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a b s t r a c t

A new remote-sensing-based land surface model, named ecosystem–atmosphere simula-

tion scheme (EASS), is introduced in this paper. The principle motivation for formulating

EASS is to provide realistic partition of energy fluxes at regional scales as well as consistent

estimates of carbon assimilation rates. EASS has the following characteristics: (i) satellite

data are used to describe the spatial and temporal information on vegetation, and in partic-

ular, we use a foliage clumping index (˝) in addition to leaf area index to characterize the

effects of three-dimensional canopy structure on radiation, energy and carbon fluxes; (ii)

energy and water exchanges and carbon assimilation in the soil–vegetation–atmosphere

system are fully coupled and are simulated simultaneously; (iii) the energy and carbon

assimilation fluxes are calculated with stratification of sunlit and shaded leaves to avoid

shortcomings of the “big-leaf” assumption. Model experiments shows that the simulation

realism and accuracy by the new strategy are enhanced about 9–14% compared with the

“big-leaf model”. Moreover, ˝ is useful for accurate separation of sunlit and shaded leaves

in the canopy. The accuracy in simulation of energy and carbon fluxes increase about 5–8% by

considering the effects of ˝ on the radiation interception and the separation of sunlit and
cological model shaded leaves; (iv) snow and soil simulations are emphasized by including a flexible and

multiple layer scheme. EASS has been tested and validated against multiple-year observed

data at several sites. EASS is proved to be overall successful in capturing variations in energy

fluxes, canopy and soil temperatures, and soil moisture over diurnal, synoptic, seasonal and

inter-annual temporal scales.
. Introduction

he land surface of the Earth represents significant sources,
inks, and reservoirs of heat and moisture to the atmo-
phere. Energy fluxes and water cycles at soil–atmosphere

nd plant–atmosphere interfaces are therefore important land
urface processes. It is well known that realistic simulations
f land surface processes is of critical importance, not only
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for the surface microclimate, but also for the large-scale
physics of the atmosphere (Pleim and Xiu, 2003). The devel-
opment of land surface models (LSMs) can be flagged by the
‘first-generation’ (e.g., Manabe, 1969; Carson, 1982) and the
‘second-generation’ (e.g., BATS, Dickinson et al., 1986, 1992;
y of Land and Food Systems, University of British Columbia, 2357
1 604 822 2184.

SiB, Sellers et al., 1986; BEST, Pitman et al., 1991; CLASS,
Verseghy, 1991; Verseghy et al., 1993). Marked improvements
of the second generation from the first generation are the
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Nomenclature

av a constant used in Eq. (26), it depends on vege-
tation type with a varying range of 0.15–0.25

Al leaf net photosynthesis assimilation
(�mol m−2 s−1)

b the exponent of the moisture release equation
depending on soil texture

bl a soil texture parameter for layer l
B a dimensionless factor that has a theoretical

range of 1/2 to �/4, it is assumed to be equal
to 0.55 in this study

cc specific heat of vegetation (=2700 J kg−1 K−1)
cp specific heat of moist air, cp = cpd(1 + 0.84qa)

(J kg−3 K−1)
cpd specific heat of dry air at constant pressure

(=1004.67 J kg−1 K−1)
cs specific heat of snow/ice (=4200 J kg−1 K−1)
csp1 to csp5 empirical parameters for snow dynamics,

with the values of 1 × 10−3, 2.1 × 10−2,1.5 × 10−3,
and 4.0 × 10−2 for csp1 to csp4, respectively; and
for csp5, it with values of 2 or 1 if melting is
underway or not

cw specific heat of water (=4200 J kg−1 K−1)
Cc heat capacity of canopy (J m−2 K−1)
Cice volumetric heat capacity of ice

(=2.05 × 106 J m−3 K−1)
Cs volumetric heat capacity of soil (J m−3 K−1)
Cs,l volumetric heat capacity of soil layer l

(J m−3 K−1)
Eg evaporation from the ground surface

(kg m−2 s−1)
Eg,s sublimation from snow or ice on the ground

surface (kg m−2 s−1)
Eg,w evaporation from puddled liquid water on the

ground surface (kg m−2 s−1)
Ei evaporation from the intercepted moisture

(kg m−2 s−1)
Eps potential evaporation from the soil surface

(kg m−2 s−1)
Es evaporation from the soil surface (kg m−2 s−1)
Etr vegetation transpiration (kg m−2 s−1)
Etr,l the rate of water extraction from soil layer l in

rooting zone by transpiration (m s−1)
Ex soil controlled ex-filtration (m s−1)
fo,l a volume fraction of organic matter in layer l (%)
fr,l a weighting function used in Eq. (30) and it is

expressed as in Eq. (31)
F soil moisture flow flux (m s−1)
Fb hydraulic flux through the bottom of model

domain (m s−1)
Fl−1,l, Fl,l+1 soil moisture flow fluxes between layers

l − 1 and l and between l and l + 1, respectively
(m s−1)

F0,1 hydraulic flux infiltrated to the underlying top
soil layer from the surface (m s−1)

G net energy flux at given interface (W m−2)

Gc net energy flux at the canopy level (usually
for changing canopy temperature, also termed
canopy heat storage) (W m−2)

Gl−1,l, Gl,l+1 conductive heat fluxes between layers l − 1
and l and between layers l and l + 1, respectively
(W m−2)

G0 net energy flux at the ground surface under
canopy (normally transmitted into soil layers)
(W m−2)

H sensible heat flux (W m−2)
Hc sensible heat flux from the canopy to the

boundary layer (W m−2)
Hg sensible heat flux from the ground to the

canopy and through it (W m−2)
Ia actual infiltration (m s−1)
Ilim the limiting value of infiltration rate after the

time to ponding (m s−1)
Ip the potential infiltration rate before ponding

commences (m s−1)
j the number that represents the soil con-

stituents present in the layer, equal to 1–5 for
liquid water, ice, minerals, organic materials,
and air, respectively

k soil hydraulic conductivity (m s−1)
kl soil hydraulic conductivity of layer l (m s−1)
kl,l+1 soil hydraulic conductivity between layers l and

l + 1 (m s−1)
ksat the saturated hydraulic conductivity (m s−1)
ksat,l the saturated hydraulic conductivity at layer l

(m s−1)
kt thermal conductivity (W m−1 K−1)
Kt,l, kt,l−1, kt,l+1 thermal conductivity of layers l, l − 1, l + 1,

respectively (W m−1 K−1)
kt,l,j thermal conductivity of a constituent j in layer

l (W m−1 K−1)
k0 soil hydraulic conductivity corresponding to �0

(see Eq. (47)) (m s−1)
l soil layer sequence number
LAI leaf area index (m2 m−2)
LAImax the maximum of LAI for specific land cover type

(m2 m−2)
LAImin the minimum of LAI for specific land cover type

(m2 m−2)
LAIshade leaf area index for shaded leaves (m2 m−2)
LAIsun leaf area index for sunlit leaves (m2 m−2)
m a dimensionless factor used in Eq. (50), depends

on soil texture, it is obtained from Stieglitz et al.
(1997) and Campbell and Norman (1998)

Mcb standing mass of the composite
biomass = Mcb,max for trees; =�gi × Mcb,max

for crops and grass (kg m−2)
Mcb,max the maximum standing mass of the composite

biomass (kg m−2)
Mci the amount of intercepted moisture (rain or

snow) on vegetation surfaces (kg m−2)
Mci,max the maximum amount of interception (rain or

snow) that can be stored on vegetation surfaces
(kg m−2)
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Mci,s mass of snow or ice intercepted on the canopy
(kg m−2)

Mci,w mass of water intercepted on the canopy
(kg m−2)

Msp weight of the overlying snow above a layer in
per unit area (kg m−2)

Mwps,M, Mwps,m parameters for the maximum and
minimum liquid water holding capacity of a
snow layer, 1.0 × 102 and 0.0 kg m−3, respec-
tively (kg m−3)

Mws liquid water holding capacity of a snow layer
(kg m−3)

n number of soil layers within vegetation rooting
depth

N number of soil layers considered within model
domain

P precipitation (m s−1)
Pint the rate of intercepted moisture by the canopy

(m s−1)
Ps percolate water supplied to the underlying soil

layers (m s−1)
Psu water fluxes supplied into the soil layers, such

as Pun, Ps, etc. (m s−1)
Pun precipitation rate at the ground surface (m s−1)
qa specific humidity of the air above the canopy

(kg kg−1)
ra aerodynamic resistance for heat and water

vapor fluxes above the canopy (s m−1)
ra,u aerodynamic resistance for heat and water

vapor fluxes under the canopy (s m−1)
rg ground surface resistance (s m−1)
rl stomatal resistance at leaf level (s m−1)
rl,sunlit leaf stomatal resistance for sunlit leaves (s m−1)
rl,shaded leaf stomatal resistance for shaded leaves

(s m−1)
Rn net absorbed radiation (W m−2)
Rnc net absorbed radiation by canopy (W m−2)
Rng net absorbed radiation by under-canopy ground

(W m−2)
Rsi in-coming shortwave radiation (W m−2)
RH air relative humidity (%)
sw a source/sink term for water-per-unit time

occurred at soil layers used in Eq. (34)
(m m−2 s−1)

sw,l a source/sink term for water-per-unit time
occurred at soil layer l, used in Eq. (37)
(m m−2 s−1)

S0 soil sorptivity (m s−1/2)
Sc a source (or sink) term for freezing or thawing

of moisture stored on the canopy (W m−2)
Se soil desorptivity (m s−1)
Ss a source (or sink) term for freezing or thawing

of moisture occurred at soil layers (W m−3)
Ss,l a source (or sink) term for freezing or thawing

of moisture occurred at soil layer l (W m−3)
t, th time in units of seconds and hours, respectively
tc corrected time of tr (s)

tp duration from the moment that rainfall event
occurs till the moment ponding commences (s)

tr a cumulative lasting time from the moment
that rainfall event occurs (s)

Ta air temperature (K)
Tc canopy temperature (K)
Tg temperature of the underlying ground surface

(K)
Ts, Tsp temperatures of soil and snowpack, respec-

tively (K)
Ts,l soil or snowpack temperature of layer l (K)
u wind speed (m s−1)
VPD the vapor pressure deficit (mbar)
z depth from the surface of ground or snowpack

if it is present (m)
z

top
l
, zbottom
l

depth of the top and bottom of layer l (m)
zp depth of pond on the soil surface (m)
zr vegetation rooting depth (m)
zref a reference height within the atmospheric

boundary layer (m)

Greek letters
ˇz solar zenith angle (arc)
� the psychometric constant

(=0.646 + 0.0006 × (Ta − 273.13)) (J kg−1 K−1)
�gi growth index = (LAI − LAImin)/(LAImax − LAImin)
ıt computing time step (s)
ıTs temperature change in soil layer l during com-

puting time step ıt (K)
ı�l volumetric liquid water content change in soil

layer l during computing time step ıt (m3 m−3)
� the rate of change of the saturated water vapor

pressure with temperature (mbar K−1)
� soil volumetric liquid water content (m3 m−3)
�i initial liquid water content (m3 m−3)
�l soil volumetric liquid water content of layer l

(m3 m−3)
�l,j volumetric fraction of a constituent j in layer l

(m3 m−3)
�0 water content extending from the wetting front

to the soil surface (m3 m−3)
� latent heat of vaporization (J kg−1)
�c the macroscopic capillary length (m)
�v the latent heat of vaporization of

water dependent on air temperature
(=(2.501 − 0.0024 × (Ta − 273.13)) (×106 J kg−1)

�s latent heat of sublimation at 0 ◦C (=2.83 × 106)
(J kg−1)

�w latent heat of vaporization (vapor:liquid)
dependent on air temperature
(=(2.501 − 0.0024Ta) × 106) (J kg−1)

�E latent heat flux (W m−2)
�Ec latent heat flux from the canopy to the bound-

ary layer (W m−2)
�Eg latent heat flux from the ground to the canopy

(W m−2)
�Ei evaporative latent heat flux from the inter-

cepted moisture to the boundary layer (W m−2)
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�Eip potential evaporative latent heat flux from the
intercepted moisture (W m−2)

�El latent heat flux from the individual leaves to
the boundary layer (W m−2)

�El,shade latent heat flux from the shaded leaves to the
boundary layer (W m−2)

�El,sun latent heat flux from the sunlit leaves to the
boundary layer (W m−2)

�Etr transpirative latent heat flux from the canopy
to the boundary layer (W m−2)

�a density of air (=1.225 kg m−3 at 15 ◦C)
�ice density of ice (=920 kg m−3)
�ns density of fresh snow (kg m−3)
�s,l soil bulk density of layer l (kg m−3)
�sp density of snowpack (kg m−3)
�spd threshold of snow density used in Eq. (23)

(=1.5 × 102 kg m−3)
�spe threshold of snow density used in Eq. (20)

(=2.0 × 102 kg m−3)
�w density of water (kg m−3)
�d daylength (s)
ϕ local slop angel (arc)
˚ the pore volume fraction (total porosity) of soil

(m3 m−3)
˚b the soil bubbling pressure (m)
˚l the pore volume fraction (total porosity) of layer

l (m3 m−3)
 soil moisture suction (potential) (m)
 l soil moisture suction at layer l (potential) (m)
 f soil moisture suction (metric head) at the wet-

ting front (m)
 l soil moisture suction of layer l (m)
 max the critical soil moisture at which transpiration

effectively ceases (wilting point; depending on
plants species, generally equals 150 m)

 sat effective saturated soil moisture suction (m)
 sat,l effective saturated soil moisture suction at

layer l (m)
 0 soil moisture suction (metric head) correspond-

ing to � (see Eq. (36)) (m)
0

˝ foliage clumping index

separation of vegetation from soil and the inclusion of
multiple soil layers for dynamic heat and moisture-flow sim-
ulations. In recent decades, the interactions among soil,
vegetation and climate have been studied intensively and
modeled successfully on the basis of water and energy trans-
fer in the soil–vegetation–atmosphere system (e.g., Sellers et
al., 1986; Dickinson et al., 1986; Verseghy, 1991; Verseghy et
al., 1993; Cox et al., 1999; Wang et al., 2002a,b; Zhang et al.,
2003). Also the construction and refinement of these kinds of
models have received increasing attention (e.g., Sellers et al.,
1996, 1997; Viterbo and Beljaars, 1995; Peart and Curry, 1998;

Friend et al., 1997; Christopher and Ek, 2004). Some impor-
tant parameters, such as land cover type (LC), leaf area index
(LAI) are usually prescribed in the existing LSMs (Wang et
al., 2002a). This kind of parameterization based on invari-
2 0 9 ( 2 0 0 7 ) 277–300

ant response surfaces, the use of “guesstimates”, as well as
missing dependencies between eco-physiological processes
and boundary conditions impacted by climate change are the
major shortcomings of the current LSMs (Christopher and Ek,
2004; Schwalm and Ek, 2001; Clark et al., 2001; Kickert et al.,
1999; Kley et al., 1999).

Remote sensing techniques, which inherently have the
ability to provide spatially comprehensive and temporally
repeatable information of the land surface, may be the only
feasible way to obtaining data needed for land surface and eco-
logical process modeling (Graetz, 1990; Sellers et al., 1996; Kite
and Pietroniro, 1996; Rango and Shalaby, 1999; Liu et al., 2003).
The most common rationale for interfacing remote sensing
and land surface-ecosystem models is using remotely sensed
data as model inputs (Plummer, 2000). These input data,
corresponding to forcing functions or state variables in eco-
logical modeling (Jørgensen, 1994), include LC, LAI, normalized
difference vegetation index (NDVI), and the fraction of photo-
synthetically active radiation (fPAR). The exist approaches have
taken part of these parameters to drive models (e.g., Running
and Coughlan, 1988; Sellers et al., 1996; Chiesi et al., 2002;
Loiselle et al., 2001). Another effort is the direct estimation of
gross/net primary productivity (e.g., Goetz et al., 1999; Seaquist
et al., 2003), of biomass (e.g., Bergen and Dobson, 1999; Bénié
et al., 2005; Seaquist et al., 2003) and of plant growth (Maas,
1988; Kurth, 1994), by making use of fPAR and NDVI. It has been
shown that the direct estimation has lower accuracy than the
integration of remotely sensed data with process based mod-
els (Goetz et al., 1999).

We developed a LSM based on remote sensing in this study,
which is named as ecosystem–atmosphere simulation scheme
(EASS). In addition to using LC, LAI, a foliage-clumping index
(˝), generated from satellite data, is first time applied to LSMs.
In EASS, ˝ is used to calculate the fraction of sunlit and
shaded leaves and then to characterize the effects of three-
dimensional canopy structure on radiation, water, and carbon
fluxes.

It is realized that the exchanges of water and heat at the
vegetated land surface are linked in nature to exchanges of
CO2 (Sellers et al., 1997; Wang et al., 2002b). In our effort in
understanding the impact of climate change on terrestrial
ecosystems and on global carbon balance, energy, water, and
carbon cycles need to be modeled simultaneously (Sellers et
al., 1996; Hutjes et al., 1998; Williams et al., 2001). Recently,
LSMs have thus been enhanced to include the CO2 flux
between the land surface and the atmosphere, such as SiB2
(Sellers et al., 1996), IBIS (Foley et al., 1996), NCAR-LSM (Bonan,
1995), BATS (Dickinson et al., 1998) and CLASS-C (Wang et
al., 2002b), though most of the ecosystem carbon processes
developed in current LSMs are still relatively simple. In this
study, the effects of climate, vegetation, ground features on
hydrological and carbon dynamics are quantified and inte-
grated on the basis of energy, water and carbon transfer in
the soil–vegetation–atmosphere system. When we coupled
the newly developed LSM (i.e., EASS) with an ecosystem model
named boreal ecosystem productivity simulator (BEPS) (Chen

et al., 1999; Liu et al., 1999, 2002), the simulation realism
and accuracy in carbon dynamics are enhanced significantly.
Moreover, realistic simulations in the surface sensible heat
flux are critical for modeling the planetary boundary layer
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PBL). By coupling the EASS model with an atmospheric trans-
ort model (vertical diffusion scheme: VDS), we are able to
chieve a greater degree of realism in simulated diurnal and
easonal variation of CO2 than had previously been possi-
le (Chen et al., 2004, 2005a, 2006a,b, 2007; Chen and Chen,
007). Overall, this process-based land surface scheme (EASS)
as the following characteristics: (i) satellite data are used
o describe the vegetation phenology, type, structure (clump-
ng) and density; (ii) energy and water exchanges and carbon
ssimilation in the soil–vegetation–atmosphere system are
ully coupled and are simulated simultaneously. In energy
ux estimation, we modified the “big-leaf model” by strat-

fying sunlit and shaded leaves, to be consistent with the
hotosynthesis-conductance model; (iii) snow and soil sim-
lations are emphasized by including a flexible and multiple

ayering scheme. The EASS model has been tested and vali-
ated against multiple-year observed data at several sites. We
n purpose calibrate and validate this model in 30-min time
teps, using multiple-year continuous observations at sites in
he southern study area of the Boreal Ecosystem–Atmosphere
tudy (BOREAS) because the majority of the existing LSMs
ave been validated under PILPS for short periods under tem-
erate or warm climate (Henderson-Sellers et al., 1995; Chen
t al., 1997; Saunders et al., 1999; Gustafsson et al., 2003).
oreover, EASS has been coupled with an atmospheric gen-

ral circulation model named GEM (Côté et al., 1998a,b). This
aper intends to describe this model formulation and a suite
f offline tests for multiple-year periods. We focus on com-
arisons with measured latent and sensible heat fluxes that
epresent aggregated areal fluxes. However, comparisons with
bserved temporal variations at individual sites (soil temper-
ture, soil water content, and stand transpiration) are also
resented, since these contribute to an understanding of

mprovements and limitations in the present LSM. Results
f coupling EASS to GEM, application of EASS to Canada’s

andmass, spatial scaling issues, performance of the coupled
ASS-BEPS model in improving carbon flux estimation, are
eported in Chen et al. (2007).

. Model description

.1. Outline of the model

ASS is based on a single vegetation canopy overlying a seven-
ayer soil, including physically based treatment of energy and

oisture fluxes from the vegetation canopy and through it. It
lso incorporates explicit thermal separation of the vegetation
rom the underlying ground. Similar to some former models
e.g., Dickinson et al., 1986; Toconet et al., 1986; Tjernatrom,
989), EASS treats the vegetation cover as a single layer (Thom
nd Oliver, 1997) rather than lumping it together with the
round. Moreover, EASS includes a scheme with stratification
f sunlit and shaded leaves to avoid shortcomings of the “big

eaf” assumption (De Pury and Farquhar, 1997; Liu et al., 2003).
t has been referred as a “two-leaf” canopy model (Norman,

980; Chen and Coughenour, 1994; Chen et al., 1999; Liu et al.,
997, 1999, 2002, 2003). Canopy and soil parameters, as model
nputs, are derived from satellite imagery and a database of
oil textural properties (Shields et al., 1991). EASS follows and
9 ( 2 0 0 7 ) 277–300 281

further develops the algorithms embedded in FOREST-BGC
(Running and Coughlan, 1988) to describe the physical and bio-
logical processes in vegetation. With spatially explicit input
data on vegetation, meteorology and soil, EASS can be run
pixel by pixel over a defined domain, such as Canada’s land-
mass, or any of its parts, or the globe. Similar to BESP (Liu et
al., 2003), it has flexible spatial and temporal resolutions, as
long as the input data of each pixel are defined.

The overall model structure is shown in Fig. 1. We consid-
ered the vertical profile of soil, vegetation (if present) and the
atmosphere as an integrated system with two interfaces. In
EASS, the energy balance and water balance are coupled, and
both of them are discussed separately at two levels: canopy
and underlying ground (Fig. 1). In compromise with limitations
of available spatial data, we assume that environmental and
plant conditions are horizontally uniform within the finest
simulation unit (pixel) and lateral interactions among pix-
els are negligible. Thermal and moisture dynamics therefore
can be determined by vertical energy and water fluxes. To
accommodate using satellite data as model inputs, a single
vegetation layer is considered in EASS, and yet the multi-layer
scheme for energy exchanges and water transfers through the
soil profile and the snowpack (if present) is introduced into
EASS. The number of snow and soil layers and the depth of
each layer are user-defined according to soil physical struc-
tures distributed in the profile and application objectives and
so forth. The number of snow layers is adjusted according to
snow depth. In the current study, the soil profile, including
forest floor (if it is forest), organic layers, and mineral soil lay-
ers, is divided into seven layers and the thickness of the layers
increases exponentially from the top layer to the sixth layer
(equals to 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 m, respectively). The
first six soil layers with a total depth of 3.15 m are set to ensure
the complete simulation of energy dissipation in the soil col-
umn. The division of soil layers is applied to the snowpack
if present. The total depth of snowpack is updated at every
computing time step. When the thickness of snowpack is thin-
ner than 5 cm, it is treated as part of the first soil layer and is
weighted to obtain the grid cell values.

EASS is forced by near-surface weather variables at
a reference level zref within the atmospheric boundary
layer, including air temperature, relative humidity, in-coming
shortwave radiation, wind speed, and precipitation. Some
parameters of vegetation, such as LC, LAI, and˝, are also gen-
erated from satellite data using the algorithms developed by
Chen and Cihlar (1996) and Chen et al. (2002, 2003, 2005b). LAI
is updated every 10 days to capture phenology, and˝ can also
be made time varying when there will be sufficient multiple
angle remote sensing data in the near future.

The most important parameter is LC as it is required in
defining other land surface parameters. These parameters
include vegetation height, canopy roughness length, canopy
zero plane displacement, standing mass, leaf-angle distri-
bution factor, ground roughness length, and rooting depth,
etc. The land cover type for each pixel is identified as 1 of
10 classes based on the original 31 classes in Cihlar et al.

(1999). The 10 classes include coniferous forest, mixed for-
est (mixture of coniferous and deciduous forest), deciduous
forest, shrub land, burned area, barren land, cropland, grass-
land, urban area, and permanent snow/ice area. The land
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Fig. 1 – Structure of the EASS model. Three components (soil, vegetation and the atmosphere) are considered in EASS,
which are integrated with two interfaces. The right panel illustrated energy fluxes between these three components. LE, H,
Rs, Rl, and G are the latent heat flux, sensible heat flux, shortwave radiation, longwave radiation, and soil conductive heat
flux, respectively; the subscripts g and c present the energy fluxes at soil–canopy and canopy–atmosphere interfaces,
respectively. The left panel describes soil water fluxes. The symbol F represents conductive water flux between soil layers,

to th
botto
and F0 represents the incoming water flux from the surface
the water exchange (drainage or capillary rise) between the

cover map of Canada is generated to provide an up-to-date,
spatially and temporally consistent national coverage. The
data source is the advanced very high resolution radiometer
(AVHRR) onboard NOAA 14 satellite.

Soil texture is crucial to soil properties, such as soil water
content at saturation (porosity), soil water potential at satura-
tion, soil thermal and hydraulic conductivities at saturation,
etc. we classified soil texture into 11 categories in EASS fol-
lowing Campbell and Norman (1998), Rawls et al. (1992), and
Kucharik et al. (2000). Data on soil texture (silt and clay frac-
tion) are obtained from the Soil Landscapes of Canada (SLC)
database, the best soil database currently available for the
country (Shields et al., 1991; Schut et al., 1994; Tarnocai, 1996;
Lacelle, 1998). The soil textural data for each EASS layer are
directly from SLC version 2.0 (Tarnocai, 1996; Lacelle, 1998). To
generate these data layers with the same projection and reso-
lution as for other datasets, the original vector data in SLC are
joined, reprojected and rasterized using the ArcGIS geographic
information system.

2.2. Energy balance and thermal dynamics

2.2.1. Energy balance equations
In general, the surface energy balance at any physical sur-
face can be described as Eq. (1) (the equations are listed in

Table 1, and the definitions of the variables are listed in Nome-
clature). The vegetation cover and the under-canopy ground
are treated as different layers in EASS. Similar to some former
models (Tjernatrom, 1989; Verseghy et al., 1993), we assume
e top soil layer (i.e. the actual infiltration rate I), and Fb is
m soil layer and the underground water.

that heated air rising from the ground below vegetation cannot
pass through the canopy without warming it but water vapor
rising from the ground can pass through the canopy without
condensing on the foliage (Fig. 1). So the energy balance at
canopy–atmosphere and soil–atmosphere (under the canopy)
interfaces can be expressed as Eqs. (2) and (3), respectively.

Boreal forests are typically highly clumped. We modified
‘the one-larger vegetation model’ to calculate radiation trans-
fer and interception with stratification of sunlit and shaded
leaves for estimating energy fluxes, to be consistent with the
photosynthesis conductance model. This consistency is found
to be particularly important when transpiration is used as an
additional constraint on estimation of gross primary produc-
tivity of a stand. The net absorbed radiation calculations in
EASS for the canopy (Rnc ) and the under canopy ground surface
(Rng ) are discussed in Appendix A.

The sensible heat flux is modeled using the bulk aerody-
namic approach. The sensible heat fluxes from the canopy to
the boundary layer and from the ground to the canopy are cal-
culated using Eqs. (4) and (5), respectively. The estimation of
aerodynamic resistance is discussed in Appendix B.

The transpirational latent heat flux at the leaf level (�wEl)
is estimated on the basis of Penman–Monteith equation
(Monteith and Unsworth, 1965) (Eq. (6)) for sunlit and shaded
leaves separately. The leaf stomatal resistance for water vapor

(rl, in s m−1) in Eq. (6) is calculated using a modified version
of the Ball–Woodrow–Berry (Ball et al., 1987) empirical model.
The rl for sunlit (rl,sunlit) and shaded (rl,shaded) leaves is explic-
itly constrained by their leaf net photosynthesis assimilation
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Table 1 – Equations used in the model

Energy balance
0 = G+ Rn + �E+H (1)
0 = Gc + Rnc +Hc + �Ec −Hg (2)
0 = G0 + Rng +Hg + �Eg (3)

Hc = �acp(Ta − Tc)
ra

(4)

Hg = �acp(Tc − T0)
ra,u

(5)

�El =
[

Rnc + �cpVPD/ra


+ �(1 + rl/ra)

]
(6)

�Ec = �w/sEi + �wEtr (7)
�Ei = min(�w/sEip, �w/sMci) (8)
�Etr = �wEl,sunLAIsun + �wEl,shadeLAIshade (whenMci = 0) (9)

LAIsun = 2 cos ˇz

[
1 − exp

(−0.5˝LAI
cos ˇz

)]
(10a)

LAIshade = LAI − LAIsun (10b)

Thermal dynamic of canopy and soil profile

Cc
∂Tc

∂t
= Gc + Sc (11)

Cc = ccMcb + cwMci,w + csMci,s (12)

Cs
∂Ts

∂t
= ∂

∂z

(
kt
∂Ts

∂z

)
+ Ss (13)

Cs,lıTs,l

ıt
= Gl−1,l − Gl,l+1

Dl + Ss,l
(l = 1,2,3, . . . , N− 1) (14)

Gl−1,l = G0,1 = G0 (l = 1) (15)

Gl−1,l = (0.5kt,l−1 + 0.5kt,l)(Ts,l−1 − Ts,l)
(0.5Dl−1 + 0.5Dl)

(l = 2,3,4, . . . , N) (16)

Cs,l =
5∑
j=1

Cl,j�l,j (17)

Cs,l = 2.0 × 103�s,l

2.65
+ 4.2 × 106�l,w + 2.5 × 106fo,l (18)

kt,l =
5∏
j=1

k�l,jtl,j
(19)

Snowpack and its dynamics

Mwsp = max
(
Mwsp,m(Mwsp,M −Mws,m)

�spe − �sp

�sp

)
(20)

�ns = max(50, (50 + 1.7(Ta − 258.13)1.5)) (21)

∂�sp

∂th
= �spcsp1 exp(−0.08(273.13 − Tsp))Msp exp(−csp2�sp) (22)

∂�sp

∂th
=

{
csp5csp3�sp exp(csp4(Tsp − 273.13)) (�sp ≤ �spd)
csp5csp3�sp exp(csp4(Tsp − 273.13)) × exp[4.6 × 10−3 (�spd − �sp)] (�sp > �spd)

(23)

Csp = Cice�sp

�ice
(24)

kt,sp = 2.576 × 10−6�2
sp + 0.074 (25)

Moisture regime
Mci,max = avLAI (26)

Pint =
{
P[1 − exp(−˝LAI)] (Mci < Mci,max)
0 (Mci = Mci,max)

(27)

Pun = P− Pint (28)
Mci(t) = min([Mci(t − 1) + (Pun�w/ns − Ei,c)ıt], [Mci,max]) (29)

Etr,l = fr,lEtr

�w
(30)

fr,l = �l,r[ max −  l]∑n

l=1
�l,r[ max −  l]

(31)

�l,r = exp(−3.0ztop
l

) − exp(−3.0zbottom
l

)

1 − exp(−3.0zr)
(32)

F = k

(
∂ 

∂z
+ 1

)
(33)

∂�

∂t
= ∂F

∂z
+ sw = ∂

∂z

[
k

(
∂ 

∂z
+ 1

)]
+ sw (34)
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Table 1 (Continued )

k = ksat

[
�

˚

](2b+3)

(35)

 =  sat

[
�

˚

]−b
(36)

ı�l
ıt

= Fl−1,l − Fl,l+1 − Etr,l

Dl
+ sw,l (l = 1,2,3, . . . , N) (37)

Fl−1,l = kl−1,l( l−1 −  l)
(0.5Dl−1 + 0.5Dl) + kl−1,l

(l = 2,3,4, . . . , N− 1) (38)

kl−1,l =
[
kl−1 l−1 + kl l
 l−1 +  l

][
bl−1 + bl

bl−1 + bl + 6

]
(l = 2,3,4, . . . , N− 1) (39)

Fl,l+1 = Fb = sin ϕksat,l

(
�l
˚l

)(2b+3)

+ 0.001
(
�sat,lDl
�d

)(
�l
˚l

)
(l = N) (40)

Fl−1,l = F0,1 =
{

min[(Pun − Es/�w + Ps), Ip] (zp = 0)
Ilim (zp > 0)

(l = 1) (41)

∂zp

∂t
= Pun − Es

�w
+ Ps − Ia − Eg,w

�w
(42)

Ip = k0( 0 −  f)(�0 − �i)
Psu − k0

(43)

Ilim = S0t
1/2
c (44)

 f = �c

2B
(45)

S0 = [(�0 − �i)(k0 − ki)�c]1/2

B
(46)

tc = tr + Ip − ( 0 −  f)(�0 − �i) ln((1 + Ip)/( 0 −  f)(�0 − �i))

k0
− tp (47)

Es = min(Eps, Ex) (48)
E = S t−1/2 (49)
s e

Se = �w

[
8˚ksat˚b

3(1 + 3m)(1 + 4m)

]1/2[
�

�

](m/2+1)

(see Appendix B) because the photosynthesis rate for sun-
lit and shaded leaves can be very different due to their
differences in radiation interception and the leaf surface
micro-environmental conditions (Chen et al., 2007). The tran-
spirational latent heat and vegetation water exchange are
consequently coupled to carbon dynamics. The transpira-
tional latent heat flux of the canopy (�wEtr) is the sunlit and
shaded LAI weighted sum of the leaf-level �wEl (Eq. (9)). The
total canopy latent heat flux is the sum of evaporative latent
heat flux (�Ei) and canopy transpirational latent heat flux
(�wEtr) (Eq. (7)). The intercepted water in the canopy is con-
sumed by the evaporative latent heat flux. �Ei is estimated
as the minimum of the potential evaporative heat flux (�Eip,
using Eq. (6) by changing rl to 0, and selecting �w or �s for
liquid water or snow, respectively) and the amount of inter-
cepted water (rain or snow) on vegetation surfaces (Mci, see
Section 2.5.1) (Eq. (8)). We simply assume that transpiration
is subject to evaporation of the intercepted water. The tran-
spirational latent heat flux (�wEtr) is calculated using Eq. (9)
from individual sunlit and shaded leaves. It is noted that this
value calculated using Eqs. (6) and (9) is the potential tran-
spiration. The actual transpiration Etr is controlled by both of
the climate and the soil water conditions. Transpiration con-
sumes water in the root zone and is subject to the amount
of available soil water for plant uptake (i.e., above the wilt-
ing point). The partitioning of total tree LAI into sunlit and
shaded portions is a function of ˝ and cosine of solar zenith

angle (ˇz) (Eq. (10)) (Norman, 1982; Chen et al., 1999). The latent
heat flux from the ground (�Eg) is estimated on the basis of
Penman–Monteith equation (Monteith and Unsworth, 1965)
(Eq. (6)) by replacing the leaf stomatal resistance with the
(50)

ground surface resistance, which is a function of soil moisture
(Sun, 1982). rg is set to 0 s m−1 when the surface is covered by
snow.

2.2.2. Thermal dynamics of canopy and soil profile
2.2.2.1. Canopy temperature. The change in canopy tempera-
ture can be calculated using Eq. (11). An internal heat source
or sink term Sc for freezing or thawing of moisture stored on
the canopy (see Section 2.4) is considered as well. The heat
capacity of vegetation (Cc) in Eq. (11) is a weighted sum of the
standing mass in the canopy and intercepted water or/and
snow on the canopy (using Eq. (12)).

2.2.2.2. Heat conduction in soil profiles. The thermal dynam-
ics of the soil profile is determined by numerically solving the
one-dimensional (vertical direction) heat conduction equa-
tion (Eq. (13)). An internal heat source or sink term (Patankar,
1980) is included in the equation as well. Convective heat
transfer with water flow is not considered in the model. Eq.
(13) is solved numerically by converting it to an explicit form
(Eqs. (14)–(16)) for more efficient calculation. The time steps of
30 min or less are used in the model so that the calculation is
stable. The heat capacity (Cs,l) of a soil layer l is calculated from
the heat capacities (Cl,j) of liquid water, ice, minerals, organic
materials, and air present in the layer, weighted according to
their respective volumetric fractions �j (Eq. (17)). In case of no
ice present in a layer, the soil volumetric heat capacity C of
s,l

layer l can be calculated with reasonable accuracy from the
volumetric water content �l,w and the soil bulk density �s,l by
Eq. (18) with a volume fraction fo,l of organic matter (Hillel,
1980a,b). The thermal conductivity of soil layer is determined
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ollowing the method of Johansen (1975), as recommended by
ariouki (1981) (Eq. (19)). To solve the heat conduction equa-
ion (Eq. (13)), we need to define the upper and lower boundary
onditions. The net energy flux at the ground surface under
anopy (G0 in Eq. (3)) is assumed to be transmitted into soil
ayers as the upper boundary condition (Eq. (14)). It is assumed
hat the temperature remains almost constant at the damp-
ng depth (Dh). In other words, Dh is a constant characterizing
he decrease in amplitude with increasing distance from the
oil surface. It is defined as (2Td/ω)1/2, where ω is the fre-
uency of a temperature fluctuation. For annual fluctuation
= 2�/365 day−1. The thermal diffusivity Td is the change in

emperature produced in a unit volume by the quantity of
eat flowing through the volume in unit time under a unit
emperature gradient. It can be calculated from thermal con-
uctivity (kt) and volumetric heat capacity (Cs) as kt(�Cs)−1. At
depth z =�Dh, the phase difference is � from the surface,

.e., the temperature wave is exactly out of phase with the
ave at the surface (Monteith and Unsworth, 1990). Different

rom most LSMs which set adiabatic condition as the lower
oundary condition, e.g., SIB (Masayuki and Takayuki, 2004),
e treat the soil layer at depth of 0.5�Dh as a temperature-

onstant layer. The soil temperature of this layer is set equal
o a value of the annual average air temperature at the height
f zref.

.3. Snowpack and its dynamics

n the EASS model, the thermal regime of the snowpack is
istinguished from that of the underneath soil if its thickness

s greater than 5 cm. The snowpack is modeled as a part of
he profile for heat conduction, using the same equations for
hermal dynamics in Section 2.2.2. Snowfall is determined by
recipitation and air temperature. The amount of snow inter-
epted by the vegetation canopy and lost through sublimation
s discussed in Section 2.5.1. The thickness of snowpack is cal-
ulated on the basis of the amount of snow (water equivalent)
nd snow density on the ground. The amount of snow is the
alance of snowfall and snowmelt. The amount of snowmelt

s estimated on the basis of the available energy. We define
he snowpack temperature of layer l solved by Eq. (13) with-
ut considering the thawing/freezing effects (assume Ss,l = 0)
s apparent temperature T′

s,l. If T′
s,l > 0 ◦C, energy is avail-

ble for snowmelt. Ts,l is then reset to 0 ◦C. In this case, the
uxes affected by surface temperature are recalculated, and
he excess energy is assumed to be available for snowmelt.
he melted water at layer l will percolate to a deeper layer

f the liquid water content of this layer exceeds its holding
apacity (Anderson, 1976). The liquid water holding capac-
ty of a snow layer is calculated following Kongoli and Bland
2000) using Eq. (20). If this case occurs at the bottom layer
f the snowpack profile, the percolating water will be sup-
lied to the underlying soil. This water may infiltrate into
oil or accumulate on soil surface depending on percolating
ate (Ps) and the infiltration capacity (see Section 2.5.2). The
ensity of fresh snow is estimated depending on air temper-

ture with a threshold of −15 ◦C following LaChapelle (1969)
Eq. (21)). The change of snow density in each layer is sim-
lated considering compaction (Eq. (22)) (Mellor, 1977) and
estructive metamorphism (Eq. (23)) (Anderson, 1976; Kongoli
9 ( 2 0 0 7 ) 277–300 285

and Bland, 2000). The effects of liquid water is also consid-
ered by the parameter (csp5) in Eq. (23) (Kongoli and Bland,
2000; Anderson, 1976). The heat capacity of a snow layer is
estimated from the heat capacity of ice and the densities
of snow and ice (Eq. (24)). The effective of thermal conduc-
tivity of each snow layer is determined from �sp using Eq.
(25) fitted to field measurements presented in Mellor (1977).
The thickness of snowpack is updated every day on the basis
of the amount of snow (water equivalent) and its density
profile.

2.4. Thawing and freezing

It is assumed that thawing or freezing occurs when tempera-
ture crosses 0 ◦C if there is available ice or water. The internal
heat source or sink term (or latent heat of fusion) (Sc in Eq. (11)
or Ss in Eq. (13)) is considered if thawing or freezing occurs. The
thawing or freezing of water in soil and intercepted by canopy
is simulated in a similar way as for snowmelt. The amount of
thawing or freezing at each computing time step is estimated
on the basis of the amounts of available energy and ice/snow
or water. If there is water (rain or snow) stored on vegetation
canopy surfaces (Mci > 0) (see Section 2.5.1), the canopy tem-
perature calculated using Eq. (11) without considering thawing
and freezing processes is called apparent temperature, T′

c. The
effects of thawing or freezing on the apparent temperature are
calculated based on energy conservation. Latent heat released
or absorbed during freezing or thawing must equal the amount
of heat required for the canopy apparent temperature change
to reach a “new” (actual) energy balance. All the energy fluxes
in Eq. (2) are re-computed by replacing T′

c with Tc. For the case
of thawing (Mci,s > 0 kg m−2 and T′

c > 0 ◦C), if the available heat
(Cc(T′

c − 0)) is less than thawing all the snow/ice storage on the
canopy (Mci,s), the canopy temperature is set to 0 ◦C, and Mci,s is
reduced according to the available energy; otherwise all the ice
will be melted and the remaining heat will be used to increase
canopy temperature. A similar procedure is conducted for the
freezing case.

We model the thawing and freezing processes in the soil
profile in a similar way as for canopy. Soil volumetric water
content (�) is updated using Eq. (37) (see Section 2.5.2). The
fractions of liquid water and ice in a layer are explicitly deter-
mined and the heat capacity of the soil is estimated at each
time step according to the fraction of liquid water and ice
content. The depth of thawing or freezing is determined on
the basis of the fractions of liquid water and ice in soil layers
(Zhang et al., 2003).

2.5. Moisture regime

2.5.1. Moisture storage on the canopy and
evapotranspiration
It is assumed that precipitation is either rainfall or snow-
fall with a separating threshold of air temperature at 0 ◦C
(Kongoli and Bland, 2000). Precipitation arriving at the vege-
tation canopy is either intercepted by foliage or falls to the

ground through gaps in the canopy. The maximum amount of
interception (rain or snow) that can be stored on vegetation
surfaces (Mci,max), the rate of interception by the canopy (Pint),
and precipitation rate at the ground surface (Pun), depend on
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a number of factors, such as vegetation type, canopy archi-
tecture, LAI, ˝, precipitation intensity, and wind speed, etc.
However, field observations reported in the literature indicate
that they are mainly determined by LAI and ˝. The simple
relationship (Eqs. (26) and (27)) works well for both rain and
snow and for a wide variety of vegetation types and pre-
cipitation events. Vegetation interception proceeds with the
rate Pint, and the excess precipitation falls through gaps in
the canopy to the ground with the rate Pun until Mci,max is
reached. After this point, all the precipitation reaches the
ground (Eq. (28)). The actual amount of intercepted moisture
(rain or snow) on vegetation surfaces (Mci) is the balance of Pint

and Ei (Eq. (29), selecting �w or �ns for rainfall or snow, respecti-
vely).

As discussed above, the evapotranspiration from the
canopy is assumed, for the sake of simplicity, to deplete the
interception first, since the associated resistance is less. When
the intercepted water has been exhausted by evaporation,
transpiration consumes water from the soil layers in the root
zone. We introduce Eq. (30) to partition the total actual transpi-
ration (Etr) (see Section 2.2.1) into the rate of water extraction
from each soil layer l in the rooting zone (Etr,l) (Verseghy et al.,
1993; Feddes et al., 1974). A weighting function fr,l in Eq. (30) is
defined on the basis of the fraction volume of roots �l,r and the
soil moisture suction  l in that layer (Eq. (31)). By assuming
that �l,r at the ground surface and at vegetation rooting depth
zr equal to 1 and 0, respectively, �l,r can be estimated using Eq.
(32). When no snowpack and no puddles are present, soil evap-
oration Es (see Section 2.5.2) occurs and consumes water from
the top layer first, and then proceeding through underlying
layers.

2.5.2. Soil water dynamics
Water movement in soils occurs under both saturated and
unsaturated conditions (Fig. 1). Saturated conditions occur
below the water table where water movement is predomi-
nately horizontal. In compromise with limitations of available
spatial data, we adjust the water table as the bottom of
model domain for soil water transfer calculation if the water
table is higher than the bottom of model original domain.
Similar to most LSMs (e.g., NEST, Zhang et al., 2003), water
vapor movement and liquid water movement in response
to temperature gradients are ignored. Water movement in
soils obeys Darcy’s law. Water fluxes between unsaturated
layers are simulated using the modified Darcy’s equation by
Buckingham (1907) for unsaturated flow (Eq. (33)). The change
in soil volumetric water content � is determined by numer-
ically solving the one-dimensional Richards equation (Eq.
(34)) (Richards, 1931). The hydraulic conductivity k and soil
moisture suction  are estimated on the basis of soil vol-
umetric water content and soil texture (Eqs. (35) and (36))
(Campbell, 1974; Clapp and Hornberger, 1978). kl is set to
zero when the simulated temperature for this layer is below
0 ◦C (Williams and Smith, 1989). The parameters (b, ˚, ksat

and  ) are determined by soil texture. These parameters are
estimated on the basis of statistically derived relationships

with soil texture presented in Cosby et al. (1984) and Clapp
and Hornberger (1978) for mineral soils, and Ogee and Brunet
(2002) and Letts et al. (2000) for forest floor and peat layers,
respectively.
2 0 9 ( 2 0 0 7 ) 277–300

Eqs. (33) and (34) are solved numerically by converting them
to the explicit forms of Eqs. (38) and (37), respectively, for effi-
cient calculations. The hydraulic conductivity between two
layers is estimated using weighting methods on the basis of
these two layer’s moisture suctions (Milly and Eagleson, 1982).
We modify Milly and Eagleson’s equation with specific b values
of these two layers (Eq. (39)).

To solve the one-dimensional Richards equation (Eq. (34)),
we need to define the upper and lower boundary conditions.
The drainage of water out of the bottom of the soil column
as the lower boundary condition is given by Eq. (40) (Sellers
et al., 1996). For our 1D model water lateral flow is ignored
therefore the local slop angle ϕ equals 0 in Eq. (40). The upper
boundary condition is controlled by the actual infiltration rate
Ia from the surface to soil layers and actual evaporation Es

which ex-filtrates water from soil layers. The model currently
assumes a flat landmass with no runoff on the ground. In the
case the surface water supply (e.g., rainfall) exceeds Ia, we
assume that a puddle occurs. Under conditions when there
is no puddle on the soil surface, the surface condition is deter-
mined by both of the water “supply fluxes” (such as rainfall,
irrigation, Es, etc.) and the potential infiltration Ip. Otherwise,
under ponded condition Ia is subject to the infiltration capacity
Ilim (Eq. (41)). The depth of ponding zp is estimated on the basis
of water equivalent equation (Eq. (42)). Both of the Ip (before
ponding commences) and Ilim (after ponding tp) are controlled
by soil hydraulic properties (Hillel, 1980a,b). During the early
stages of a rainfall event before ponding occurs, the infiltration
rate is estimated based on a simplified equation first pro-
posed by Green and Ampt (1911) as implemented by Mei and
Larson (1973) (Eq. (43)). After ponding, the actual infiltration
rate is calculated using Eq. (44)) following Philip (1957). The
macroscopic capillary length is determined by soil physical
properties (Eq. (45)). The soil sorptivity and the corrected time
in Eq. (44) are estimated using the method of Radcliffe and
Rasmunssen (2000) with Eqs. (46) and (47), respectively. In case
there is no water supply (e.g., precipitation, irrigation, puddled
water, etc.), the surface upper boundary condition is switched
to evaporation Es from soil surface. Es is subject to both the
potential evaporation Eps (also called climate-controlled) and
the soil-controlled exfiltration rate Fs. Es is calculated using Eq.
(48) following Eagleson (1978). Eps is estimated using Eq. (6) by
replacing leaf stomatal resistance with soil surface resistance,
Fs is calculated using the method of Entekhabi and Eagleson
(1989) (Eqs. (49) and (50)).

3. Dataset for model tests and evaluation

EASS model tests have been conducted for Canada’s land-
mass using gridded meteorological variables, and EASS has
been coupled with an atmospheric general circulation model
GEM (Chen et al., 2007). Offline model tests with a 30-min time
step for multiple years were done by comparing with the field
measurements at two sites in Canada.
3.1. Site descriptions

Both of the sites used for EASS calibration are located at
the Southern Study Area of BOREAS, Saskatchewan, Canada.
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Fig. 2 – Annually averaged diurnal composites of simulated
canopy temperature (Tc) and observed air temperature (Tair)
e c o l o g i c a l m o d e l l i n

ne site (53.6◦N, 106.20◦W) is covered by deciduous forest of
spen (Populus tremuloides), with an understorey dominated by
azelnut (Corylus cornuta) (hereafter refer to the OA site). The
verstorey has an even age (∼70 years old) with a mean canopy
eight of 21.5 m and a stem density of 860 stems ha−1. Previous
lacial erosion left the region with a gently rolling topography.
his site is moderately well drained. Another site (53.92◦N,
04.69◦W) is a coniferous forest of jack pine (Pinus Banksiana)
hereafter refer to the OJP site).

We selected these two sites because of detailed data for
odel validation. The measurements made for these two

owers are outlined as follows. Half-hourly eddy correlation
ux measurements of sensible heat, latent heat, and CO2

uxes were made above and under the canopy using a triple-
xis Applied Technology sonic anemometer and an infrared
bsorption spectrometer. Photosynthetically active photon
ux density and the net radiation balance were measured
bove the forest with a quantum sensor (LiCor model LI-
90S) and a net radiometer (Swissteco Model S-1 or REBS
odel 6), respectively. Meteorological variables were also mea-

ured and stored as half-hour averages to coincide with the
ux measurements. Half-hourly averaged soil temperatures
ere measured with two multi-level thermocouple probes.
ensors were spaced logarithmically at 2, 4, 8, 16 and 32 cm
elow the surface at the OJP site, while at depths of 2, 5, 10,
0, 50, and 100 cm at the OA site. Whereas the soil water
ontent was measured at 4 h intervals at depths of 0–15,
5–30, 30–60, 60–90 and 90–120 cm. Further detailed descrip-
ions and measurements about these two sites are reported
y Black et al. (1996), Blanken et al. (1997), and Baldocchi et al.
1997a,b).

.2. Dataset for model inputs

he multiple-year continuous meteorological variables
bserved above the canopy at these two sites are used to drive
ASS. But vegetation parameters (i.e., LC, LAI) are derived
rom satellite images at 1-km resolution (directly from AVHRR
mages, or up-scaling from Landsat TM) instead of directly

sing observed canopy data. Soil properties for these two
elect sites are obtained from SLC database version 1.0 and
.0 (Tarnocai, 1996; Lacelle, 1998). Vegetation foliage clumping
ignificantly alters its radiation environment and therefore

Table 2 – Regression results between modeled and observed ha
1999–2002a

OA site

r2 RMSE (W m−2)

Rn �E H Rn �E H

1999 0.95 0.71 0.83 37.3 39.7 35.7
2000 0.92 0.63 0.66 94.3 49.6 88.7
2001 0.94 0.75 0.70 35.5 28.6 38.4
2002 0.91 0.73 0.72 30.4 30.7 41.2

a r2 is the squared linear regression coefficient; RMSE is the root mean squ

maximum of 17,520 with 5–15% reduction of missing observed data.
above the canopy. (a) and (b) are for the OA site and the OJP
site, respectively.

affects water and heat as well as carbon cycle. The clumping
index ˝ quantifies the level of foliage grouping with distinct
canopy structures, such as tree crowns, shrubs, and row crops,
relative to a leaf spatial random distribution. Mapping of ˝
for Canada’s landmass is approached using multi-angular
POLDER 1 data on a methodology documented by Chen et al.
(2005b).

3.3. Dataset for comparisons

The observed energy fluxes at the sites, such as net radia-
tion, latent and sensible heat fluxes are used to compare with
model outputs. The simulated fluxes represent aggregated
areal fluxes around the tower. We also made comparisons of
measured soil temperature, soil water content, and evapotran-

spiration with model simulation, though these observations
represent smaller areas than the simulations which represent
areal averages surrounding the observation tower (around
1 km2).

lf-hourly energy fluxes at OA and OJP sites during

OJP site

r2 RMSE (W m−2)

Rn �E H Rn �E H

0.89 0.70 0.74 26.4 20.4 29.7
0.91 0.64 0.81 34.3 25.3 23.8
0.88 0.73 0.78 26.1 21.7 26.4
0.92 0.69 0.79 26.9 23.2 24.3

are error =

√
1/n

∑N

i=1
[Cmod(i) − Cobs(i)]2. The sample number is the
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Fig. 3 – Monthly averaged diurnal composites of modeled and ob
Net radiation (Rn); (b) latent heat (�E); (c) sensible heat (H).

Fig. 4 – Simulated (lines) and tower measured (symbols)
half-hourly fluxes of net radiation (Rn), sensible heat (H),
and latent heat (�E) over the canopy in the early growing
season in 2001 at the OA site; H and �E are positive
downwards conveniently.

Fig. 5 – Simulated (lines) and tower measured (symbols)
half-hourly fluxes of net radiation (Rn), sensible heat (H),
and latent heat (�E) over the canopy in the mid-growing
season in 2001 at the OA site; H and �E are positive
downwards conveniently.
served energy fluxes for the year 2001 at the OA site. (a)

4. Results and discussion

4.1. Synoptic and diurnal scales

The diurnal variations in canopy temperature are well sim-
ulated for these two sites as shown in Fig. 2. Canopy
temperature is higher than air temperature at mid-day,
while lower at nighttime. The EASS model’s performance
in simulating the diurnal variation for different seasons is
quite reasonable with regard to energy fluxes. The results
of regression analyses between the simulated and measured
half-hourly energy fluxes at these two sites during 1999–2002
are list in Table 2. Analyses against averaged monthly compos-
ite diurnal data for Rn, �E and H (monthly averaged half-hourly

values) at OA site during 1999–2002 (sample number n = 2304)
show that, the squared correlation coefficient r2 equals 0.9875,
0.9332, and 0.9275 for Rn, �E and H, respectively; and the corre-
sponding RMSE (root mean square error) equals to 19.23, 15.72,

Fig. 6 – Simulated (lines) and tower measured (symbols)
half-hourly fluxes of net radiation (Rn), sensible heat (H),
and latent heat (�E) over the canopy in the late growing
season in 2001 at the OA site; H and �E are positive
downwards conveniently.
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Fig. 7 – Annually averaged diurnal composites of simulated and observed energy fluxes during 1999–2002, at both OA and
O hile
l ively

a
f
w
o

F
I
d

JP sites. In all plots, model results are shown with lines, w
atent heat (�E), and sensible heat (H) for the OA site, respect
nd 28.29 W m−2, respectively. Fig. 3 is shown as an example
or the OA site during the year 2001. Simulated Rn and �E agree
ell with observations for the whole year, while modeled H is

verestimated to some degree, especially during winter and

ig. 8 – Diurnal composites of modeled and observed net radiatio
n all plots, model results are shown with solid lines, while obse
eviation of the mean of the observations.
observations with symbols. (a)–(c) are for net radiation (Rn),
; (d)–(f) are same as (a)–(c), respectively, but for the OJP site.
spring seasons. Similarly, the regression analyses against the
monthly composite diurnal course (monthly averaged half-
hourly values) at OA site in 2001 (n = 576) show that, r2 equals
0.9962, 0.966, and 0.9716, and RMSE equals 11.56, 10.59 and

n in the growing season during 1999–2002 at the OA site.
rvations dashed line. The bars indicate ±1 standard
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28.05 W m−2, for Rn, �E and H, respectively. Seasonal variabil-
ity in the diurnal amplitude in both modeled and observed �E
is more obvious than that in H. Diurnal amplitudes of both
modeled and observed �E are much smaller before and after
growing season (January to April and October to December)
than during the growing season (May to September).

Half-hourly plots of modeled and measured Rn, H, and �E
over the canopy for three separate weeks in 2001 at the OA site
are shown in Figs. 4–6, which are selected to cover the model
response in different phases of the growing season (early, mid-
dle and late) and under different weather conditions (clear,
cloudy and rainy). Because of the presence of plant stems
and branches, land surface albedo in the deciduous forest still
remains low even if the ground surface is covered by snow
(Betts and Ball, 1997) in the early growing season when LAI
is small. The woody area index (WAI) influences both solar
radiation and longwave radiation. By considering a WAI of
0.5 in the radiation balance calculations in the EASS model,
the simulated Rn is improved over the runs in which radiation
interception by wood is absent. The radiation energy received
by the canopy during daytime is mainly dissipated as H. As
shown in Fig. 4, simulated Rn and H capture the observed vari-
ation with no obvious bias in the week of mid-May. Under
clear weather conditions, simulated Rn and H reach the val-

ues of 600 and 400 W m−2, respectively (days 132–134), similar
to measured values. The regression analyses between the sim-
ulated and measured half-hourly Rn and H during this week
(n = 336) show that, r2 equal 0.9964 and 0.9088, while RMSE

Fig. 9 – Diurnal composites of modeled and observed latent heat
In all plots, model results are shown with solid lines, while obse
deviation of the mean of the observations.
2 0 9 ( 2 0 0 7 ) 277–300

equal 15.24 and 43.66 W m−2, respectively. Both observed and
simulated �E values during this week are very small (r2 = 0.393
and RMSE = 24.34 W m−2). In the week in early July (Fig. 5), both
modeled and simulated �E increase remarkably and exceed H
in most days. This seasonal shift in energy partitioning will be
discussed in Section 4.2. The agreement between modeled and
observed �E during this week improves significantly compared
to those in the earlier growing season and is also better than H
simulation in this week (r2 = 0.8544, RMSE = 35.25 W m−2 for �E,
and r2 = 0.8109, RMSE = 40.73 W m−2 for H, respectively). The
modeled Rn follows the observed extremely well under diverse
weather conditions (r2 = 0.9987, RMSE = 19.43 W m−2) during
the mid-growing season. Both modeled and observed H values
exceed �E again in the late growing season, particularly around
noontime (Fig. 6). This suggests that energy partition may be
constrained by available soil water contents. The squared cor-
relation coefficients r2 for Rn, H, and �E are 0.9991, 0.8761, and
0.4266, respectively; and the corresponding RMSE equal 12.06,
41.66 and 30.47 W m−2, respectively.

Overall, modeled energy fluxes at half-hourly time steps
agree with tower measurements well (Table 2). The simulated
Rn is close to the observations, while both �E and H are slightly
overestimated. As mentioned above, the energy fluxes are cal-
culated with stratification of sunlit and shaded leaves in EASS,

to avoid shortcomings of the “big-leaf” assumption. Model
experiments shows that the simulation realism and accuracy
in Rn, H and �E by the new strategy are enhanced about 9–14%
compared with the “big-leaf model” (i.e., the RMSE decrease

(�E) in the growing season during 1999–2002 at the OA site.
rvations dashed line. The bars indicate ±1 standard
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Fig. 10 – Diurnal composites of modeled and observed sensible heat (H) in the growing season during 1999–2002 at the OA
s hile observations dashed line. The bars indicate ±1 standard
d
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ite. In all plots, model results are shown with solid lines, w
eviation of the mean of the observations.

round 9% and 14% for the OA site and the OJP site, respec-
ively). Moreover, the clumping index (˝) is useful for accurate
eparation of sunlit and shaded leaves in the canopy. The
MSE for simulated energy fluxes increase about 5% and 8%

or the OA site and the OJP site, respectively, if we exclude the
ffects of ˝ on the radiation interception and the separation
f sunlit and shaded leaves (i.e., let ˝= 1 in Eq. (10a)).

To test EASS model performance in simulating diurnal
ariations across multiple years under different weather con-
itions, annual averaged diurnal courses are compared in
ig. 7. During the 4 years, the simulated diurnal variations in

n closely trace observations for the OA site (Fig. 7a), but a
ystematic bias is found for the OJP site. The model underes-
imate Rn near mid-day (10:30–14:30 LST) by 15–30% (Fig. 7d).
hese biases suggest that either the land surface albedo is
verestimated in the model at OJP site or the land surface
arameters for this 1 km × 1 km grid box around the measure-
ent tower derived from satellite images do not represent the

ootprint area of the tower observation. As mentioned before,
he modeled �E is also underestimated by 10–20% compared
o observations at this site. This is possibly due to the sim-
lar reason as for Rn simulation or suggests that the effects
n evapotranspiration by the wetting factors may be under-
stimated in our model. The exception to this is the drought
ear 2001 (Fig. 7e; the precipitation of 2001 is less by 23% than

he 4-year average, while the simulated �E values are close
o observations in this year). These systematic biases may be
ossibly compensated by other unknown offsets in the year
001. The diurnal variations in H are modeled well for this

Fig. 11 – Annual patterns of simulated (line) and measured
(symbols) daily energy fluxes for the year 1999 at the OA
site. (a) Net radiation (Rn); (b) latent heat (�E); (c) sensible
heat (H).
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xes

eled and observed annual peak values of H occur in April and
May (Fig. 11c), while annual peak values of �E are found in June
and July (Fig. 11b) associated with the rainy season (Fig. 15).
Most seasonal variations in daily energy fluxes are captured
Fig. 12 – Simulated (line) and measured (symbols) energy flu
1999–2003.

OJP site with an exception for the wet year1999 (Fig. 7f). The
model overestimates H during daytime (10:00–15:00 LST) by
10–20% in 1999 (the precipitation of 1999 is 20% higher than
the 4-year average). Similar to the OJP site, systematic biases
in simulating diurnal-variations in H and �E are also found
for the OA site: around min-day the model overestimates �E
in wet years (Fig. 7b) while overestimates H in drought years
(Fig. 7c). The simulated diurnal peak value of �E (occurred
during10:00–14:00 LST) is higher than observation by 10–20% in
1999 and in 2000 (the precipitations of 1999 and 2000, respec-
tively, are higher than the 4-year average by 29% and 30%).
A similar situation occurs in H simulations for the drought
years 2001 and 2002 (the precipitations are lower than the
4-year average by 37% for 2001 and by 23% for 2002, respec-
tively). Both these modeled and observed diurnal amplitudes
of H in drought years are higher than those in wet years (Fig. 7c
and f), whereas �E in wet years is higher than that in drought
years (Fig. 7b and e). This suggests that the forest is stressed
in dry years affecting energy partition with low evapotrans-
piration.

During the growing season, energy fluxes reach their
largest values of the year, especially �E, because moist soil,
highest LAI and warm climate provide optimum conditions for
plant transpiration. To explore the EASS model’s response to
different weather conditions during different phases of grow-
ing season, monthly averaged diurnal composites during the
growing season for these 4 years at the OA site are compared
in Figs. 8–10. The modeled Rn is consistent with measurement
(Fig. 8). The model underestimates Rn for May, June and July
during 2000 by 15–20%, but still within ±1 standard deviation
range of the mean of the observations. Modeled �E and H cap-

ture the observed diurnal variation with no obvious bias for
most of the 40 months. The exception to this is the wet year
2000: �E is overestimated while H is underestimated though
they are still within or near the margins of ±1 standard devi-
(10-day averages) at these two sites during the years

ations (Figs. 9 and 10). This may suggest that the amount of
intercepted rainfall by the canopy is overestimated by around
5–10% in our model.

4.2. Seasonal and inter-annual variability

The annual distributions of modeled daily energy fluxes (Rn,
�E and H) for the year 1999 at the OA site, for example, are com-
pared with daily measurements (Fig. 11). Regression analyses
of the daily data for this year show that the values of r2 and
RMSE are 0.9623 and 13.1 W m−2 for Rn, 0.8953 and 15.3 W m−2

for �E and 0.7417 and 19.5 W m−2 for H, respectively. Both mod-
Fig. 13 – Simulated (line) and measured (symbols) daily soil
temperature in model layers at (a) 10 cm and (b) 20 cm
depths during 1997–2003 at the OA site.
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Fig. 14 – Simulated (Mod �, solid line) and measured (Obs �, dashed line with symbols) unfrozen soil moisture in the surface
layer (0–15 cm deep) (daily averages) during the growing season of 2000 for these two sites (panels (a) and (c)). Modeled
results are integrated over two top layers to match with the observations. Measured data for the OA site are averaged from
two measured soil profiles at this site (panel (a)). Daily total rainfall (measured, panels (a) and (c)) and ET (both modeled and
m s. Pa
s

b
d
o
s
t
R
5
1
s
f
0
a
R

F
s
a
m
m
s

easured, panels (b) and (d)) are also shown as comparison
ite.

y EASS though H is overestimated in March and April to some
egree. This is possibly due to an inadequate representation
f the moss layer in EASS (Fig. 11c). The simulated and mea-
ured energy fluxes (10-day averages) for both the OA site and
he OJP site during 1999–2003 are shown in Fig. 12. Modeled

n, �E and H agree closely with tower observations for these
years. At OJP site, Rn is systematically underestimated by

5–30% (the reasons for this have been discussed above), con-
equently resulting in a bias in modeled �E. The values of r2
or Rn, �E, and H between the model and measurements are
.9608, 0.8675, and 0.7819 for the OA site and 0.9425, 0.8808,
nd 0.8515 for the OJP site, respectively; the corresponding
MSE equals 12.7, 15.2 and 21.9 W m−2 for the OA site, and

ig. 15 – Simulated (Mod �, solid line) and measured (Obs �, dash
urface layer (0–15 cm deep) during the growing season, 1999–20
re integrated over two top layers to match with the observation
easured soil profiles at this site (panel (a)). Ten-day total rainfa
easured, panels (b) and (d)) are also shown as comparisons. Pa

ite.
nels (a) and (b) for the OA site; while (c) and (d) for the OJP

25.0, 6.6 and 17.2 W m−2 for the OJP site, respectively. EASS per-
forms well in simulating seasonal and inter-annual variability
in energy fluxes (Rn, �E and H). As shown in Fig. 13, mod-
eled soil temperature agrees with observations for the long
term seasonal variations: the squared correlation coefficients
r2 between model and measurements (n > 2500) are 0.9043 and
0.8985 for the soil layer of 0–10 and 10–20 cm, respectively. The
corresponding RMSE equals 1.77 and 1.81 ◦C, respectively.

To evaluate the performance and reliability of the model

in simulating soil moisture dynamics at seasonal and inter-
annual temporal scales, the key parameters (soil moisture
contents, evapotranspiration, and rainfall) during the grow-
ing season for both the OA and OJP sites are compared in

ed line with symbols) 10-day averaged soil moisture in the
02, for these two sites (panels (a) and (c)). Modeled results
s. Measured data for the OA site are averaged from two
ll (measured, panels (a) and (c)) and ET (both modeled and
nels (a) and (b) for the OA site; while (c) and (d) for the OJP



i n g
294 e c o l o g i c a l m o d e l l

Figs. 14 and 15. The simulated soil moisture at the surface
layer is close to measurements. The model has the ability to
capture the inter-annual variations as well as the differences
between these two sites. Simulated and measured soil mois-
tures vary dramatically corresponding to rainfall events: the
larger the amount of rainfall, the larger the increase in soil
moistures. The effect of evapotranspiration on soil moistures
is less than that of rainfall in boreal ecosystems. Both simu-
lated and measured evapotranspiration from these two sites
are most sensitive to the changes in temperature (not shown)
and least sensitive to precipitation (Figs. 14 and 15).

5. Summary and conclusions

Land surface energy, water and carbon processes are closely
linked in nature, and implementing them realistically and
simultaneously in LSMs is important. In this study, a pro-
cess based land surface scheme (EASS) using remote sensing
data is developed and coupled to an ecosystem model BEPS,
in which energy, water and carbon exchanges are fully inte-
grated and are simulated simultaneously. Offline tests of the
model are made against multiple-year, half-hourly tower mea-
surements made at two boreal sites. Model parameters are not
‘tuned’ for each test site to obtain a better match with tower
observations. Rather, model validations and experiments are
designed to test the model performance for a location in which
observed meteorological data are available, but which is oth-
erwise not different from any other pixels. This paper focuses
on presentations of energy and water modules while the car-
bon dynamics simulation will be reported elsewhere (Chen et
al., 2007).

Offline tests indicate that the model can capture most
of the physical processes occurring at the land surface at
these two sites over diurnal, synoptic, seasonal and inter-
annual time scales, such as surface energy exchanges, soil
heat transfer, snow and thawing/freezing dynamics, canopy
and soil temperatures, and soil moistures. However, consider-
able discrepancies between simulations and observations still
occasionally exist, especially in �E and soil moistures as shown
in Fig. 14. This is probably a result of several factors. Firstly,
though the modeling strategy of sunlit and shaded leaf sepa-
ration can effectively address the radiation distribution within
the canopy and its impact on carbon fixation and energy par-
titioning and is an improvement from the “big-leaf” model, it
is still rather simple compared with the real field conditions.
Secondly, EASS behavior of evaporation from wet leaves is not
tested since dew or frost observations are not available. There
exists a combination of errors of resistance and soil moisture
conductivity parameters in EASS. The transpirational latent
heat and vegetation water exchange are dynamically cou-
pled with carbon assimilation through rl,sunlit and rl,shaded,
thus inaccuracies in rl estimation may be the main deficiency
that led to discrepancies in the evapotranspiration simulation.
Further model improvement on rl calculation is imperative.
Thirdly, the EASS model assumes uniform horizontal distri-

bution of land surface conditions within the model grids (i.e.,
1 km × 1 km), and the vegetation parameters (LC, LAI, and ˝)
are derived from the remote sensing data at 1 km resolution,
whereas the tower flux measurements represents the inte-
2 0 9 ( 2 0 0 7 ) 277–300

grated results of its footprint area, within which heterogeneity
in vegetation and soil properties can be considerable. Finally,
discrepancies could also be related to data quality.

Different from most existing LSMs, this remote sensing-
based EASS model dynamically integrates energy, water and
carbon exchanges at each time step with a ‘two-leaves” for-
mulation (separation of sunlit and shaded leaves) instead of
a “big-leaf” method. This modeling strategy is implemented
for the first time in a LSM. It has the advantage of being
physically and biologically realistic. It can also be easily imple-
mented in general circulation models (GCM) compared to the
“multi-layer” approach. So far EASS has been coupled with an
atmospheric general circulation model named GEM (see Chen
et al., 2007).

The advance in the use of satellite data to describe spa-
tial and temporal variations of vegetation parameters in EASS
is also significant. Several previous LSMs used remote sens-
ing data (e.g., Running and Coughlan, 1988; Sellers et al.,
1996; Chiesi et al., 2002; Loiselle et al., 2001), which include
fPAR, NDVI, as well as simple estimates of LAI. Using LAI
allows mechanistic simulations of various fluxes that cannot
be achieved through using fPAR or NDVI, and it has been sug-
gested that the traditional use of fPAR should be abandoned
and replaced with LAI and ˝ (Chen et al., 2003). The foliage-
clumping index ˝ is introduced, for the first time, into a LSM
to characterize the effects of the three-dimensional canopy
structure on radiation, energy and carbon fluxes. Model exper-
iments show significant improvements in the simulation of
energy and water dynamics after the introduction of ˝ and
the separation of sunlit and shaded LAI.

Multi-year simulation results (as shown in Figs. 14 and 15)
and experiments of model sensitivity to the meteorological
variables of air temperature and rainfall in the growing season
show that evapotranspiration from these boreal ecosystems is
most sensitive to the changes in temperature and least sen-
sitive to rainfall, and the effect of evapotranspiration on soil
moistures is less than that of rainfall.

Because snow and soil simulations are emphasized by
including a flexible and multiple layer scheme, the model
reasonably reproduced the general diurnal, seasonal and
inter-annual patterns of the soil heat fluxes and soil temper-
atures observed at two boreal sites. But there exist significant
biases in soil moistures simulations. This is probably a result
of the model’s simplification of surface runoff and lateral flow
of ground water. In the cases of impermeable and or steeply
sloping surface, overland flow will have to be allowed. More-
over, some parameters, such as the resistances of plant roots
and soil, are not directly tested owing to the limitation of mea-
surements.

LSMs coupled with GCMs need to be validated with dif-
ferent vegetation types under various climate conditions.
Physiological mechanisms and interactions with environment
conditions are different among different vegetation types,
such as plants with different photosynthesis pathways (C3
versus C4). Further model tests for crops and grass are yet
to be done. Another area of improvement still remains to be

made in the model is water balance processes and soil water
regime. For example, parameterizations need to be verified
for the resistances of plant roots and soil, and new param-
eterizations are yet to be developed for overland runoff and
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ateral ground-water flow, particularly in areas underlain by
ermafrost.
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ppendix A. Algorithm for net radiation of
egetation and ground surface

n order to consist with BEPS, the methods used in BEPS for
alculating visible radiation (Chen et al., 1999; Liu et al., 2003)
re modified for total solar radiation calculation. The effects
f different canopy architectures in different vegetation func-
ional types on radiation balance are considered in the canopy
adiation module of the EASS, in that the net radiation of the
unlit and shaded leaves is computed separately:

nc = Rnsun + Rnshade (A.1a)

nsun = S∗
sunLAIsun + L∗

sun (A.1b)

nshade = S∗
shadeLAIshade + L∗

shade (A.1c)

here Rn, S and L represent net radiation, shortwave irradi-
nce, and longwave radiation, respectively; the subscripts sun
nd shade denote the sunlit leaves and shaded leaves, respec-
ively; superscript * denotes the absorbed radiation by sunlit
r shaded leaves. Downward flux is defined as positive con-
entionally. The partitioning of total tree LAI into sunlit and
haded portions is a function of clumping index (˝, a dimen-
ionless parameter with a value ranging of 0–1), and cosine
f solar zenith angle (ˇz) (Chen et al., 1999; Norman, 1982).
he partition of incoming solar radiation into direct and dif-

use components (Sdir and Sdif) is made using Chen’s empirical
quations (Chen et al., 1999). The absorption of shortwave
adiance by sunlit leaves (S∗

sun) and the mean shaded leaf irra-
iance (S∗

shade) are calculated based on Norman (1982).
Net longwave exchanges of sunlit and shaded leaves are

reated as the same, i.e.:

∗
sun = L∗

shade = L∗
c (A.2)

A more elaborate formulation can be made to consider
he temperature difference between sunlit and shaded leaves.

owever, our sensitivity tests suggested that the detailed cal-
ulations of leaf energy budget and temperature can make
nly less than 1% difference in canopy energy balance comput-

ng. The net longwave irradiances for the vegetation canopy
9 ( 2 0 0 7 ) 277–300 295

(L∗
c) is calculated using the following equation:

L∗
c = εc�[εaT

4
a + εgT

4
g − 2εcT

4
c ] ×

[
1 − exp

(−0.5LAI˝

cos �̄

)]
(A.3)

The absorbed radiation by the soil surface (Rng ) includes
two components: shortwave (S∗

g) and longwave (L∗
g). S∗

g is cal-
culated as

S∗
g = [(1 − ˛g,dir)Sdir + (1 − ˛g,dif)Sdif] exp

(−0.5LAI˝

cos �̄

)
(A.4)

where ˛g,dir and ˛g,dif are the albedo of the ground surface for
direct and diffuse radiation, respectively. L∗

g is computed from

L∗
g = εgεa�T

4
a exp

(−0.5LAI˝

cos �̄

)
+εgεc�T

4
c

[
1 − exp

(−0.5LAI˝

cos �̄

)]
− εg�T

4
g (A.5)

where � is Stefan–Boltzmann constant, and equals
5.67 × 10−8 W m−2 K−4; T represents temperature, in K; ε

is emissivity; the subscripts a, c, and g represent the atmo-
sphere, vegetation canopy, and ground surface, respectively.
Pre-described values of 0.98 and 0.95 are assigned to εc and εg,
respectively, according to Chen and Zhang (1989) and Chen et
al. (1989). εa is computed using εa = 1.24(ea/Ta)1/7 (Brutsaert,
1982), where ea is water vapor pressure in mb.

Appendix B. Calculation for aerodynamic
resistance and stomatal resistance

B.1. Aerodynamic resistance above the canopy

The turbulent transfer processes above the vegetation canopy
are different from those below the canopy, while the turbu-
lent transfer processes between the canopy and the reference
height (zref) are assumed to be constant. The aerodynamic
resistance ra for heat and water vapor fluxes above the canopy
is calculated using similar algorithms in CLASS (Verseghy et
al., 1993).

B.2. Aerodynamic resistance below the canopy

Within the canopy, wind shear is created by the air-flow
through viscous and bluff-body interactions with phytoele-
ments (Sellers et al., 1996). Aerodynamic resistance below the
canopy is a linear function of local wind speed (Denmead,
1976; Legg and Long, 1975). In fact, since the wind speed under
the canopy is not too small to be ignored, sensible heat trans-
fer from the ground under the canopy cannot be set to zero
even under stable conditions (though some authors assumed).
Actually, the wind speed can reach 20% of that above the
canopy. The wind-speed profile from the top of the stand

to the forest floor can be approximated by merging these
two portions together. The upper portion is exponential and
lower portion is logarithmic. The merging height is set at 0.2hc

(where hc is the canopy height). The exponential function is
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expressed as

uunder,upper = uc exp
[
−�a

(
1 − z

hc

)]
(B.1)

where uunder,upper is the wind speed at height z within the
canopy; �a represents the attenuation coefficient; uc is the
wind speed at canopy height. At the height z = 0.2hc, the equa-
tion becomes

u0.2hc = uc exp[−0.8�a] (B.2)

The value of �a is determined by the effective LAI and the
structure of the stand. It has been obtained separately for a
managed (thinned to 575 stems/ha and pruned to a 6 m height)
and unmanaged stand. The experimental results are

�a =
{

[0.167 + 0.179uH]Le
1/3 for the managed sand

[0.252 + 0.178uH]Le
1/3 for the unmanaged sand

(B.3)

The logarithmic portion of the profile is expressed as fol-
lows:

uunder,lower = u0.2hc

ln[(z− du)/z0,M,u]
ln[(0.2hc − du)/z0,M,u]

(B.4)

where uunder,lower is the wind speed at height z below 0.2hc;
z0,M,u is the roughness length of the forest floor for momen-
tum transfer; du represents the displacement height at the
presence of understorey. At the presence of substantial under-
storey, z0,M,u = 0.1hu and du = 0.667hu, where the hu is the
average understorey height. In EASS, z0,M,u, and du are approx-
imately assumed to equal 0.02 and 0 m, respectively. If the
mean snow depth is greater than 30 cm, z0,M,u equals 0.005 m.

The aerodynamic resistance for heat and water vapor
fluxes under the canopy ra,u is defined as

ra,u = 1
(CH,uu0.2hc )

(B.5)

where u0.2hc is the wind speed u at 0.2hc; CH,u is the surface
drag coefficient for heat fluxes under the canopy. CH,u is cal-
culated using the following equation:

CH,u =
[

kV

ln(0.2hc − du)/z0,H,u

][
kV

ln(0.2hc − du)/z0,M,u

]
(B.6)

where kV is the Von Karman’s constant (=0.41). z0,H,u in Eq.
(B.6) is the surface roughness length of the forest floor for heat
transfer and is estimated following Garratt and Hicks (1973)
and Brutsaert (1979):

z0,M,u

z0,H,u =

az
(B.7)

where az is a land cover related parameter varying from 1.5 to
12.0.
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B.3. Stomatal resistance

Stomatal resistance at the leaf level rl (s m−1) is calculated
according to Ball et al. (1987):

rl =
(
˛1hsAl
Ca + ˛2

)−1

(B.8)

where ˛1 and ˛2 are the parameters representing the com-
posite sensitivity of rl to leaf surface relative humidity hs,
CO2 concentration Ca (�mol m−3) and leaf net photosynthesis
assimilation Al (�mol m−2 s−1).

The bulk stomatal resistance rl,i of the sunlit (i = 1) and
shaded (i = 2) leaves for water vapor (in s m−1) is calculated
using a modified version of the Ball–Woodrow–Berry (Ball et
al., 1987) empirical model following Wang and Leuning (1998):

1
rl,i

= 1
r0,i

+ mfwAnet,i

Cs,i(1 + Ds,i/Do)
1
�̄a

(B.8)

where ro,i is the residual resistance (s m−1); Anet,i the net pho-
tosynthetic rate; Cs,i the CO2 mole fraction at the leaf surface
(�mol mol−1); �̄a is the mean molar density of dry air; Ds,i is the
water vapor saturate deficit at the leaf surface (in kPa); Do is
an empirical parameter determining the sensitivity of stom-
atal conductance to water vapor saturate deficit (in kPa), m is
a parameter related to the intercellular CO2 mole fraction by
Cc,i/Cs,i = 1 − 1/m at maximal stomatal opening (when both Ds,i

and 1/ro,i are zero and fw = 1); fw is a parameter describing the
sensitivity of rl,i to soil water availability (Chen et al., 2007).

Following Farquhar et al. (1982), the net carboxylation rate
at leaf level is calculated as the minimum of

Ac,i = Vc max
Cc,i − � ∗

i

Cc,i + Kc(1 + Oc,i/Ko)
(B.9a)

and

Aj,i = J
Cc,i − � ∗

i

4(Cc,i + 2� ∗
i

)
(B.9b)

where Ac,i and Aj,i are Rubiso-limited and RuBP-limited gross
photosynthesis rates (�mol m−2 s−1), respectively. Vc max is the
maximum carboxylation rate (�mol m−2 s−1); J is the electron
transport rate (�mol m−2 s−1); Cc,i and Oc,i are the intercellular
CO2 and O2 mole fractions (mol mol−1), respectively; � ∗

i
is the

CO2 compensation point without dark respiration (mol mol−1);
Kc and Ko are Michaelis–Menten constants for CO2 and O2

(mol mol−1), respectively.
The net photosynthetic rate is calculated as

Anet,i = min(Ac,i, Aj,i) − Rd (B.10)

where Rd is the daytime leaf dark respiration and computed
as Rd = 0.015 Vc max.

The diffusion of CO2 from the atmosphere into the leaf is

also described by

Anet,i = (Cs,i − Cc,i)
(1.6rl,i)

= (Ca − Cc,i)
rlc,i

(B.11)
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here the constant 1.6 is the ratio of the molecular diffusivity
f water to that of CO2; Ca is the ambient CO2 concentration

�mol mol−1) and Cc,i is CO2 concentration in intercellular of
he leaves; rlc,i is the total resistance for CO2 from the canopy
o the intercellular space (s m−1).

Above Eqs. (B.8)–(B.11) and the leaf energy balance equa-
ions are solved iteratively for Anet,i, rl,i, Cc,i, Cs,i, Ds,i, and leaf
emperatures. The iteration will stop when the difference in
emperature between two successive iterations is <0.01 ◦C for
ither sunlit or shaded leaves (Wang and Leuning, 1998).

The parameter describing the sensitivity of rl,i to soil water
vailability fw in Eq. (B.8) can be integrated from each soil
ayer’s fw,i with a weighting factor wi:

w =
n∑
i=1

fw,iwi (B.12)

here n is the number of soil layers which contain roots. fw,i

s a combined effect of soil water suction ( ) and temperature
Ts,i), and it can be described as

w,i = 1
fi( i)fi(Ts,i)

(B.13)

here fi( ) and fi(Ts,i) are calculated following Zierl (2001) and
onan (1991), respectively:

i( i) =
{

1 + ( i/10 − 1)˛  i > 10 m
1 else

(B.14)

i(Ts,i) =
{ 1

1 − exp(t1Tt2s,i)
Ts,i > 0 ◦C

∞ else
(B.15)

here ˛, Ts,1, and Ts,2 are empirical parameters and equal to
.8, −0.04, and 2.0, respectively.

The weighting factor wi in Eq. (B.9) is calculated as

i = rifw,i∑n

i=1rifw,i
(B.16)

here ri is the root fraction in layer i.
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