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ABSTRACT

In Part I, the authors succeeded in coupling the spectral atmospheric model (SAMIL_R42L9) developed at
the State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics,
Institute of Atmospheric Physics, Chinese Academy of Sciences (LASG/IAP/CAS) with the land surface
model, Atmosphere-Vegetation-Interaction-Model (AVIM) and analyzed the climate basic state and land
surface physical fluxes simulated by R42_AVIM. In this Part II, we further evaluate the simulated results
of the biological processes, including leaf area index (LAI), biomass and net primary productivity (NPP)
etc. Results indicate that R42_AVIM can simulate the global distribution of LAI and has good consistency
with the monthly mean LAI provided by Max Planck Institute for Meteorology. The simulated biomass
corresponds reasonably to the vegetation classifications. In addition, the simulated annual mean NPP has
a consistent distribution with the data provided by IGBP and MODIS, and compares well with the work
in literature. This land-atmosphere coupled model will offer a new experiment tool for the research on the
two-way interaction between climate and biosphere, and the global terrestrial ecosystem carbon cycle.
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1. Introduction

During the past 20 years, the interaction between
the ecosystem and atmosphere has been one of the hot
topics in climate change study. Vegetation and climate
are always in a dynamical balance. Climate change can
have an impact on vegetation and meanwhile, once the
vegetation has an obvious change, the climate will be
affected too, thus achieving a new balance. Vegeta-
tion variation can alter the surface parameters such
as albedo, roughness length, zero level displacement
etc, then in turn affect regional climate by changing
the budgets of water and energy between land and
atmosphere. Zheng et al. (2002) found that changes
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of vegetation exert an important influence on land-air
energy equilibrium. Following the change in vegeta-
tion, surface released effective thermal fluxes (sensible
and latent heat) and Bowen ratio are also changed,
which alters the distribution of moist static energy,
atmospheric stratification and vertical motion, finally
leading to rainfall variation. Vegetation changes over
large scales will have important impacts on climate.
Many scientists have examined the climatology im-
pacts of Sahara desertification (Charney, 1975; Carson
and Sangster, 1981; Laval and Picon, 1986; Sud and
Molod, 1988; Xue and Shukla, 1993; Dirmeyer and
Shukla, 1996; Zheng and Eltahir, 1997, 1998; Clark
et al., 2001) and Amazonian tropical rainforest defor-
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estation (Henderson-Sellers and Gornitz, 1984; Dickin-
son and Henderson-Sellers, 1988; Lean and Warrilow,
1989; Nobre et al., 1991; Zeng, 1996). Zeng et al.
(1999) found that vegetation’s feedback can enhance
the interdecadal climate variability in the Sahel. Study
on vegetation cover or land-use shows that different
vegetation cover or land-use will form different cli-
mate and atmosphere circulation. In addition, this
impact is comparative to those by other forcing fac-
tors like changes in CO4 concentration, solar radiation
ete. (Bonan, 1997; Brovkin et al., 1999; Chase et al.,
2000; Fu, 2003). Changes in vegetation also have ef-
fects on monsoon. Zheng and Eltahir (1998) indicated
that the West Africa monsoon and the corresponding
precipitation rely on the location and distribution of
vegetation disturbance. Xue et al. (2004, 2006) stud-
ied the impacts of land surface processes on the mon-
soon in Fast Asia, West Africa and South America,
indicating that the exchange of water and energy be-
tween vegetation and atmosphere has an important
effect on monsoon’s development. Li and Xue (2005)
studied the impacts of vegetation index on the interan-
nual variation of summer precipitation in the Yellow
River basin and indicated that better representation
of the vegetation index and its interannual variation
may be important for climate prediction.

All these studies indicate that vegetation-
atmosphere coupled model is an important tool for
research. However, most models used in the above
studies are one-sided, that is, using prescribed change
of land surface parameters such as vegetation classi-
fication, leaf area index (LAI) and vegetation cover
etc. to study the response of climate, and ignoring the
interaction and feedbacks between them. This cannot
satisfy the need for studying the interaction between
climate and ecosystem. In recent years, some models
began considering the two-way coupling of the vege-
tation and atmosphere (Foley et al., 1998; Cox, 2001;
Lu et al., 2001; Tsvetsinskaya et al., 2001; Dan et
al., 2005). However, this kind of work is still Prelim-
inary and most models have relatively low horizontal
resolutions. In our work, we have successfully cou-
pled a higher resolution spectral atmospheric model
(SAMIL_R42L9) with a land surface process model,
Atmosphere-Vegetation-Interaction-Model ~ (AVIM),
and analyzed the simulated climate basic state and
land surface physical fluxes (Zeng et al., 2008). In this
Part II, we further evaluate the simulated biological
processes, aiming at offering an experiment tool for
future climate-ecosystem interaction study. It is or-
ganized as follows: section 2 introduces the data used
in this work; section 3 demonstrates the simulated re-
sults and makes comparisons with observation. In the
last part, the conclusions and discussions are given.
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2. Data

In this coupled model, terrestrial ecosystems are
classified into 13 types. They are tropical rainforest,
broad leaf deciduous trees, broad leaf and needle leaf
trees, needle leaf evergreen trees, needle leaf deciduous
trees, broadleaf trees with ground cover, ground cover
only, broadleaf shrub with ground cover, broadleaf
shrubs with bare soil, dwarf trees with ground cover,
bare soil, crops, ice etc. (Xue et al., 2004). Figure
1 shows the global distribution of vegetation types.
Soil texture is classified as 6 types, such as coarse,
medium/coarse, medium, fine/medium, fine, organic
etc. (Zobler, 1986).

In order to evaluate the simulated biological pro-
cesses, we use the following observational data: (1)
monthly mean global 0.5° x 0.5° LAI provided by
Max Planck Institute for Meteorology (Hagemann,
2002), (2) the International Geosphere Biosphere Pro-
gramme (IGBP) Global NPP Model Intercomparison
Data with the resolution of 0.5° x 0.5° (Cramer et al.,
1999), and (3) global annual mean 0.5° x 0.5° MODIS
NPP data averaged during 2000-2003 (Zhao et al.,
2006).

3. Results

Before analyzing the simulated results, we first in-
troduce the biological process in AVIM. In Part I, we
have pointed out that AVIM includes both physical
process and biological process and the two components
are interactive and have feedbacks on each other. In
the plant growth physiological model, photosynthesis,
respiration (including growth respiration and mainte-
nance respiration), dry matter allocation in the tis-
sues and decomposition of organic matter are taken
into consideration. Net primary productivity can be
written as:

NPP = A, — Ry — Ry , (1)

where NPP is net primary productivity, A, is photo-
synthesis rate, Ry, is maintenance respiration rate, R
is growth respiration rate. Photosynthate (dry mat-
ter) can be allocated among the tissues following a
definite rule. The variation of biomass of tissues can
be expressed as:

dM;
dt

= o;(Ac — Z viMi) = BiM; — Fy ;. (2)

i=f,s,r

where M; is the biomass of leaf, stem or root, «; is
related to the allocation coefficients of dry matter and
growth respiration. The subscripts f,s and r denote



634

BIOLOGICAL PROCESS SIMULATIONS OF AN UPDATED COUPLED MODEL

VOL. 25

30N

308

60S

180 120W 60w 0

7 8 g 10 11 12

Fig. 1. Vegetation classification in R42_AVIM, There are in turn trop-
ical rainforest, broad leaf deciduous trees, broad leaf and needle leaf
trees, needle leaf evergreen trees, needle leaf deciduous trees, broadleaf
trees with ground cover, ground cover only, broadleaf shrub with ground
cover, broadleaf shrubs with bare soil, dwarf trees with ground cover,

bare soil, crops and ice etc.

the variables related to foliage, stem and root, respec-
tively. ~; and f; are coefficients of maintenance res-
piration and falling. F; represents the disturbances of
vegetation biomass, such as fires, plant diseases, her-
bivory and insect pests. LAI is an important vegeta-
tion morphological parameter and its variation can be
expressed as:

dLAT 1 dM; 3

dt  pe dt (3)

where ps is the leaf area for a unit leaf biomass, My is

leaf biomass. The falling of foliage depends on climatic
variations and plant phonological phases.

In AVIM, all these physiological processes are af-
fected by photosynthetic active radiation, COs concen-
tration in the atmosphere, temperature and moisture
of the air and soil, which are predicted by the physical
process. Meanwhile, the leaf area index, and then the
roughness, albedo and other dynamical parameters of
vegetation changing with the growth of plants will in-
fluence energy, water and CO2 exchanges between the
surface and the atmosphere to realize the interaction
between climate and vegetation.

In this article, we run R42_AVIM for 15 years and
the means calculated from the last 10 years are taken
as the climate base state. In the following, we will

analyze the simulated biological processes, including
LAI biomass, NPP etc.

3.1 LAI

LAI, an important vegetation morphological pa-
rameter, is the projection of total canopy area on a

unit land surface area (m? m~2). LAI is directly as-
sociated with the intensity and allocation of the en-
ergy, water, momentum, COs concentration etc. in the
canopy. In our work, by comparing with the 0.5°x0.5°
monthly mean LAI data provided by Max Planck Insti-
tute for Meteorology, the simulated LAI by R42_AVIM
is analyzed.

3.1.1  Zonally averaged features

The zonal mean LAT derived from R42_AVIM and
Max Planck Institute for Meteorology in January and
July are shown in Fig. 2. In January (Fig. 2a), the
maximum LAT is centralized in the tropics between
10°S and 10°N with the second maximum between
30°S and 40°S. Except for the regions where needle
leaf evergreen trees are distributed, LAI is very low in
middle and high latitudes of the northern hemisphere.
Compared with the observation, R42_AVIM can basi-
cally reproduce the zonal mean feature of LAI. How-
ever, biases still exist. The most obvious difference is
situated between 20°S and 50°S with a positive bias.
This can also be found in the global distribution of
LAT (Figs. 3a, ¢). The regions in the east coast of Aus-
tralia and southeastern South America have a larger
LAIT than the observation. The vegetation distribution
in these locations needs to be further verified.

In July (Fig. 2b), the maximum LAI is still dis-
tributed in tropics. However, LAI in the northern
hemisphere shows an obvious seasonal growth, espe-
cially in the middle and high latitudes where boreal
forests are distributed. Figures 2a and 2b show that
the minimum LAT is located between 20° and 30° of
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Fig. 2. Zonal mean (a) January, (b) July LAI derived from R42_AVIM
and Max Planck Institute for meteorology, units: m? m~2.
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Fig. 3. (a, ¢) Mean January, (b, d) July LAI derived from (a, b) R42_.AVIM and (c, d) Max Planck
Institute for meteorology, units: m? m~2.
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both hemispheres. In those areas, climate is arid with
less precipitation, which is not suitable for vegetation
growing and most deserts on Earth are distributed
there. The simulated LAI is closer to observation in
July than that in January. Nevertheless, simulated
LAI south of 25°S is a little larger than the observa-
tion.

3.1.2 Global distribution

Figure 3 shows the global geographical distribution
of LAI, including simulated results by R42_AVIM and
the observation from Max Planck Institute for Mete-
orology. In January (Figs. 3a, c¢), R42_.AVIM can re-
produce LAI reasonably well, except for the regions
where needle leaf evergreen trees are distributed. LAT
is very low in middle and high latitudes of the North-
ern Hemisphere. In the low latitudes such as Indo-
China Peninsula, South China and the southeast of
America, physical conditions is suitable for vegetation
growth and LAT is relatively large. In the southern
hemisphere, maximum LAI is mainly distributed in
the tropical rainforest of Africa and South America.
Compared to observation, there is a negative bias in
western Europe, India and western Canada, while a
positive bias in middle Africa, southeastern Australia
and southeastern South America. In addition, due
to the simulated lower surface temperature and less
precipitation (shown in Part I), the simulated LAT in
tropical rainforest of South America is lower than ob-
servation, and needs to be further corrected.

In July, LAI in the northern hemisphere shows an
obvious seasonal variation, especially in the middle
and high latitudes (Figs. 3b, d). However, the maxi-
mum LAT is still distributed in the tropical rainforest.
Compared with observation (Fig. 3d), the simulated
LATI is larger in the zone near 60°N. Further analy-
sis indicates that this is caused by needle leaf ever-
green trees, which have a stronger seasonal growth in
JJA in the model simulation. In addition, the larger
LAT is just about consistent with the colder zone along
60°N across the Eurasian continent. This shows that
larger LAI will cause stronger transpiration and lead to
lower surface temperature. The simulated LAI in mid-
dle Africa is larger than observation both in January
and in July. In addition, in the tropical rainforests of
South America, the simulated LAI is also lower than
observation, due to the same reason as in January.

3.1.3 Seasonal variation of LAI for vegetation classi-
fications

Figure 4 shows the simulated and observed seasonal
variations of 11 vegetation types averaged over the
northern hemisphere. Figures 4a—k are, in turn, trop-
ical rainforest, broad leaf deciduous trees, broad leaf
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and needle leaf trees, needle leaf evergreen trees, nee-
dle leaf deciduous trees, broadleaf trees with ground
cover, ground cover only, broadleaf shrub with ground
cover, broadleaf shrubs with bare soil, dwarf trees with
ground cover, crops etc. It is clear that R42_AVIM can
simulate the seasonal variation of each vegetation type.
However, biases still exist. In Fig. 4d, the simulated
seasonal variation of needle leaf evergreen trees is too
strong. That is, in July and August, the simulated LAI
is larger than observation, while smaller from January
to June. This can also be seen in the global distri-
bution of LATI in July (Fig. 3b). In addition, for the
simulation of broad leaf deciduous trees, broad leaf and
needle leaf trees and ground cover only (Figs. 4b, 4c,
4g), although the LAI in January and July is consis-
tent with the observations, the vegetation grows later
in spring and languish earlier in autumn. For tropical
rainforest (Fig. 4a), the simulated LAI is larger than
the observation during all seasons. The simulated LAI
of needle leaf deciduous trees is larger in winter and
spring, while smaller in summer (Fig. 4e). Broadleaf
trees with ground cover have lower LAI in almost all
seasons (Fig. 4f), while dwarf trees with ground cover
is contrary, having larger LAI in all seasons (Fig. 4j).
For crops (Fig. 4k), LAI is a little larger in summer,
while a little smaller than the observation in spring
and autumn. All of the above indicate that in order
to get more reasonable vegetation seasonal variation,
the parameters related to phenological phase need fur-
ther to be corrected.

3.2 Biomass

In our work, biomass is the amount of living organ-
ism on an unit land area. Figures 5a and 5b show the
global distribution of the simulated total biomass and
biomass above ground respectively. Biomass above
ground is the sum of leaf biomass and stem biomass.
Comparing Fig. ba with Fig. 5b, we can see that
in most places, total biomass is close to the biomass
above ground, indicating that root biomass is rela-
tively small. However, there is an obvious difference
between the two in the regions where grassland or
dwarf trees with ground cover are distributed. That is,
root biomass is larger in arid or semi-arid areas, which
is consistent with the work of Huang et al. (2006).
The maximum biomass (12 kg C m~2) is mainly dis-
tributed in the tropical rainforests of South America,
middle Africa, Indonesia, south China and the Indo-
China peninsula. The second maximum of biomass
is distributed in boreal forests and the broad leaf de-
ciduous trees of southeastern South America, South
Africa, India, southeast of the United States and Aus-
tralia with a value of about 6-9 kg C m—2. In the
deserted area, such as Sahara, Arabia Peninsula and
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Fig. 4. Seasonal variation of LAI for 11 vegetation classifications in northern hemisphere. (a)—(k) are tropical
rainforest, broad leaf deciduous trees, broad leaf and needle leaf trees, needle leaf evergreen trees, needle leaf de-
ciduous trees, broadleaf trees with ground cover, ground cover only, broadleaf shrub with ground cover, broadleaf

shrubs with bare soil, dwarf trees with ground cover and crops etc. Units: m

over the Tibetan Plateau, there is little vegetation and
biomass is close to zero. From the simulations in Jan-
uary and July (not shown), total biomass and biomass
above ground have relatively weak seasonal variations
except for the regions such as East China or the United
States of America, where grassland or crops are the
dominant vegetation types. Leaf biomass, having sim-
ilar change as LAI, is the main component causing the
seasonal variation of the total biomass.

3.3 NPP
Net Primary Productivity (NPP), is defined as the

2 2

m- “.
net flux of carbon from the atmosphere into green
plants per unit time. NPP is a fundamental ecolog-
ical variable, not only because it measures the energy
input to the biosphere and terrestrial carbon dioxide
assimilation, but also because of its significance in in-
dicating the condition of the land surface area and
the status of a wide range of ecological processes. On
Earth, there are many sorts of ecosystems and their
NPP is different from one another. There is a trend of
decrease in NPP from tropical rainforests, semitropi-
cal evergreen forests, temperate deciduous trees, boreal
needle leaf forests, savanna, temperate grassland, tun-
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Fig. 5. (a) Annual mean total biomass and (b) biomass
above ground derived from R42_AVIM, units: kg C m 2.

dra to deserts. In our work, global distribution of
monthly mean and annual mean NPP are analyzed.

3.3.1 Monthly mean NPP

Figures 6a and 6b show the simulated global distri-
bution of NPP in January and in July by R42_AVIM.
In January, the maximum NPP is mainly distributed
in the southern hemisphere, such as the tropical rain-
forests of South America and Africa, and the broadleaf
trees of the east coast of Australia. In the northern
hemisphere, the NPP is relatively small except over the
Indo-China Peninsula and South China (Fig. 6a). In
July, the NPP of the northern hemisphere has an obvi-
ous seasonal variation, especially in the boreal forests
of middle to high latitudes and crops in East China and
southeastern America. However, NPP of the southern
hemisphere in July has a northward shift compared to
that in January (Fig. 6b).

3.3.2 Annual Mean NPP

Figure 7 shows the global distribution of annual
mean NPP. The maximum of NPP is mainly dis-
tributed in the tropical rainforests, such as in equa-
torial Africa, Indonesia, Indo-China Peninsula and
South America. The second maximum of NPP is in
the broadleaf forests of South Africa, east coast of Aus-
tralia, southeastern South America and Southeast

BIOLOGICAL PROCESS SIMULATIONS OF AN UPDATED COUPLED MODEL

VOL. 25

R42_AVIM JAN NPP

60E 120E 180 120W

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
R42_AVIM JUL NPP

60E 120E 1B0
0 0.07 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

120W

Fig. 6. Mean (a) January and (b) July net primary

productivity derived from R42_AVIM, units: kg C m™>
-1

mon~ .

R42_AVIM annual mean NPP(net primary production)

60N *hi
30N+
EQA

30S A

60S A

180 120W 60W 0 60C 120E 180
0.1 0.20.30.4050.60.70.8

Fig. 7. Annual mean net primary productivity derived
from R42_AVIM, units: kg C m~2 yr—!.

China. Boreal forests along 50°—60°N have a relatively
large NPP distribution too. The simulated global spa-
tial pattern is fairly consistent with the work of Field
et al. (1998), indicating that our results are reason-
able. However, the simulated NPP by R42_AVIM has
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a negative bias of about 0.1 kg C m~—2 yr—!.

In order to evaluate the simulated NPP on a whole,
Fig. 8a and Fig. 8b show the scatter plots of
R42_AVIM simulation with annual mean NPP derived
from International Geosphere-Biosphere Programme
(IGBP) and Moderate-resolution Imaging Spectrora-
diometer (MODIS) respectively. We can see that the
simulated results are more consistent with MODIS
NPP than IGBP NPP, and the IGBP NPP is larger
than the simulated NPP. However, the simulated NPP
has a linear correlation with the above two data.

4. Conclusions

Based on Part I, in Part II, the simulated re-
sults of the biological processes including LAI, biomass
and NPP are further evaluated. Results show that
R42_AVIM can simulate the zonal mean and global
geographical distributions of LAI, which is well con-
sistent with the monthly mean LAI provided by Max
Planck Institute for Meteorology. The simulated to-
tal biomass and biomass above ground are reasonably
well corresponding to the vegetation classifications.
Moreover, the simulated annual mean NPP distribu-
tion is consistent with the data provided by IGBP and
MODIS, and similar to the work of Field et al. (1998).
All of the results imply that this land-atmosphere cou-
pled model will offer a new experiment platform for the
research on interaction between climate and biosphere,
and the global terrestrial ecosystem carbon cycle.

Nevertheless, there are some biases. The simulated
LAT in South America has a negative bias, which is at-
tributed to the lower simulated temperature and less
precipitation there (shown in Part I). Simulated sea-
sonal variation of needle leaf evergreen trees is too
strong. Some other vegetation types, such as broad
leaf deciduous trees, broad leaf and needle leaf trees
and ground cover only, grow later in spring and lan-

guish earlier in autumn. So, the simulated LAI sea-
sonal variation needs to be further improved. Due to
the deficiency of observations and the complex surface
land cover, our work is still preliminary. In order to
improve land surface parameters and offer a better ex-
perimental platform for climate-ecosystem study, we
need to compare our simulations with more observa-
tions and multi-model results.
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