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Summary

In order to better understand land-atmosphere interactions
and increase the predictability of climate models, it is
important to investigate the role of forest representation in
climate modeling. Corresponding to the ‘‘big-leaf’’ model
commonly employed in land surface schemes to represent
the effects of a forest, a so called ‘‘big-tree’’ model, which
uses multi-layer vegetation to represent the vertical canopy
heterogeneity, was introduced and incorporated into the
National Center for Atmospheric Research (NCAR) region-
al climate model RegCM2, to make the vegetation model
more physically based. Using this augmented RegCM2
and station data for China during 1991 Meiyu season, we
performed 10 experiments to investigate the effects of the
application of the ‘‘big-tree’’ model on the summer monsoon
climate.

With the ‘‘big-tree’’ model incorporated into the regional
climate model, some climate characteristics, e.g. the 3-
month-mean surface temperature, circulation, and precipita-
tion, are significantly and systematically changed over the
model domain, and the change of the characteristics differs
depending on the area. Due to the better representation of the
shading effect in the ‘‘big-tree’’ model, the temperature of
the lower layer atmosphere above the plant canopy is
increased, which further influences the 850 hPa temperature.
In addition, there are significant decreases in the mean latent
heat fluxes (within 20–30 W=m2) in the three areas of the
model domain.

The application of the ‘‘big-tree’’ model influences not
only the simulated climate of the forested area, but also that
of the whole model domain, and its impact is greater on the
lower atmosphere than on the upper atmosphere. The simu-
lated rainfall and surface temperature deviate from the orig-
inally simulated result and are (or seem to be) closer to the
observations, which implies that an appropriate representa-
tion of the ‘‘big-tree’’ model may improve the simulation of
the summer monsoon climate.

We also find that the simulated climate is sensitive to some
‘‘big-tree’’ parameter values and schemes, such as the shape,
height, zero-plane displacement height and mixing-length
scheme. The simulated local=grid differences may be very
large although the simulated areal-average differences may be
much lower. The area-average differences in the monthly-
mean surface temperature and heat fluxes can amount to
�0.5 �C and �4 W=m2, respectively, which correspond to
maximum local=grid differences of �3.0 �C and �40 W=m2

respectively. It seems that the simulated climate is most sen-
sitive to the parameter of the zero-plane displacement among
the parameters studied.

1. Introduction

Global change has been receiving a lot of atten-
tion worldwide. The interactions between the eco-
system and other subsystems of global change



(e.g. the atmosphere and land hydrosphere), which
can significantly influence the surface climate as
well as the hydrological cycle and soil character-
istics, are particularly emphasized. In this respect,
forest-climate interaction is very important to
local climate, which further influences the climate
around the forested region due to the unity of the
climate system. Therefore, studies with the inclu-
sion of detailed descriptions of land surface phy-
sical processes and plant-growth physiological
processes are necessary in regional climate mod-
eling, e.g. in the context of assessing the uncer-
tainty of regional climate modeling.

Since the so called ‘‘big-leaf’’ theory was
first introduced into a meteorological model
(Deardorff, 1978), state-of-the-art land surface
schemes accounting for vegetation effects have
been developed (e.g. Wood et al., 1998), of which
BATS (Dickinson et al., 1986, 1993) and SiB
(Sellers et al., 1986) are two typical examples.
All the above schemes are based on the ‘‘big-leaf’’
theory that considers generally one layer or less
than three layers of vegetation with no or very
little inclusion of vertical canopy heterogeneity.
The theory is not included at all in some atmo-
spheric boundary-layer schemes considering the
effect of trees (e.g. Wilson and Shaw, 1977;
Yamada, 1982; Gross, 1987, 1988; Schilling,
1991; Zeng et al., 1999). These boundary-layer
schemes can reproduce distributions of the
meteorological characteristics in and around the
forested region which are consistent with observa-
tions. Due to the inclusion of vertical heterogene-
ity (i.e. multi-layer representation for forests) in
these atmospheric boundary layer schemes, the
physical realism in the forest physics is increased.
However, these schemes have seldom been
coupled to general circulation models or regional
climate models for climate investigations, and
they do not include a detailed description of land
surface processes, which is of great importance for
the representation of soil-vegetation-atmosphere
interactions in climate models.

The objective of this paper is to investigate the
sensitivity of regional climate modeling to the
multi-layer representation of forests. Therefore,
a boundary-layer model, which considers multi-
layer heterogeneous vegetation and explicitly
computes the characteristics in and above the plant
canopy (Zeng et al., 1999), is introduced and

incorporated into the NCAR regional climate
model RegCM2 (Giorgi et al., 1993a, b), and trea-
ted as an option in the regional climate model.
Therefore, the augmented version of RegCM2
includes not only a sophisticated description of
land surface processes (BATS, Dickinson et al.,
1993), but also a detailed boundary-layer scheme,
in which the forested-region climate is modeled.
For the locations or model grid cells where the
land cover is not dominated by trees, the same
physics as used in the original RegCM2 is used
in the augmented model. Thus, as for the treatment
of vegetation, the ‘‘big-leaf’’ theory is just one
component of the augmented regional model, i.e.
the ‘‘big-leaf’’ model is replaced by the ‘‘big-
tree’’ model when the climate of the forested-
region is simulated.

This paper describes a multi-layer heteroge-
neous-vegetation model in section two, section
three presents the experimental design, section
four addresses the analysis of the experiments,
and the summary and discussion are given in
the final section.

2. The ‘‘Big-Tree’’ model

2.1 Background to the model

Deardorff (1978) introduced the ‘‘big-leaf’’ con-
cept and assumed the vegetation within a grid
cell to be a single leaf, which is homogeneously
distributed without vertical structure and has a
uniform temperature and so influences the atmo-
sphere via the radiative transfer and turbulent
transportation of momentum and sensible and
latent heat fluxes. The subsequent land surface
schemes, BATS (Dickinson et al., 1986, 1993)
and SiB2 (Sellers et al., 1996) consider a sin-
gle leaf. SiB (Sellers et al., 1986) includes two
leaves, one for trees and shrubs, and the other for
grasses and other herbaceous plants. Though
there are other developments, as well as the suc-
cesses in modeling the evapotranspiration from
the surfaces covered by grasses or crops, the
essence of the ‘‘big-leaf’’ theory does not change
when the forested-region meteorology=climate is
modeled. It is natural for us to suggest that there
are large limitations to the ‘‘big-leaf’’ theory
in accounting for forest effects in climate
models. The limitations are mainly because the
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‘‘big-leaf’’ theory cannot represent the geometric
heterogeneity of forests, especially the vertical
heterogeneity, and therefore the dynamic and
thermodynamic effects are not taken into account
in a detailed manner. In order to make the mod-
eling of the forested-region climate firmly and
physically based, we introduce here a ‘‘big-tree’’
model, corresponding to the ‘‘big-leaf’’ model.

In short, as a conceptual model, the ‘‘big-tree’’
model is based on the assumption that the forest
part within a whole grid cell is a ‘‘big-tree’’ (e.g.
Yamada, 1982; Gross, 1987, 1988; Zeng et al.,
1999). The heterogeneities of forest characteris-
tics and physics (e.g. the leaf-area-index distribu-
tion, wind profile, and turbulent and radiative
transfers above and within the plant canopy)
are all considered and therefore the model is
more physically based.

2.2 Brief description of a ‘‘Big-Tree’’
model

Following previous studies (e.g. Gross, 1988;
Schilling, 1991), Zeng et al. (1999) developed a
boundary-layer model which considers a multi-
layer heterogeneous vegetation (i.e. tree) and
explicitly computes the characteristics in and
above the plant canopy. By assuming hydrostatic,
incompressible conditions with no consideration
of water-phase change, the governing equations
are obtained:
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where t is the time, u and v denote the mean
velocity components in the x- and y-directions,
corresponding to the geostrophic windspeeds ug

and vg, respectively, W ¼ ðu2 þ v2Þ1=2
the mean

windspeed, f the geostrophic parameter, � the air
density, cp the specific heat at constant pressure,
bt the leaf area density of trees, nt and ns the
fractional coverages for trees and grasses, respec-
tively, cd the drag coefficient, Rnb, Rnt and Rns the
net radiation-fluxes over bare soil, trees and
grassland respectively, � the potential tempera-
ture, E the turbulent kinetic energy (TKE), km,
kh and kq the eddy exchange coefficients for
momentum, heat and water vapor in the z direc-
tion, respectively, g the acceleration of gravity,
l the mean mixing-length over the fractions
of bare soil, woodland, and grassland, and ce¼
0.2 is assumed. The evapotranspiration flux pv

is computed at each level within the plant
canopy.

In the above equations, the leaf area index at
the reference height z, LAI(z), is calculated by
using the leaf area density bt (m2=m3):

LAIðzÞ ¼
ðht

z

btðzÞdz; ð6Þ

where ht is the height of the tree top. It should be
noted that l (mean mixing length) is assumed to
be a function of bt (leaf area density) in Zeng
et al. (1999).

All the terms describing the influence of trees
are computed at different model levels by in-
cluding nt and bt in the equations. Through the
equations, the wind, temperature, water vapor
profiles, as well as the TKE in and above the
canopy can be simulated.

Corresponding to the ‘‘big-leaf’’ model, the
above boundary-layer multi-layer vegetation
model, which can represent the mean status of
forested regions, is referred to as the ‘‘big-tree’’
model. It differs from the ‘‘big-leaf’’ model in its
explicit computations of the characteristics in
and above the plant canopy. While in a ‘‘big-
leaf’’ model (e.g. BATS), the characteristics in
the plant canopy are simple and uniform, calcu-
lated only through diagnostic equations.

Conceptually, the ‘‘big-leaf’’ model is a 2-
dimensional ‘‘plane’’ model, while the ‘‘big-
tree’’ model is a 3-dimensional one, which has
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a geometric structure within the plant canopy
(Fig. 1). Through the parameters such as the
fractional coverage and leaf area density, the
conceptual ‘‘big-tree’’ model can be synthesized.

3. Experimental design

3.1 Incorporation of the ‘‘Big-Tree’’
model into RegCM2

Here we incorporate the multi-layer heteroge-
neous vegetation model (the ‘‘big-tree’’ model)
into the regional climate model RegCM2 (Giorgi
et al., 1993a, b). The ‘‘big-tree’’ model is only
used for the forested regions corresponding to the
vegetation of Types 3, 4, 5 and 6 in BATS, i.e.
the evergreen needle-leaf, deciduous needle-leaf,
evergreen-broadleaf and deciduous broadleaf
forests. Thus in the augmented RegCM2 the
momentum, sensible and latent heat fluxes from
the forested area to the lower atmosphere are
computed with the ‘‘big-tree’’ model, while for
grid cells that are not dominated by the above
forest types the simulation of fluxes is performed
with the original-RegCM2 scheme.

The fluxes in the soil, vegetation and atmo-
sphere can be computed more accurately by the
vegetation boundary layer model in the surface
layer below the height H, which is the lowest
level of the atmospheric component of RegCM2.
At the beginning of each time step, the meteoro-
logical quantities at the level H from the original
atmospheric component of RegCM2, i.e., the
downward radiation, pressure, wind, temperature
and water vapor, and the relevant surface charac-
teristic quantities predicted from BATS, are used
as the boundary conditions to run the ‘‘big-tree’’
model and to obtain the meteorological quanti-

ties at each level below H. Then, as the fluxes in
the surface layer (i.e. the momentum, sensible
and latent heat fluxes at the canopy top) are
computed, they feed back to the atmospheric
component of the augmented RegCM2 for the
integration of the next time step. We can see that
the ‘‘big-tree’’ model does not substitute the orig-
inal boundary layer model in RegCM2 except
the values of the fluxes from the vegetation and
soil to the atmosphere in the forested regions.
Because the atmospheric component of the orig-
inal RegCM2 needs fluxes from the surface to the
overlying atmosphere from BATS, it is reason-
able to apply a different atmospheric boundary
layer scheme in neighboring grid cells within
the atmospheric component of the augmented
RegCM2.

Due to the smaller temporal and spatial scales
used the ‘‘big-tree’’ model, a smaller time step is
used e.g. 20 s, about 1=10 of the value for the
atmospheric model in RegCM2. The stagger
scheme is chosen for the ‘‘big-tree’’ model for
the sake of computational stability. Wind speed,
temperature and specific humidity are defined at
the integer levels, while the eddy energy, mixing
length and eddy-exchange coefficients are calcu-
lated at half levels.

The initial values at each level below H are
obtained by linear interpolation and they are
adjusted by the prognostic equations before the
integration of the model to ensure computational
stability. In the stage of the integration with small
time steps within the large time step, the bound-
ary values linearly approach the corresponding
values predicted in the large time step.

3.2 Model domain and resolution

The model domain is centered at 117.00� E=
32.00�N, covering an area within 24.7–45.7�N,
and 100.88–133.12� E. The horizontal resolution
is 60 km, while the vertical levels include 11 inte-
ger levels (i.e. �¼ 0.0, 0.15, 0.30, 0.45, 0.60,
0.75, 0.85, 0.93, 0.97, 0.99, 1.00) and 10 half
levels within the integer levels. The output quan-
tities at the half-levels are all the variables except
vertical velocity.

In the ‘‘big-tree’’ model, 10 vertical levels are
set between 0-H, which are 0, 1, 2, 4, 7, 10, 14,
21, 28 and H(m) if the canopy top is 10 m from
the characteristic values given by BATS, and are

Fig. 1. Schematic of the big-tree model. The three big-tree
shapes (i.e. Shapes 1, 2 and 3) are applied in the sensitivity
experiments
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0, 2, 4, 7, 11, 15, 20, 25, 30 and H(m) if the
canopy top is 20 m. The height H is computed
from the atmospheric model (corresponding to
�¼ 0.995).

Figure 2 gives the vegetation cover in the
model domain. The forests in China mainly
include the needle-leaf, deciduous broadleaf
and evergreen broadleaf forests in different cli-
mate zones. For the simulations we choose three
sub-regions: NER for the northeast part of China;
NNR for the northern part of China; and YHR
for the Yangtse-Huaihe region, based on the
distributed characteristics of the forests (Ye and
Chen, 1992).

3.3 Options for experimental design

Station data in the Meiyu season during summer
1991 are taken as the initial and boundary con-
ditions. In order to investigate the sensitivity of
the short-term summer monsoon climate to dif-
ferent representations of forest effects and to
compare them, the same options for all the phys-
ical processes are employed in all the experi-
ments, including the one with the original
RegCM2. For example, Holtslag’s high resolu-
tion scheme is chosen for the boundary-layer
parameterization (Holtslag,1990, 1993), the modi-

fied Kuo’s scheme is applied for the cumulus
parameterization (Anthes et al., 1987), the time-
dependent nudging technique is used for the lateral
boundary conditions, etc.

We have designed 10 experiments (EXP1–
EXP10) in five groups. The time intervals for
the experiments are two months from 00GMT
May 1 to 00GMT July 1, 1991 except Group 1
whose period is the three months from 00GMT
May 1 to 00GMT August 1. Because extremely
heavy rainfall mainly occurred in June in the
1991 summer, only the results for June are taken
to analyze the groups, apart from Group 1, which
is used for the overall analysis. The first group,
including EXP1 and EXP2, is designed to simu-
late the 3-month changes in the major character-
istics of the model’s climatology due to the
application of the ‘‘big-tree’’ model; the second
group, including EXP3 and EXP4, is to study the
effects of the improvement in the mixing-length
scheme in the ‘‘big-tree’’ model on the simulated
climate; the third group, including EXP3, EXP5
and EXP6, is used to study the sensitivity of the
simulated climate to the zero-plane displacement
in the ‘‘big-tree’’ model; the fourth group, in-
cluding EXP3, EXP7 and EXP8, is designed to
study the influence of the shape and structure of
the ‘‘big-tree’’ model on the simulated climate;

Fig. 2. Land-cover types in the model do-
main. The lower, middle and upper rect-
angles denote the YHR, NNR and NER
areas, respectively, and land cover types
are set according to BATS (1 crop; 2 short
grass; 3 evergreen needleleaf tree; 4
deciduous needleleaf tree; 5 deciduous
broadleaf tree; 6 evergreen broadleaf tree;
7 tall grass; 8 desert; 9 tundra; 10 irrigated
crop; 11 semi-desert; 15 ocean; 18 mixed
woodland)
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the fifth group, including EXP3, EXP7, EXP9
and EXP10, is to investigate the sensitivity of
the simulated climate to the ‘‘big-tree’’ top
height. Table 1 lists the specific prescriptions
for each experiment.

4. Simulation and analysis

In this section, the preliminary analyses of the
‘‘big-tree’’ model application are given first,
and then the sensitivity of the model’s climatol-
ogy to different schemes is discussed.

4.1 Preliminary analyses of the ‘‘Big-Tree’’
model application

Two experiments, EXP1 with the original
RegCM2 and EXP2 with the adapted version in
Group 1, are analyzed to study the changes in
general characteristics due to the application of
the ‘‘big-tree’’ model. The basic patterns of the
simulated temperature and stream fields for
EXP2 are in good agreement with the observa-
tions, although some small differences exist (not
shown here) due to the same lateral forcing and
almost the same model physics (Giorgi et al.,
1999). Hence, the following analyses (including
Subsection 4.2) will focus on the differences
between the experiments.

Figure 3 shows the differences between EXP1
and EXP2, there is a large area in Fig. 3a with an
absolute value of the 3-month-mean surface-tem-
perature difference greater than 0.5 �C (e.g. for the
NNR region), the surface temperature is obviously
reduced by inclusion of the ‘‘big-tree’’ model, and
the maximum difference in surface temperature
may be up to 3.0 �C. These differences of surface
temperature are very large compared with the
increase of about 0.5 �C of the global mean tem-
perature during the last century (Houlton, 1997). It
is also found that the original RegCM2 has a bias
of overestimating near-surface air temperature
(2 m-level air temperature) for the continental
areas of the model domain (i.e. the simulat-
ed temperatures in EXP1 are generally 1–2 �C
warmer than the observed temperatures over land
in the model domain; not shown). This is generally
consistent with Liu et al. (1996) who evaluated the
performance of RegCM2 for simulating the 1991
east Asia flood. However, the simulated values for
near-surface air temperature from EXP2 are gen-
erally more consistent with the observations after
the inclusion of the ‘‘big-tree’’ model (not shown),
as is confirmed by the surface temperatures listed
in Table 2. The surface temperatures in the NER,
NNR and YHR areas are decreased by 0.2, 0.8 and
0.0 �C respectively, after the ‘‘big-tree’’ model is
taken into account.

Table 1. Prescription in the experiments. The symbol ‘O’ represents the original mixing-length scheme, ‘N’ the improved
mixing-length scheme, ‘DR’ means the ratio of zero-plane displacement to the big-tree height, while S1, S2 and S3 correspond
to the tree shapes S1, S2 and S3 in Fig. 1, respectively, ‘L’ and ‘H’ mean 10 m and 15 m of the big-tree height, respectively
a

Experiment Simulated
month

Mixing
length
scheme

DR Shape Height Experiment Simulated
month

Mixing
length
scheme

DR Shape Height

EXP1 5–7 – 0.9 – L EXP6 6 N 0.8 S1 L
EXP2 5–7 N 0.9 S1 L EXP7 6 N 0.9 S2 L
EXP3 6 N 0.9 S1 L EXP8 6 N 0.9 S3 L
EXP4 6 O 0.9 S1 L EXP9 6 N 0.9 S1 H
EXP5 6 N 0.85 S1 L EXP10 6 N 0.9 S2 H

b

GROUP

EXP 1 2 3 4 5 6 7 8 9 10 Aim: to study

1 � � general change due to big tree
2 � � mixing length
3 � � � DR
4 � � � big-tree shape
5 � � � � big-tree top height
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Correspondingly, at 850 hPa there is a large
and systematic increase over the larger part of
the domain (Fig. 3b), and very interestingly, the

area with high difference in temperature extends
over the marine region, which is different to what
is presented in Fig. 3a. This implies that the

Fig. 3. Differences between EXP1 and EXP2 (the former minus the latter). a The 3-month-mean surface temperature (contour
interval is 0.5 K); b the 3-month-mean 850 hPa temperature (contour interval is 0.1 K); c the 3-month-mean 850 hPa wind
vector (contour interval is 0.2 m=s); d monthly-accumulated precipitation for June (contour interval is 3 cm); e the 3-month-
mean sensible heat flux and f the 3-month-mean latent heat flux (contour intervals are 4 W=m2). Areas with large absolute
values of differences, which are greater than 0.5 K in Fig. 3a, 0.1 K in Fig. 3b, 0.2 m=s in Fig. 3c, 3 cm in Fig. 3d, and 4 W=m2

in Figs. 3e and 3f, are shaded, respectively
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application of a ‘‘big-tree’’ model affects not
only the climate in the forested area but also
the climate over the whole domain. From all
these analyses of temperature in the experiments
a conclusion can be drawn that the surface and
low-level air temperatures can be significantly
influenced by the ‘‘big-tree’’ model.

Figure 3c displays a large wind difference at
850 hPa due to the effects of the model. Wind-
speed differences as large as 0.8 m=s can be seen
over a large area, in which the relative difference
in wind speed can amount to 147.4%.

Figure 3d shows the precipitation difference
for June, when during the 1991 summer mon-
soon, extremely heavy rainfall mainly occurred.
EXP2 successfully simulates the rainfall pattern
for June, and generally precipitation in EXP2 is
less than that in EXP1 (e.g. there is a large area
with negative differences in Fig. 3d) and closer
to the observations. Table 2 shows the simu-
lated maximum precipitation in the YHR area,
519 mm, is very close to the observed precipita-
tion, 478 mm, and is also better than 615 mm
from EXP1. In the two experiments, the local=
grid difference (difference on the scale of the
grid cell) in precipitation may reach up to
250 mm and results in precipitation differences
in each area. The analysis for a shorter time
scale shows that when the ‘‘big-tree’’ model is
applied (not shown) the precipitation variation
in the NNR area is larger than in the YHR
area, and is also larger than in NER area. It is

this shorter time-scale variation that leads to
large differences in the monthly-accumulated
precipitation.

Figure 3e and 3f present the differences in the
3-month-mean sensible and latent heat fluxes,
respectively. Due to the inclusion of the model
there are large areas where the absolute values of
the differences in surface heat flux are greater than
4 W=m2. Considering the Earth’s surface flux bal-
ance of CO2 doubling which would reduce the
thermal radiation flux by about 4 W=m2 (Houlton,
1997), we suggest therefore that these differences
in surface fluxes are very large. Correspondingly,
from Table 2, we can see that the latent heat fluxes
are reduced considerably in the three areas
(i.e. 24.8, 12.9, and 25.4 W=m2 for the NER,
NNR and YHR areas, respectively). Although
the mean sensible heat fluxes do not change by
such large amounts, quite large differences in the
surface temperature are induced by inclusion of
the ‘‘big-tree’’ model (e.g. a decrease of 0.8 �C
for the NNR area) and further influences also
occur on the near surface and higher level air
temperatures (e.g. an increase of 0.3 �C for
850 hPa temperature in the YHR area). The quite
large decrease in latent heat flux does not induce
the increase of surface temperature in summer
especially in the NER and NNR areas with large
areas of forest. The reason for this is that the
shading effect of the forest canopy can be
expressed better by the ‘‘big-tree’’ model which
enables the temperature stratification in the forest

Table 2. Results in the experiments. NER, NNR and YHR represent the 3 sub-regions in the model domain (Fig. 2). Except the
accumulated characteristic of the maximum grid rainfall for June, the other results are area-averaging mean characteristics (i.e.
3-month mean in EXP1 and EXP2, and monthly mean in the other experiments). For surface fluxes, the results are the mean
values at the level of canopy top for the experiments except that they are at the ‘big-leaf’ level in EXP1

Surface temperature
(K)

850 hPa temperature
(K)

Sensible heat flux
(W=m2)

Latent heat flux
(W=m2)

Maximum
rainfall for

NER NNR YHR NER NNR YHR NER NNR YHR NER NNR YHR
June (mm)

EXP1 292.2 297.5 300.2 286.7 291.0 292.4 25.6 22.8 7.04 99.4 98.1 91.4 615
EXP2 292.0 296.7 300.2 286.8 291.1 292.7 24.7 17.3 7.25 74.6 85.2 66.0 519
EXP3 298.7 303.0 304.9 292.0 296.3 297.9 35.8 21.9 4.79 82.3 98.5 72.2 501
EXP4 298.6 303.0 304.8 292.1 296.4 297.9 34.4 22.0 4.55 75.3 94.7 71.0 672
EXP5 298.7 303.2 304.8 292.1 296.5 298.1 33.7 22.8 4.96 77.3 95.8 70.9 673
EXP6 298.6 303.3 304.9 292.1 296.5 298.1 33.3 24.3 5.79 72.0 96.7 74.0 549
EXP7 298.6 303.1 304.8 292.0 296.4 297.9 33.3 22.0 4.87 82.5 96.1 70.4 518
EXP8 298.6 303.3 304.8 292.0 296.4 297.8 33.6 24.1 5.14 83.4 93.9 68.9 593
EXP9 298.5 303.2 304.8 292.0 296.4 297.9 34.6 23.1 5.23 78.5 94.8 68.8 573
EXP10 298.7 302.7 304.8 292.1 296.2 297.8 34.8 20.9 5.08 77.0 99.2 71.7 545
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canopy to differ from temperatures above the
canopy (Hosker et al., 1974; Gross, 1987, 1988;
Yamada, 1982). Therefore, the diurnal tempera-
ture variation in the canopy layer may be stron-
ger than at the surface and the quite large
decrease in latent heat flux induces the increase
in temperature at the top of the canopy, which
can be seen from the 850 hPa-temperature differ-
ence (shown in Table 2, the temperature in EXP2
is slightly higher than in EXP1). Hence applica-
tion of the ‘‘big-tree’’ model can produce sys-
tematic and very large differences in surface
heat flux fields which would systematically cause
change in the distribution of temperature, circu-
lation, precipitation, etc. The impact of the
model is larger on the lower atmosphere than
on the upper atmosphere, e.g. for the NNR area,
a temperature decrease of 0.8 �C at 850 hPa cor-
responds to a decrease of 0.1 �C at 500 hPa (not
shown).

In short, through analysis of the two experi-
ments it can be concluded that application of
the ‘‘big-tree’’ model may simulate more realis-
tic intraseasonal climate and that the climate over
the whole of the model domain is very sensitive
to the inclusion of the ‘‘big-tree’’ model.

4.2 Analysis of sensitivity experiments

Four groups of experiments are designed to study
the sensitivity of the simulated regional climate
to different mixing length schemes and different
parameters in the ‘‘big-tree’’ model.

4.2.1 Mixing length

Based on observations Zeng et al. (1999) pro-
posed an improved mixing-length scheme, which
uses an offline multi-layer vegetation model, and
showed that the two different schemes (original
and improved) may cause about 30% of the dif-
ference in momentum flux for neutral stratifica-
tion. If we apply the ‘‘big-tree’’ model in the
regional climate model and use the different
mixing length schemes, to what extent will the
model’s climatology be altered? The second
experiment group including EXP3 (improved
mixing length scheme) and EXP4 (original mix-
ing length scheme) is designed to study the
effects of the two mixing length schemes (Zeng
et al., 1999) in the ‘‘big-tree’’ model on the simu-
lated climate.

Figure 4a illustrates the difference between the
monthly-mean surface temperature in EXP3 and
that in EXP4. Differences greater than 0.5 �C can
still be identified over quite a large area, espe-
cially in the NNR region, and the maximum dif-
ference can amount to 2.7 �C. This shows that the
local=grid differences in surface temperature can
be very large, though the area-average differ-
ences are not large (Table 2).

Figure 4b shows the difference between the
monthly-mean surface latent heat flux in EXP3
and EXP4. The differences remain larger than
4 W=m2 over the larger part of the domain.
According to the statistical results the maximum
local=grid difference in the sensible and latent
heat fluxes can be as large as 33.6 W=m2 and

Fig. 4. Differences between EXP3 and EXP4 (the former minus the latter). a The monthly-mean surface temperature (contour
interval is 0.5 K); b the monthly-mean latent heat flux (contour interval is 4 W=m2)
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60.8 W=m2, respectively. As with the difference
in monthly-mean surface temperature, the area-
average differences in the monthly-mean heat
fluxes are not as large as the local=grid differ-
ences, e.g. the maximum area-average latent heat
difference is only 7 W=m2, which exists in the
NER area (Table 2).

As for the monthly precipitation, it can be seen
that the maximum difference between EXP3 and
EXP4 is 299 mm and there is also a quite large
difference over a large area of the East Sea
region (not shown). This means that the effect
of the ‘‘big-tree’’ model is not confined to the
forest area. The simulated area-average precipi-
tation in the YHR area is 147 mm in EXP3 and
152 mm in EXP4. Table 2 shows that the max-
imum local rainfall in EXP4 is 672 mm, while
the amount in EXP3 (501 mm) is closer to the
observation (478 mm).

In summary, improvement of the mixing
length in the ‘‘big-tree’’ model has a large impact
on the simulated climate so that the simulated
climate is quite sensitive to different schemes
of mixing length.

4.2.2 Zero-plane displacement height

In the forested area the logarithmic law for the
wind profile in the surface layer must be modi-
fied by introducing the zero-plane displacement
height. In previous studies, different authors gave
different values of displacement (e.g. Baldocchi
et al., 1987; Baldocchi et al., 1988; Amiro et al.,
1990). A larger zero-plane displacement means a
larger wind shear near the top of the canopy layer
when the height of the canopy layer and the wind
speed above the canopy layer are given. This
gives a larger value of DR, defined as the ratio
of the zero-plane displacement height to the
canopy top, and may result in a stronger upward
turbulent transfer near the canopy top, and there-
fore further induces changes in climate in the
forested area. Usually, the DR value ranges from
0.7 to 0.9, and 0.9 is adopted in the original
RegCM2. Until now there have been few investi-
gations concerning how large the effect of
different DR values is on model climatology
(simulated by a regional climate model or general
circulation model) in the forested area. Our third
group of experiments, including EXP3 (DR¼
0.9), EXP5 (DR¼ 0.85) and EXP6 (DR¼ 0.8), is

designed to investigate the sensitivity of the simu-
lated climate to different values of the zero-plane
displacement in the ‘‘big-tree’’ model.

Figure 5a illustrates the difference in monthly-
mean surface temperature between EXP3 and
EXP6. There is a large area with high absolute
values of monthly-mean surface-temperature dif-
ference around the NNR area. Surface tempera-
ture is increased by 0.3 �C after the value of DR
is changed from 0.9 to 0.8 (Table 2). In addition,
the maximum difference in surface temperature
may be up to 2.6 �C, correspondingly, there is a
very large area with large systematic differences
in the 850 hPa temperature (Fig. 5b), with the
maximum difference amounting to 0.73 �C. The
pattern in Fig. 5b is similar to that in Fig. 3b,
which further shows that the inclusion of the
‘‘big-tree’’ model can influence areas outside of
the forested regions.

Figure 5c displays large difference in the
850 hPa-wind field. Due to change in the zero-
plane displacement, the windspeed difference
can be as large as 0.6 m=s over quite a large area,
in which the maximum difference can amount to
1.2 m=s. These results show that change in DR can
greatly alter circulations across the model domain.

The difference in the monthly-mean sensible
heat flux is shown in Fig. 5d. There is a large
area where the absolute differences in the surface
heat flux are greater than 4 W=m2. The difference
in the monthly mean latent heat flux is also simi-
lar (not shown). Table 2 shows that the latent heat
fluxes are altered to different degrees in the three
areas (i.e. the decreases of 10.3, 1.8, and
�1.8 W=m2 for the NER, NNR and YHR areas,
respectively) as DR decreases. Since the differ-
ences are heterogeneously distributed, the local
differences can be much larger. This shows that
change in DR can greatly affect the surface tur-
bulent transfer.

The differences in some variables between
EXP5 and EXP3 are also large, even though
the DR difference between EXP5 and EXP3 is
not as large as between EXP6 and EXP3. For
example, the maximum precipitation for June is
673 mm in Exp5, but it is 501 mm in EXP3. For
the simulated temperatures at 850 hPa in EXP5
and EXP3 the area with a difference of more than
0.2 �C occupies more than half of the domain,
and the maximum difference can amount to
0.51 �C (not shown).
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In general, we conclude that change in the
zero-plane displacement in the ‘‘big-tree’’ model
can produce very different regional climates.

4.2.3 Shape of the ‘‘Big Tree’’

The shape of the ‘big tree’ can be described by
parameters such as the vegetation fractional cov-
erage and leaf area density. Obviously, the larger
the vegetation cover, the bigger the ‘‘tree’’; the
larger the leaf area density at a certain level, the
more leaves are at that level. Observations show
that there is stronger turbulent intensity within
the plant canopy (e.g. Baldocchi et al., 1987,
1988; Amiro et al., 1990). Similar to the im-
provement in the mixing length (Zeng et al.,
1999), we suggest that the greater turbulence
should be associated with characteristic quanti-
ties such as the leaf area density. Different leaf

area densities at different levels (or different
shapes of the ‘‘big tree’’) will influence the tur-
bulent transfer in and near the canopy layer, and
further affect the forested-area climate. The total
leaf area index and stem area index are two char-
acteristic quantities related to the ‘‘big-leaf’’ in
the original RegCM2. As for the treatment of the
‘‘big-tree’’ model, based on the tree shapes
shown in Fig. 1 and the leaf area index in BATS,
the leaf area densities at different levels are
derived through Eq. (6). The fourth group of
experiments, including EXP3, EXP7 and EXP8,
is designed to study the effect of the ‘‘big-tree’’
shape on the simulated climate. EXP3, EXP7 and
EXP8 correspond to the three shapes, S1, S2 and
S3 in Fig. 1, respectively.

Figure 6a displays the difference in the
monthly-mean surface temperature between
EXP3 and EXP8. Due to the difference in the

Fig. 5. Differences between EXP3 and EXP6 (the former minus the latter). a The monthly-mean surface temperature (contour
interval is 0.5 K); b the monthly-mean 850 hPa temperature (contour interval is 0.1 K); c the monthly-mean 850 hPa wind
vector (contour interval is 0.2 m=s); d the monthly-mean sensible heat flux (contour interval is 4 W=m2)
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‘‘big-tree’’ shape there is a large area with high
absolute values of temperature difference around
the NNR region. As shown in Table 2, it seems
that the NNR area is the most significantly
affected among the three areas, with a surface-
temperature increase of 0.3 �C. In addition, the
maximum difference in surface temperature can
amount to 3.6 �C. Correspondingly in the lower-
layer atmosphere there is a very large aggregated
area with parse differences in temperature (Fig.
6b), and the maximum difference can reach
0.41 �C.

Figure 6c and 6d show the difference in the
monthly-mean sensible and latent heat fluxes,
respectively. Owing to the tree-shape difference,
large differences in the heat fluxes are very
obvious. As for the latent-heat-flux difference,
the area-average values are 4.6 W=m2 and
3.3 W=m2 for the NNR and YHR areas, respec-

tively (Table 2). The maximum local=grid differ-
ences are 48.6, 45.4 W=m2 and 45.4 W=m2 for
the three areas, respectively.

Table 2 lists differences between EXP7 and
EXP8, e.g., as for the monthly-mean surface tem-
perature in the NNR area, the values are 303.1 K
and 303.3 K; as for the monthly-accumulated
precipitation, the local=grid maximum values
are 518 mm and 593 mm, respectively. Thus,
the conclusion can be drawn from these results
that the model’s climate is also sensitive to the
shape of the ‘‘big-tree’’.

4.2.4 Height of the ‘‘Big Tree’’

In China, some needle-leaf forests in the tem-
perate zone are often 10–25 m high, while the
height of deciduous broadleaf forests in northern
China usually range within 10–15 m, and those

Fig. 6. Differences between EXP3 and EXP8 (the former minus the latter). a The monthly-mean surface temperature (contour
interval is 0.5 K); b the monthly-mean 850 hPa temperature (contour interval is 0.1 K); c the monthly-mean sensible heat flux;
d the monthly-mean latent heat flux (contour interval is 4 W=m2)
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of the evergreen broadleaf forests in sub-tropic
region are usually 10–30 m high. The character-
istic values of the forests in the vegetation clas-
sification adopted in the original RegCM2 may
not reflect the reality in China, which will affect
the simulated climate in the forested area. We
therefore design the fifth group of the experi-
ments (i.e. EXP3 vs. EXP9, and EXP7 vs.
EXP10) to assess the sensitivity of the climate
to the height of the tree top in the ‘‘big-tree’’
model.

Figure 7a presents the difference in the
monthly-mean surface temperature between
EXP3 and EXP9. There is a large area with high
absolute values of temperature difference and
the maximum local=grid difference in surface
temperature can amount to 3.3 �C. As for the
monthly-mean latent heat flux, large differences
can still be seen (Fig. 7b) with the maximum
local=grid difference of 59.1 W=m2. Table 2
shows the monthly-mean latent heat fluxes are
82.3, 98.5 and 72.2 W=m2 for the NER, NNR
and YHR areas in EXP3, respectively, correspond-
ing to 78.5, 94.8 and 68.8 W=m2 in EXP9. All
these display quite large differences.

In addition, there are also quite large differ-
ences between EXP7 and EXP10 (not shown).
Some large differences can still identified from
Table 2, e.g. the monthly-mean surface tempera-
ture for the NNR area is 303.1 K in EXP7, and is
302.7 K in EXP10; the monthly-mean latent heat
flux for the NER area is 82.5 W=m2 in EXP7, and
is 77.0 W=m2 in EXP10.

Therefore, it can be concluded that the simu-
lated climate may be greatly altered by change in
the height of the ‘big tree’.

5. Summary and conclusions

Corresponding to the ‘‘big-leaf’’ model that con-
siders little vertical heterogeneity for vegetation,
the boundary-layer model, which considers this
heterogeneity and in which the characteristics are
explicitly computed for different levels of forest
canopy (Yamada, 1982; Gross, 1987, 1988; Zeng
et al., 1999), is here referred to as the ‘‘big-tree’’
model. The ‘‘big-tree’’ models are characterized
by their detailed descriptions of tree features and
processes, such as the geometric heterogeneities
of trees, as well as the profiles and turbulent and
radiative processes in and above the canopy.
Generally, ‘big tree’ models are implemented
for studies on characteristic profiles or for studies
of short-term weather. In this paper, a ‘‘big-tree’’
model (Zeng et al., 1999) is intended to replace
the currently-used ‘‘big-leaf’’ model for investi-
gation of short-term climate. We have incor-
porated the ‘‘big-tree’’ model into the NCAR
regional climate model RegCM2 (Giorgi et al.,
1993), so as to make the vegetation model more
physically based and to investigate some of the
uncertainties in regional climate modeling. It is
expected that the forest climate produced by the
‘‘big-tree’’ model should be more realistic.

Using the augmented version of RegCM2 we
have applied the station data in the Meiyu sea-

Fig. 7. Differences between EXP3 and EXP9 (the former minus the latter). a The monthly-mean surface temperature (contour
interval is 0.5 K); b the monthly-mean latent heat flux (contour interval is 4 W=m2)
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son, during the 1991 summer monsoon, as the
initial and boundary conditions and performed
ten experiments to investigate the effects of
application of the ‘‘big-tree’’ model.

With the ‘‘big-tree’’ model incorporated into
the regional climate model, some climate char-
acteristics, e.g. the 3-month-mean surface
temperature, circulation, and precipitation, are
systematically and significantly changed in the
domain, e.g. the 3-month-mean surface tempera-
ture is decreased by 0.8 �C in the NNR area, with
a maximum local=grid difference of about 3 �C.
Due to the better representation of shading
effects with the ‘‘big-tree’’ model, the air tem-
perature just above the plant canopy is increased,
which further influences the 850 hPa temperature
(Fig. 3b). As for surface heat fluxes, although no
great change occurs in the mean sensible heat
fluxes, there are significant decreases in the mean
latent heat fluxes (within 20–30 W=m2) in the
three areas of the model domain.

Changes in the climate characteristics differ in
different areas of the domain and the application
of the ‘‘big-tree’’ model influences not only the
simulated climate for the forested area, but also
that for the whole domain. Its impact is greater
on the lower atmosphere than that on the upper
atmosphere.

After the incorporation of the ‘‘big-tree’’
model, the simulated precipitation and surface
temperature differ from the original model and
are (or seem to be) closer to the observations.
This implies that appropriate representations of
the ‘‘big-tree’’ model may improve the simula-
tion of the summer monsoon climate.

The experiments conducted for different param-
eters=schemes of the ‘‘big-tree’’ model show
that the simulated climate is sensitive to some
parameters, such as the shape, height, zero-plane
displacement height. Different mixing-length
schemes can also lead to quite large differences
in climate characteristics.

In the sensitivity tests some systematic large
differences can be caused by different param-
eters=schemes. The local=grid differences may
be very large although the area-average differ-
ences may be much smaller. The area-average
differences in the monthly-mean surface tem-
perature and heat fluxes can amount to �0.5 �C
and �4 W=m2, respectively. These correspond to
the maximum local=grid differences of �3.0 �C

and �40 W=m2. Moreover, judging from differ-
ences which result from different values of
the ‘‘big-tree’’ model parameters in the present
study, the simulated climate is most sensitive to
the zero-plane displacement. Figure 5 shows the
differences in the surface and 850 hPa tempera-
tures, as well as in the windspeed, are generally
larger than other parameters, e.g. the shape of the
‘‘big tree’’ whose effects are shown in Fig. 6.
Different displacements may induce different cli-
mate features and produce greater influences on
the circulation, temperature, surface fluxes, etc.

Additionally, from the results and conclusions
of the set of experiments with different applica-
tions of the ‘‘big-tree’’ model, it can be shown
that:

(i) The regional climate is sensitive to many fac-
tors. In other words, there are many uncer-
tainties in the regional climate modeling.
This paper provides some results concerning
the uncertainties when a ‘‘big-leaf’’ model is
applied. Through some formulations of more
realistic physical processes in the ‘‘big-tree’’
model (e.g. the turbulent and radiative trans-
fer schemes are more physically based),
some uncertainties are reduced. Yet uncer-
tainties remain, e.g. the choice of the values
for the ‘‘big-tree’’ model. It is expected that
developments of remote sensing and theo-
retical studies will provide possibilities to
reduce these uncertainties, and via these
developments, a more realistic model for
the representation of vegetation will be
derived. Decrease in uncertainties due to
the application of the ‘‘big-tree’’ model sug-
gests that the ‘‘big-tree’’ model might play an
important role in regional climate modeling.
Although this increases computer require-
ments, improvements in the computational
resources and numerical schemes may solve
this problem.

(ii) Simulated precipitation after application of
the ‘‘big-tree’’ model is systematically over-
estimated in all the experiments conducted
(e.g. the maximum grid precipitation for
June in each experiment is larger than the
observations, 478 mm), which implies that
there are still limitations in the regional
climate model even after land surface
processes are improved. For land surface
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heterogeneities, Giorgi and Avissar (1997)
and Zeng et al. (2002, 2003) showed the
importance of including land surface hori-
zontal heterogeneities, other than the verti-
cal heterogeneities of the ‘‘big-tree’’ model
used in this study, in climate models.

(iii) The differences in the results due to the
‘‘big-tree’’ model seem to be dependent on
the current weather, e.g. the magnitude of
the mean sensible and latent heat fluxes
appear to be dependent on the current
‘‘wet’’ climate, there was an extremely
anomalous flood in 1991 over east Asia,
while for some ‘‘dry’’ climates, the magni-
tudes might be very different. For example,
the changes in the latent heat flux for the
three areas are larger than those in the sen-
sible heat flux in the present ‘‘wet’’ climate
due to the application of the ‘‘big-tree’’
model, while for some ‘‘dry’’ climates, the
changes might be reversed. These consid-
erations, as well as the changes over shorter
time scales (e.g. how the differences change
from day to day?), remain for follow-up
studies.
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