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ABSTRACT

Canopy interception of incident precipitation, as a critical component of a forest’s water budget, can
affect the amount of water available to the soil, and ultimately vegetation distribution and function. In
this paper, a statistical-dynamic approach based on leaf area index and statistical canopy interception is
used to parameterize the canopy interception process. The statistical-dynamic canopy interception scheme
is implemented into the Community Land Model with dynamic global vegetation model (CLM-DGVM) to
improve its dynamic vegetation simulation. The simulation for continental China by the land surface model
with the new canopy interception scheme shows that the new one reasonably represents the precipitation
intercepted by the canopy. Moreover, the new scheme enhances the water availability in the root zone
for vegetation growth, especially in the densely vegetated and semi-arid areas, and improves the model’s
performance of potential vegetation simulation.
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1. Introduction

The distribution and productivity of terrestrial
vegetation are largely determined by soil moisture
(Holdridge, 1974; Stephenson, 1990; Churkina et al.,
1999; Ma and Osamu, 2002; Liu et al., 2005), which
supplies water for vegetation transpiration and growth
(Price and Carlyle-Moses, 2003; Cui et al., 2005).
Canopy interception of incident precipitation, as a
critical component of a forest’s water budget, can
affect the amount of water available to the under-
story and soil, and vegetation growth. It accounts for
about 10%–30% of the annual precipitation on land,
and varies greatly among different forest species, for-
est density, canopy structure, vegetation physiology,
and climatic conditions (Wright et al., 1990; White-
head and Kelliher, 1991; Thimonier, 1998; Kergoat,
1998; Zeng et al., 2005). Reasonable representation
of canopy interception in a land surface model with
a dynamic vegetation model is very important to im-
prove its performance on vegetation simulation. The

canopy interception scheme used in the Community
Land Model with dynamic global vegetation model
(CLM-DGVM) (Levis et al., 2004) overestimates the
canopy interception, underestimates soil moisture for
its excess canopy interception loss (Bonan et al., 2002;
Bonan and Levis, 2006; Niu and Yang, 2005; Wang et
al., 2005), and produces poor vegetation simulations
(Levis et al., 2004; Bonan and Levis, 2006).

To improve the canopy interception representation
of the model CLM-DGVM and its performance on veg-
etation simulation, we developed a statistical-dynamic
approach which considers the interception amount de-
pendent on vegetation species based on the statistics of
observed canopy interception amount (Kergoat, 1998),
the leaf area index (LAI) and stem area index (SAI)
dynamic via the vegetation phenology to parameterize
the canopy interception process, and implemented it
into CLM-DGVM. Comparisons of simulations for veg-
etation biogeography, interception loss and soil mois-
ture from CLM-DGVM with the new canopy inter-
ception scheme and the original one are presented to
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validate the model’s performance in this paper.

2. Model development

The land surface model CLM-DGVM was devel-
oped by coupling the Community Land Model ver-
sion 3 (CLM3) (Oleson et al., 2004) and the Lund-
Potsdam-Jena Dynamic Global Vegetation Model
(LPJ) (Sitch et al., 2003) to consider the two-way
biogeophysical and biogeochemical feedbacks between
vegetation and climate. Leaf area index is simulated
by the model instead of being obtained from prescribed
surface datasets and the vegetation distribution and
coverage in CLM-DGVM are updated annually.

The original canopy interception scheme used in
CLM-DGVM is described, and the statistical-dynamic
interception scheme is developed in the section.

2.1 The original canopy interception scheme
in CLM-DGVM

In the canopy interception scheme of original CLM-
DGVM, the fraction of precipitation intercepted by
vegetation fpi is presented as a function of LAI and
SAI as follows (Oleson et al., 2004):

fpi = 1 − exp[−0.5(LAI + SAI)] , (1)

where LAI is leaf area index and SAI is stem area in-
dex. And the precipitation intercepted by canopy Pi

is given by

Pi = fpi · P , (2)

where P is the incoming precipitation.
It follows from Eq. (1) and Fig. 1 that the

scheme allows more than 30% of precipitation to be
intercepted by the canopy when the LAI plus SAI
is 0.72 m2 m−2 if the water storage in the canopy
is less than its maximum storage capacity expressed
as 0.1×(LAI+SAI) (mm) in the original CLM-DGVM
(see Oleson et al., 2004). This is the case in grow-
ing seasons except in extremely arid regions of the
world. If the water storage in the canopy does not
exceed the maximum canopy storage capacity, which
means all the intercepted water will subsequently evap-
orate, the canopy interception loss can be up to 90% or
more when LAI plus SAI is greater than 4.6 m2 m−2.
However, some studies showed that interception losses
reach an average of 10%–35% of the annual precipita-
tion in the world (Shuttleworth, 1989; Kelliher et al.,
1993; Jarvish, 1993). Therefore, CLM-DGVM with
the original canopy interception scheme overestimates
canopy interception for most regions.

Table 1. Parameter in the statistical-dynamic canopy in-
terception scheme.

Plant functional types a

Temperate needle-leaved evergreen tree 0.06
Boreal needle-leaved evergreen tree 0.06
Boreal needle-leaved deciduous tree 0.06
Tropical broad-leaved evergreen tree 0.02
Temperate broad-leaved evergreen tree 0.02
Tropical broad-leaved deciduous tree 0.02
Temperate broad-leaved deciduous tree 0.02
Boreal broad-leaved deciduous tree 0.06
Temperate grass 0.01
Tropical grass 0.01

2.2 The statistical-dynamic canopy intercep-
tion scheme

The canopy interception fraction of incident pre-
cipitation is expressed as a statistical proportion to
LAI plus SAI following the approach of Kergoat (1998)
which considers the interception to be proportional to
LAI:

fpi = a · (LAI + SAI) , (3)

where the coefficient denotes a proxy for the precipita-
tion regime effect dependent of Plant Function Type
(PFT), which is given based on the observed inter-
ception amount according to Gerten et al. (2004) and
shown in Table 1. The canopy interception fraction of
incident precipitation for the scheme with three val-
ues of a is shown in Fig. 1. The maximum canopy
storage capacity is taken as 0.1×(LAI+SAI) (mm) as
described in Oleson et al. (2004).

 

 

 

Fig. 1. Relations between the interception fraction and
the sum of LAI and SAI in different canopy schemes.
“origin” in legend stands for the origin scheme, and the
other three legends stand for the new scheme with the
parameter a as 0.06, 0.02 and 0.01, respectively.
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For the sum of LAI and SAI 5 m2 m−2, the inter-
ception fraction of incident precipitation for the boreal
needle-leaved evergreen forest from the new scheme is
30%, while that from the original scheme is 91.8%.
The statistical-dynamic scheme developed above de-
creases the interception fraction, which is more rea-
sonable according to the observations.

3. Data and experimental design

3.1 Data

A multiyear 3-hour atmospheric forcing dataset as
CLM-DGVM required at a resolution of 0.5◦ × 0.5◦

was created for the period 1961–2000 over continen-
tal China. The temperature, surface pressure, so-
lar radiation, humidity and wind fields were derived
from the 6-hour resolution NCEP (National Centers
for Environmental Prediction) reanalysis data, which
were provided by the Earth System Research Labora-
tory Physical Sciences Division in National Oceanic
and Atmospheric Research from their web site at
http://www.cdc.noaa.gov/. These NCEP data were
regridded from their original 2.5◦×2.5◦ grids to the
0.5◦×0.5◦ grids using the bilinear interpolation method
and then linearly interpolated to 3-hour resolution.
The precipitation rates were derived from the observed
daily precipitation data collected from 676 surface me-
teorology observation stations as follows: The station
data were interpolated to 0.5◦ × 0.5◦ grids using the
inverse distance weighted interpolation method. To
account for the effect of precipitation frequency, the 6-
hour precipitation data were obtained by scaling to the
total observed daily precipitation based on the diurnal
variations of the 6-hour precipitation rate of NCEP re-
analysis data, and then this 6-hour precipitation were
averaged over the 6-hour interval and was applied uni-
formly to the two corresponding 3-hour intervals. We
should mention that the coarse frequency of precipita-
tion might have an impact on the canopy interception.

The land cover data over China with 1-km spa-
tial resolution generated from the Moderate Reso-
lution Image Spectroradiometer (MODIS) data (Li,
2004) was aggregated to 0.5◦×0.5◦ resolution for com-
parison with the equilibrium potential vegetation in
this paper. Because the crops and shrubs are not in-
cluded in the model vegetation categories, we elimi-
nated these two plants in the data. Observation data
of soil moisture were obtained from Global Soil Mois-
ture Data Bank (Robock et al., 2000; Li et al., 2005)
(http://climate.envsci.rutgers.edu/soil moisture/).

3.2 Experimental design

Two sets of model simulations during 1981 to
2000 were carried out to identify how the statistical-

dynamic canopy interception scheme affects the vege-
tation biogeography simulated by CLM-DGVM with
the new canopy interception scheme and the original
one respectively. One is the simulation CTL by the
original CLM-DGVM and the other one is the simu-
lation EXP by the CLM-DGVM with the statistical-
dynamic interception scheme. Initial conditions for
each model mentioned were obtained from a 200-year
spin-up simulation conducted from an initial condition
of bare ground to reach an approximate equilibrium of
vegetation cover, repeatedly driven with atmospheric
data for the period from 1961 to 1990.

4. Results and discussion

The simulated vegetation biogeography, intercep-
tion loss and soil water from the simulation EXP are
compared with those from simulation CTL in this sec-
tion.

4.1 Vegetation biogeography

Figure 2 compares the equilibrium vegetation dis-
tributions from the two simulations and the observed
vegetation biogeography derived from 1-km MODIS
land cover data (Li, 2004). Both simulations capture
the broad patterns of vegetation distribution across
continental China including the southern temperate
broad-leaved evergreen forest, the northern broad-
leaved deciduous forest, and the desert and grasses in
northwestern China. Specifically, CLM-DGVM, with
the new canopy interception scheme, successfully sim-
ulates the tropical broad-leaved evergreen forest in the
Hainan Province and Taiwan Province, while the orig-
inal CLM-DGVM does not. However, both models fail
to capture the temperate needle-leaved evergreen for-
est in the southeastern coastland and the vast deserts
of the Inner Mongolia Plateau. Discrepancies between
the two simulations are also presented at the bound-
aries between the temperate broad-leaved evergreen
forest and the temperate broad-leaved deciduous for-
est, and at the transition zone that lies between the
temperate deciduous forest and the herbaceous steppe.
As far as a visual comparison of the land cover over
these areas, the simulation EXP is more consistent to
the MODIS output than the simulation CTL.

The equilibrium vegetation geographic distribution
patterns from the two simulations are quite similar (as
Fig. 2 shows); however, comparison of the simulated
vegetation coverage shows quite a difference in abun-
dance (Fig. 3). In both simulations, grasses initially
dominate and decline as trees grow, and vegetation dis-
tribution attains equilibrium in about 150 years. For-
est coverage over continental China in the simulation
EXP is higher than that in CTL. Figure 4 shows the
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Fig. 2. Comparisons of simulated distributions of potential vegetation with that derived
from MODIS data: (a) is the result from the simulation CTL with standard CLM-DGVM,
(b) is that from the simulation EXP with modified canopy interception scheme, and (c) is
that derived from the MODIS products offered by Li (2004) with crops and shrubs excluded.

Fig. 3. Coverage of grassland and forest from the sim-
ulation CTL and EXP over 200 years from unvegetated
land. [“Forest (CTL)”, “Forest (EXP)”, “Grass (CTL)”
and “Grass (EXP)” in legend stand for forest coverage
in simulation CTL and EXP, and grass coverage in sim-
ulation CTL and EXP, respectively.]

differences between the two simulations of vegetation
coverage. In most regions of continental China, the
simulation CTL estimates less forest coverage in favor
of grasses, especially in the semi-arid areas which con-
tain a transition zone from forest to steppe. In this

transition zone, the dominant PFT is grass in simu-
lation CTL, while it is temperate deciduous forest in
EXP.

With respect to the coverage of potential vegeta-
tion, Houghton and Heckler (2003) estimated the cov-
erage of natural forest over continental China as 45%
from a map of natural ecosystem constructed from
the predisturbance maps (Leemans, 1990; Matthews,
1983) and the natural regions described in Hou (1983).
The forest coverage over continental China estimated
from simulation EXP has a mean value of 44.7% dur-
ing 1981 to 2000, which is much closer to Houghton’s
result mentioned above. In contrast, the value from
simulation CTL is 40.9%.

To further quantify the effects of the modified
scheme on vegetation simulation, we separate the
study domain into 3 regions with different arid in-
dices as shown in Fig. 5, which is derived from the
annual precipitation and potential evapotranspiration
(Ci, 1994). The mean coverage of forest and grass in
different regions from CTL and EXP simulations are
listed in Table 2. It shows that the significant differ-
ence occurs in the semiarid region, i.e. the mean forest
coverage increases 9.6%, and grass coverage decreases
3%. In the wet region, coverage change is similar but
much less than that in the semiarid region. This is
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Table 2. NPP and vegetation coverage averaged in the 20 years from CTL and EXP simulations

Region Grass coverage (%) Forest coverage (%) NPP (Pg C yr−1)

Simulation EXP CTL EXP CTL EXP CTL

Arid region 19.87 16.7 0.01 0.0 0.118 0.074
Semi-arid region 54 57 25.0 15.4 0.73 0.58
Wet region 16.23 17.82 79.4 78.6 3.04 3.02

 

 

 

 

Fig. 4. Differences of vegetation cover as a percentage of the soil-covered portion of the grid cell from the
simulation CTL and (EXP−CTL). (a) is for forest and (b) is for grass.
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Semi-arid region 

Wet region 

Fig. 5. Different regions over China based on the arid
index.

reasonable because soil water in the wet region is suf-
ficient for plant growth, which is not a limiting factor.
In the arid region, grass coverage increases 3.17%,
while the forest coverage changes little due to the ex-
treme lack of precipitation.

4.2 Canopy interception loss

Independent observations of the interception loss
from the broad-leaved evergreen forest of South China
are used to provide insights as to which experiment
(CTL vs EXP) is closer to reality (Fig. 6). Specifi-
cally, from a four-year measurement database at Da-
gangshan Mountain in Jiangxi Province (27.58◦N,
14.67◦E), the annual interception loss ratio in the area

 

 

 

Fig. 6. Comparisons of simulated interception loss ratio
with observation of two measurement sites. The legend
“Obs” stands for observation.
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Fig. 7. Modeled mean monthly soil moisture in February, May, August and November for the top 50 cm
layer in comparison with the observed data in (a) Northwest China, (b–c) North China and (d–f) Central
China. Data are the average of the period from 1989 to 1999. [“Obs” in legend stands for observation
data obtained from Global Soil Data Bank (Li et al., 2005)].

was found to be 0.178 (Cui et al., 2004). The simu-
lated annual interception loss ratio at the closest model
grid site (27.75◦N, 114.75◦E) are 0.320 and 0.197 for
the simulation CTL and EXP, respectively. For an-
other measurement site from Dinghushan Mountain of
Guangdong Province (23.15◦N, 112.5◦E), the modeled
annual interception loss ratio in the simulation EXP
is 0.212 at the closest model grid (23.25◦N, 112.25◦E),
which is close to the mean observed annual value
(0.199) (Cui et al., 2004). In contrast, the correspond-
ing value in the simulation CTL is 0.363, which di-
verges significantly from the observation. As noted by
the above comparisons of interception loss, the simula-
tion EXP is much closer to the observations than CTL,
which indicates that the statistical-dynamic canopy in-
terception scheme significantly improves the canopy
interception amount in CLM-DGVM.

4.3 Soil water

Because the soil layer in the top 50 cm contains
about 90% of the roots in the root zone in the model,
we compare the soil moisture in the top 50 cm layer
estimated in the simulations CTL and EXP with the

observed soil moisture data of six measurement sites
to validate the performance of the modified model re-
garding soil water (Fig. 7). Among the six sites, one
is in northwestern China, two are located in northern
China and the other three are in central China. The
simulation EXP estimates wetter soil moisture and has
less divergence from the observed than the CTL. The
modified model significantly improves the magnitude
of upper soil moisture over central China (Figs. 7d–f)
and northwestern China (Fig. 7a). However, the mag-
nitude of the improvement in northern China (Figs.
7b–c) is not as great as in central China and north-
western China.

Figure 8 shows the interannual variability of the
simulated vegetation dynamic, vegetation evaporation
(i.e., interception loss), transpiration and soil evapo-
ration related to climatic variations in the semi-arid
region from the simulation CTL and simulation EXP.
The estimated net primary production is relative to
precipitation in the environmental conditions and the
correlation coefficients between them are 0.73 and 0.76
in CTL and EXP simulation, respectively. Both sim-
ulations indicate the same interannual patterns in
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Fig. 8. (a) Interannual variability of climate including mean annual precipitation (mm a−1)
and temperature (◦C), and (b) simulated annual vegetation evaporation, (c) transpiration
and (d) soil evaporation and (e) vegetation coverage as well as (f) net primary production
(f) from the simulation CTL simulation and EXP during 1981 to 2000 in the semi-arid re-
gion. (“T” in legend stands for mean temperature and “P” stands for precipitation, “CTL”
and “EXP” stand for simulation CTL and simulation EXP respectively, and “tree(CTL)”,
“tree(EXP)”, “grass(CTL)” and “grass(EXP)” stand for tree coverage in simulation CTL
and EXP, grass coverage in simulation CTL and EXP respectively.)

Fig. 9. Model estimated mean monthly (a) interception loss and (b) soil moisture of the top
50 cm from the simulation CTL and EXP over the transition zone (including model grids
where the simulation bias in forest coverage is larger than 20% between the two simula-
tions). Data are from the average of 20-year simulation (“CTL” and “EXP” in legend stand
for simulation CTL and simulation EXP respectively).
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water balance and vegetation variations. Since the
statistical-dynamic canopy interception scheme de-
creases the interception amount and the vegetation
evaporation largely relies on available water in the veg-
etation canopy, the modified model reduces the mean
annual interception loss by 61.6% relative to that in
CTL simulation (Fig. 8b), and thus increases the mean
annual vegetation transpiration and ground evapora-
tion by 44.5%, and 3.5% (Figs. 8c–d), respectively.
The estimated mean evapotranspiration in simulation
EXP is 7.2% less than that in CTL. Consequently,
the simulation EXP estimates more vegetation cover-
age and net primary production because more water
is available in the soil.

To emphasize the effect of the canopy interception
scheme on soil water as well as on vegetation, we com-
pare the simulated interception loss and soil moisture
from both simulations over those regions where the dif-
ference of simulated forest coverage between the two
simulations is larger than 20% (Fig. 9). The figure
shows that the EXP simulation decreases the maxi-
mum interception loss in August from 1.65 mm d−1 to
0.5 mm d−1 (Fig. 9a). Correspondingly, the amount
of precipitation reaching the ground increases and sub-
sequently the soil moisture increases (Fig. 9b). The
significant decrease of canopy interception loss and the
increase of soil moisture during the growing season ac-
count for the increase of forest coverage.

5. Conclusions

A statistical-dynamic canopy interception scheme
is developed and implemented into the land sur-
face model CLM-DGVM to improve its vegetation
simulation. The model with the statistical-dynamic
canopy interception scheme is validated over continen-
tal China focusing on the vegetation biogeography, in-
terception loss and soil water. The equilibrium poten-
tial vegetation from the simulation EXP with the new
canopy interception scheme is more consistent to that
derived from MODIS data than the CTL simulation
with the original model. Moreover, the EXP simula-
tion estimates 4% more forest coverage than CTL over
continental China. Canopy interception loss and top
50 cm soil moisture from the simulation EXP are much
closer to the in-situ observations than that from the
simulation CTL. Comparisons of the two simulations
for interception loss and soil moisture over the distinct
bias region in the vegetation transition zone show that
the new canopy interception scheme decreases inter-
ception loss significantly in rainy seasons and increases
the soil water availability. It is concluded that the
land surface model CLM-DGVM with the statistical-
dynamic canopy scheme reasonably represents the pre-

cipitation intercepted by the canopy and the water
availability in the root zone for vegetation transpira-
tion, especially in the densely vegetated and semi-arid
areas, and improves the model’s performance the on
potential vegetation simulation.
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