were snow free, the DOY 355 had a f; ,
of 0.87 and the DOY 361 had a f; , of 0.93.
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Fig. 5 modeled snow cover fraction of the ground and of the canopy
for the selected seven days shown in Fig. 1
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4.3 Surface albedo dynamics
4.3.1 Diurnal patterns

Figure 6 shows the typical albedo diurnal patterns of the
site. The total shortwave albedo orrgw Was converted from
VIS albedo ay;s and NIR albedo oy using a constant
VIS:NIR ratio of 0.42:0.58 (based on the average obser-
vations at the site). The total sky albedo was calculated
using Eq. (16), in which the fj; was calculated from the
downward shortwave radiation and the corresponding top
of atmosphere radiation by Wang et al. (2002c).

For direct radiation (Fig. 6a), the results of DOY 355
represent the typical diurnal pattern in mid-winter when the
SZA is very high and the day length is only 6-7 h. The
results show that the oy g was slightly higher around noon
than that in the early morning and late afternoon. This is
due to the higher canopy gap probability around noon
(Fig. 1) that increased the underlying snow contribution to
the surface albedo. In contrast, the anr showed a strong
decrease around noon. This was mainly due to (1) the
higher gap probability around noon that increased radiation
penetration into the canopy, and thereafter the absorption
by the canopy particularly of the high-order multi-scattered

a os —
o ] ——Visible ' .
2 0.4 4 - - - Infrared 5 4
8 0. . "
S ] Total shortwave ., !
5 0.3 . L
= 4 1 ' f . e
8 ¢ ’ \ M (I
8 02 /A\ Fo] |
° | i
@ 0.1 1 |
5 RERE R A
0.0 e T e Eans
b os —
3 J ——Visible
2 041 - - - Infrared
w ] Total shortwave
S 031 \ H
kS . "
go2] = MYy = : L 2
M e
3 014 | | | I 1 I {
E [ | | | 1
[ e o o e o o B o o o L e i o o o e M o o R o
C 05
E o Measured (total shortwave)
-g 0.4 1 —Modelled (total shortwave)
° ]
-]
= 0.3 o
> ] °
£ .. .
T s
2 0.1
0.0 -+t T T T
70 74 75 124 173 355
Day of year

Fig. 6 Diurnal variations of modeled half-hourly albedo and
comparisons with measurements for the seven days shown in Fig.
1: a Simulated direct radiation albedo in the visible, near infrared, and
total shortwave bands; b the same as a except for diffuse radiation;
¢ modeled vs. measured total sky albedo in the total shortwave band
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radiation, and (2) the much smaller difference in the
reflectance between snow and the woody canopy in NIR
than in VIS (Table 1). These trends are more obvious when
these results are compared with those on DOY 70, which
represent the typical diurnal pattern in late winter. The
DOY 70 had similar ecosystem and weather conditions as
DOY 335, but a much lower SZA, and thereafter, a much
higher gap probability (Fig. 1) which caused a stronger
contribution of underlying snow on the surface albedo. As
a result, the ayys showed a strong convex shape and the
onir Showed a relatively flat pattern around noon. Com-
paring the albedo magnitude in the two bands reveals that
(1) the oys is lower than oyg, even though the ground
surface is covered by snow with VIS reflectance much
higher than NIR one. This indicates that the shadowing
effect of vegetation on snow at high latitudes not only
decreases surface albedo, but also changes the spectral
properties of the total shortwave albedo (grey line in
Fig. 6a), and (2) the spectral properties of surface albedo
has large diurnal variations. In the early morning and late
afternoon, the surface albedo is dominated by NIR, while at
noon, the VIS proportion is markedly increased.

When there was snow on the canopy (DOY 361 and 74),
both ayis and onr were markedly increased due to the
increase of reflectance parameters of the canopy (weighted
average of branch and snow using f; ). The results of DOY
361 show that both a5 and onr had concave shapes. This
implies that when snow exists on the canopy, (1) the
contribution from the ground snow under the canopy to the
surface albedo is less significant and, (2) the dominant
process in controlling the diurnal albedo pattern is the
change of canopy absorption that occur with the diurnal
variations in radiation penetration. The results of DOY 74
show a dramatic decrease of albedo during the day. This is
mainly caused by the disappearance of snow on the canopy
in the afternoon (Fig. 5). Another change is that oyg be-
came higher than onr. This implies that snow on the
canopy can also have a strong impact on the albedo spectral
properties.

The results of DOY 124 exhibit the typical diurnal
pattern when the ecosystem is both snow- and leaf-free.
The oy for direct radiation changed from a convex shape
in winter to a concave shape, mainly due to the switch from
bright snow to a much darker ground surface in the VIS
band. The overall values for both oy and onr Were lower
than those in winter when snow covers the ground.

The results of DOY 173 represented the typical diurnal
pattern in mid-summer when the SZA varied widely and
the day length exceeded 16 hours. In the early morning and
late afternoon when SZA was high, radiation was largely
intercepted by the upper canopy layers that had a high
probability of reflecting radiation back to the atmosphere
without being further intercepted by other canopy layers.
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Around noon, the proportion of radiation being intercepted
by the lower canopy layers increased due to the decreasing
SZA, which resulted in the more effective trapping of
radiation and greater absorption of high-order scattered
radiation. As the results show, because of the high reflec-
tance of leaf in the NIR band, the g Was very high in the
early morning and late afternoon and decreased markedly
around noon. The ays also showed the same diurnal pat-
tern but with a less pronounced concave shape. This is
mainly due to the fact that the leaf absorption in the VIS
band is high which results in the effective absorption of
VIS radiation even when it is highly intercepted by the
upper canopy layers in the early morning and late after-
noon. Overall, the summer day had the highest oy and
lowest aygs in the year (excluding those days with snow on
the canopy).

Diffuse albedo (Fig. 6b) showed no diurnal variations
unless there were changes in f; . such as on DOY 74. One
important feature revealed in Fig. 6b is that the ayig is
always higher than oy in winter when the ground surface
is covered by snow, which is different from that for direct
radiation (Fig. 6a). This is mainly due to the fact that the
canopy gap probability for diffuse radiation in winter is
much higher than that for direct radiation (Fig. 1), which
causes the large different contributions of snow towards
surface albedo. Another important feature is that the diffuse
radiation albedo is higher than the direct radiation albedo
in winter. This difference depends on SZA and can be as
high as 0.03-0.04 in mid-winter. The above results high-
light the possible impact of weather conditions on the
magnitude of surface albedo as well as its spectral prop-
erties.

Comparisons with observations Figure 6¢c shows the
modeled vs. measured total sky albedo arsw. The model
produced different diurnal patterns over the seven days due
to the different ecosystem, weather and SZA conditions.
The model results generally compared well with the
observations. In general, the arsw is dominated by direct
radiation albedo (Fig. 6a) under clear-sky weather condi-
tions and by diffuse radiation albedo (Fig. 6b) under
cloudy conditions. In mid-winter, the arsw had a slight
concave shape under clear weather conditions (DOY 355)
mainly due to the extremely high SZA during the day that
results in the significant shading of the canopy. In late
winter (DOY 70), the arsw around noon increased and
showed a ““W’’ pattern that was mainly caused by the low
SZA at noon, resulting in the high oy for direct radiation
(Fig. 6a). This ‘“W’’ pattern largely is attributed to the
inclusion of the between stand canopy gaps which is also
illustrated in Niu and Yang (2004). Under overcast con-
ditions (DOY 75), the argw showed little diurnal varia-
tions. The impact of weather conditions on surface albedo

in winter is seen in the difference between DOY 75 and 70,
which show that the albedo of the overcast day is 0.025
(daily average) higher than that of the clear day. The
existence of snow on the canopy caused a large orgw in-
crease, as seen from the results in DOY 361 and 74. On
DOY 124, a clear day with absence of both snow and
leaves in the ecosystem, surface albedo showed a concave
shape. When the canopy had its full leaves, surface albedo
also showed a concave shape under clear weather condi-
tions (DOY 173). Compared with that of DOY 124, the
concave shape on DOY 173 is more pronounced mainly
due to the more horizontally distributed leaves than tree
branches. Note that the modeled orgw on DOY 355 was
about 0.02 lower than the measurements. A possible reason
for this is that the model underestimated the snow cover
fraction of the ground (Fig. 5).

4.3.2 Seasonal Patterns

Figure 7 shows the seasonal variations of daily albedo o4,y
calculated from the 30-min values o3¢ i, Using

Oday = Z (O(30min(t)st,30min(t))/z st,30min(t) (19)

where Ry 30min 1S the downward shortwave radiation at the
moment t. The measured data included all days with
missing 30-min observations less than 20% (total
271 days).

The oys and onr showed large seasonal differences. In
general, the oyys showed low and stable values (0.03—
0.035) during the growing season, indicating the high VIS
absorption by the canopy leaves. The ay;s values in winter
increased due to the snow covered ground and leafless
canopy, and varied dramatically due to canopy snow
interception. The spring season was characterised by a
sharp decrease in oys which was caused by snow melt. In
contrast, the anr showed high values (0.24-0.26) during
the growing season due to the high leaf NIR reflectance.
The anr values are even higher than their winter values
when snow covered the ground. Another difference is that
the variations in anjg caused by canopy snow interception
were much smaller than ayis. This is mainly due to the fact
that the difference between snow and woody canopy
reflectance is much smaller in NIR than in VIS (Table 1).
The anr showed the lowest annual values in spring and
autumn when the ecosystem was free of snow and plant
leaves.

The difference between direct and diffuse radiation
albedos mainly occurs in the VIS band in winter. It shows
that: (1) the direct radiation albedo was much lower than
that for diffuse radiation. This difference was larger when
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Fig. 7 Annual distribution of modeled daily mean albedo and its
comparisons with measurements: a modeled direct radiation albedo in
the visible and near infrared bands; b the same as a except for diffuse
radiation; ¢ modeled vs. measured total sky albedo in the total
shortwave band

SZA was higher and can be greater than 0.1 in mid-winter;
and (2) spikes in albedo were more pronounced for direct
radiation than for diffuse radiation, implying that snow on
the canopy has a larger impact on direct radiation albedo
than on diffuse radiation albedo. For the NIR band, the
direct and diffuse radiation albedos showed similar values
and seasonal distributions. These results indicate that the
impact of weather on the magnitude of surface albedo is
mainly attributed to the albedo change in the VIS band.

The results in Fig. 7 also indicate that the spectral dis-
tribution of surface albedo has large seasonal differences
and it can also be affected by weather conditions. In
summer, the surface albedo is dominated by NIR and is
insensitive to sky conditions. In winter, the proportion of
ayis 1s markedly increased. Under clear-sky conditions, the
onir 18 mostly higher than oy;s, except when snow exists
on the canopy. Under cloudy skies, the ays exceeded onr.

Comparisons of modeled vs. measured total sky albedo
arsw (Fig. 7c) show that the model reproduced the main
seasonal characteristics of surface albedo. During the
growing season, the daily albedo was approximately 0.15
and showed small variations. During the snow- and leaf-
free period, the daily albedo reached annual lowest values
(0.10-0.12) and also showed small variations. These results
indicate that sky conditions have a limited effect on the
daily surface albedo in the snow-free season. In winter,
when snow covered the ground, the base albedo (no snow
on canopy) was increased to about 0.2, and showed vari-
ations with the weather as discussed above. The canopy
snow interception can dramatically increase surface albedo
to as high as 0.3-0.35.

The correlation coefficient between modeled and mea-
sured total shortwave albedo is 0.8 and the average abso-
lute error is 0.02 (Fig. 8a). As shown, this correlation was
negatively affected by some extremely high values. This
large discrepancy was associated with measurements errors
(discussed below) and uncertainties in estimating the can-
opy snow cover fraction. By excluding these data, the
correlation coefficient was improved to 0.94 and the
average absolute error of albedo decreased to 0.011
(Fig. 8b). The remaining error is largely caused by the
winter results. Note that the model used a constant VIS:-
NIR ratio (0.42:0.58) in the downward radiation for orgw
calculation from oyps and opr. Observations at the site
showed that this ratio varied seasonally and diurnally, and
that its standard deviation during 1994 is higher than 0.03.
By including these factors, model accuracies could be
further improved.

Fig. 8 Comparison of modeled 0.5 0.40
vs. measured daily mean a 11 {b Ry
albedo: a data include all 0.4 0.35 1 .®
available days of measurement; e . h . °
b data exclude days with high . oo . 0.30 1
o . O 0.3 1 Oc o (LX) g
uncertainties 5 . 4 0.25 s,
© ° ° ° .. 1 ) o®
2 0.2- 4 ’.“" e 1 etiae ot
. 0.20 - . “ ’
n=270 4 s n=244
0.1 4 R=0.80 015 ¢ b . R=0.942
A.E.=0.02 : e A.E.=0.011
Y=0.662X+0.058 1 Y=0.942X+0.01
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Fig. 9 Annual distribution of modeled and measured daily reflected
radiation flux

The reflected radiation flux was calculated using the
modeled albedo to evaluate the errors associated with
radiation intensity (Fig. 9). Since the large discrepancies in
albedo mainly occurred in winter when the downward
shortwave radiation flux was very low, the discrepancies in
reflected radiation were generally small. Figure 10 shows
that the average absolute error based on all the available
data is 1.52 W m‘z, which decreased to 1.33 W m~2 when
the data with large uncertainties were excluded. Compared
with the results in Yang et al. (2001) derived using modi-
fied two-stream land surface radiation scheme, the
improvement in modeling accuracy from our approach can
be readily seen. Indeed, Yang et al. (2001) found that their
modified two-stream modeling scheme is able to capture
the major effect of 3-D canopy structure, although in
general the total solar radiation absorbed by the surface
tends to be underestimated by roughly 10% at their study
site (BOREAS Southern Old Jack Pine). For the ecosystem
like their study site where albedo is around 0.1 in summer,
this underestimation of absorption is equivalent to the al-
bedo error of about 0.09 at the top of the canopy. For the
ecosystem like our study site where albedo is around 0.15
in summer, the error may be smaller but still quite sub-
stantial (0.085). As such, the degree of agreement at the
level of 0.01-0.02 between observed and EALCO modeled
albedo demonstrates the sizeable improvement.

Nevertheless, the comparisons revealed several dis-
crepancies between the model and measurements. Some
observed albedo spikes in winter were not always repro-
duced by the model. This was mainly a result of problems
related to measured data quality and observational inputs
used by model in winter time (Betts and Ball 1997). Errors
in both the meteorological variables for driving the model
and for calculating the ‘‘measured’’ albedo can cause these
discrepancies. For example, the measured albedo showed
several days in mid-December that had extremely high
values that were not seen in the model results. After closely
examining the measurements, no significant changes were
found in the meteorological or ecosystem conditions during
this time. Possible errors could be either in the radiation
data or in the meteorological data (e.g., missing snow
observations). By filtering the problematic data in the al-
bedo measurements using the method of Betts and Ball
(1997), approximately 10% of the data was eliminated,
resulting in a more realistic comparison as shown in
Figs. 8b and 10b. Another source of error likely arises from
the uncertainties in simulating the canopy snow cover
fraction. Indeed, the accurate parameterization of f; . and
simulation of canopy snow processes is challenging due to
the complexity of the issue and the lack of observations for
developing robust modeling schemes.

The albedo decrease in spring was simulated several
days later than occurred in the measurements. This is
mainly due to the overestimation of snow depth (Fig. 3)
and the ground snow cover fraction during the snow
melting period. The simulation of surface albedo during
the snow melting season is challenging because it in-
volves not only the dynamic snow physics, but is also
largely affected by the parameterization of ground snow
coverage fraction, which is highly variable in nature but
with limited observations for model validation. Nonethe-
less, it is an important process in high latitudes since it
strongly controls the surface albedo and highly influences
the soil thermal conditions and the surface water runoff
and hydrology cycles in spring. The model showed a

Fig. 10 Comparison of

) d 11 i 1:1
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slight increase in surface albedo during the growing
season that was not observed in the measurements. This is
mainly caused by the LAl value used in the model, which
is assumed constant during the full growing period
(Fig. 2). In reality, LAI varied, and reached the highest
value in July before decreasing in August and early
September (Blanken et al. 1997).

5 Conclusions

Our canopy radiation transfer and surface albedo scheme
presents a suitable alternative to two-stream approach in
land surface scheme employed in global climate models.
It reasonably accounts for 3-D canopy structure using leaf
and steam area index, stand heterogeneity, and crown
clumping. This study coupled this scheme into the land
surface model EALCO. The performance of this imple-
mentation was tested using ground measurements ob-
tained for a boreal deciduous forest ecosystem.
Comparisons show that the model reproduced well the
diurnal and seasonal dynamics of the observed albedo
under different weather, sky and ecosystem conditions.
Accuracy analyses show that the annual mean absolute
error between modeled and measured daily albedo and
reflected radiation flux is as low as 0.011 and 1.33 W m’z,
respectively. The results show that the surface albedo has
different diurnal patterns and large seasonal variations
depending on ecosystem, weather, and SZA conditions. In
general,

(1) The daily average surface albedo in winter is
approximately 0.2, although the ground surface is
covered by snow and the plants are leafless. The
contribution of ground snow to surface albedo is less
than 0.1. The low albedo values are successfully
reproduced by model and explained by low canopy
gap probability under the high SZA. Weather condi-
tions can have significant impact on surface albedo.
Daily albedo values were found to be 0.02-0.04 lower
on clear-sky days than on overcast days. The model
results provide physical explanations and quantitative
assessment of the plant shading and weather effects
observed in the high latitude ecosystems. They also
indicate the importance of including woody canopies
in climate and ecosystem models.

(2) Canopy snow interception can dramatically increase
surface albedo to as high as 0.3-0.35 although the
plants are leafless. However, due to the short snow
retention time on canopies and the low radiation flux
in winter, the albedo changes caused by canopy snow
interception is temporary and has limited effect on the
magnitude of annual reflected radiation flux for

@ Springer

deciduous forests. The canopy snow interception ef-
fect may be of more importance for evergreen needle
leaf boreal forest.

(3) The daily average surface albedo in summer is
approximately 0.15 and mainly controlled by the
canopy leaves. The daily mean values showed small
responses to weather conditions. The canopy gap
probability is extremely low in summer, implying a
limited radiative energy (shortwave) input to the
ground surface. The 30-min results showed that the
surface albedo in summer is more sensitive to SZA
than that in winter for this ecosystem.

(4) The daily average surface albedos during the winter
and summer transitional periods have the lowest
values of 0.10-0.12 during the year. The canopy gap
probability reached its highest values during these
time periods, where they contribute to snow melt and
frozen soil thaw in the spring season.

The model results suggest that there are large seasonal
variations in the spectral properties of surface albedo. In
summer, the surface albedo is dominated by the NIR part
and is insensitive to sky conditions. In winter, the pro-
portion of oyyg is markedly increased. Under cloudy
weather, or when snow exists on canopy, the oyis can
exceed the anr. These results also suggest that the sur-
face spectral albedo can have large diurnal variations in
winter under clear-sky weather conditions. In the early
morning and late afternoon, the surface albedo is domi-
nated by NIR, while at noon, the VIS proportion is
markedly increased and has a similar magnitude to the
NIR in late winter when SZA is low. Further model tests,
such as model runs for various spectral bands, are re-
quired to provide more detailed information on spectral
albedo.

For the purpose of albedo simulation, the snow depth
at low range is of particular importance because fractional
snow coverage of the ground surface is likely to occur
when snow depth is low. The model results show that the
ground snow cover fraction was 1.0 for most of the snow
season owing to the high snow depth over the study re-
gion. Further model tests and measurements are required
over regions or years with low snow pack. The current
model parameters such as canopy architecture, or algo-
rithms such as canopy snow interception are expected to
be modified when the model is applied to other vegetation
types such as conifer forests. Climate models simulate
albedo at regional (grid) scale. The EALCO model is
developed to use remote sensing products to simulate the
land surface processes at grid level. Spatial applications
of the radiation scheme presented in this paper and its
validations (e.g., using remote sensing albedo) also need
to be conducted.
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