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ABSTRACT

The net primary productivity (NPP)} of global terrestrial vegetation is cstimated by an
Atmosphere—Vegetation Interaction Model (AVIM). AVIM consists of two intercoupled components: phys-
ical processes, involving water and energy transfer among soil, vegetation and the atmosphere at the land
surface and eco—physiological processes, ie. photosynthesis, respiration, dry matter allocation, littering,
phenclogy. Globally vegetation i classified into 13 types and soil texture is classified into 6 types. The esti-
mated NPP for different vegetation types at 1637 sites are validated with the observed data provided by
EMDI, The main results of NPP estimation show that global averaged NPP is 405,13 g C m 2yt varying
from 99.58 g € m~yr™' (tundra) t0 996.2 g m~2yr™! (rainforest), Global total annual NPP is about 60.72Gt
C yr™', in which the maximum part, about 15.84 Gt C yr™, accounting for 26,09% of the total s contributed
by tropical rainforest, The maximum carbon sink occurs in the temperate region of the Northern Hemi-
sphere. The global spatial and seasonal distributicn of terrestrial NPP is estimated reasonably.

Key word: Carbon flux, Net primary productivity (NPP), Terrestrial ecosystem, Atmosphere— vegetation
interaction

1. Introduction

Carbon dioxide is an important greenhouse gas in the atmosphere, The CO, concentra-
tion in the atmosphere has increased from 280 ppm in the 1750 to 367 ppm in 1999 (IPCC,
2001), mainly due to burning of fossil fuel. In nature the oceans, terrestrial ecosystem and the
atmosphere are three main carbon pools in carbon biogeochemical cyele. The ocean is the
largest carbon pool. The carbon storage in deep ocean is about 4% 10° Gt (10 gram),
720-765 Gt in the atmosphere and 2200 Gt in terrestrial ecosystem, in which 600 Gt in vege-
tation and 1200 Gt in soil. Current annual CO, release to the atmosphere by fossil fuel burn-
ing is approximately (5.4-6.3) Gt (IPCC, 2001). The annual CO,exchange between
ecosystem and the atmosphere is about 120 Gt. That is to say a small fluctuation of air—land
CO, flux, for example 5%, would be equal to or excess the CO, emission by human activities,
This is exactly because of the important role of carbon cycle in global environment change,
catbon cycle becomes a critical issue in the International Geosphere and Biosphere Program
(IGBP) in the present and in the future.

The carbon exchange between ecosystem and the atmosphere, i.c. the net primary prod-
uctivity (NPP) has long been studied since the 1970s, Lieth (1975) estimated the global NPP
distribution with the empirical formula which links directly NPP to climatic conditions (tem-
perature or precipitation), In the past few years a comparison project aimed at simulation of
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global NPP distribution was carried out, over 10 models involving dynamical ecosystem
model, biogeochemical process model and empirical mode! participated (Cramer et al., 1999),
More recently the Ecosystem Model / Data Inter—comparison project (EMDI) has been initi-
ated under the support of GAIM, a task force of IGBP (Sahagian, 2000). The attempt of this
study is to estimate quantitatively carbon exchange between the atmosphere and terrestrial
ecosystem with an Atmosphere—Vegetation Interaction Model (AVIM). In section 2, the
structure of AVIM and datasets used are introduced, In section 3, the simulated global NPP
is analysed and the summary will be given in Section 4.

2. AVIM structure and related data bases

2.1 Brief description of AVIM

AVIM (Ji, 1995), an atmosphere—vegetation two way interaction model, is constructed
on the basis of the following mechanism: The physical processes involving the transient mate-
rials (water, CO,) and energy (radiation, sensible and latent heat) exchanges between land sur-
face and abiotic environment (atmosphere, soil). And thermal and humid states at the land
surface affect the plant physiological growth processes, and lead to plant macro—
morphological changes (canopy height, leaf area index, etc.), and then the changes of surface
dynamical and physical parameters, in turn influence the physical exchange processes between
soil, vegetation and the atmosphere. AVIM has been used to simulate physical and physiolog-
jcal processes at the sites of temperate mixed forest (Ji, 1995), crops (Ji and Hu, 1999),
grassland (Ji and Yu, 1999) and for regional issues e.g. Northeast China Transect (NECT)
and Tibet {Lu, 1999). In this paper we would generalise AVIM to global terresirial ecosystem.

The structure of AVIM is shown in Fig, 1 (Ji, 1995). From upper to lower part there are
three layers: the atmosphere, canopy and soil. The left side of the system displays the physical
processes that construct the Land surface Process Model (LPM) (Ji and Hu, 1989). The right
side of the system displays the plant physiological processes, The canopy is assumed to be a
horizontal homogeneous layer with the coverage o,. The soil is divided into N layers. The
climatic conditions of the bottom layer are assumed to be constant. In the following the brief
description of model will be shown.

2.1,1 Physical transport processes

The changes of canopy temperature T and liquid water (or snow) M are governed by
energy and water conservation equations

dT
Cpe dtf = R,— H;— LE; , (1)
M '
T PP @

The subscript ‘ ' denotes the variables related to canopy, Here C; is heat content of canopy,
which is proportional to leaf area index (LAI), R, H; and E; stand for net radiation, sensi-
ble and latent heat fluxes of canopy respectively, P, D, and E, are the intercepted precipita-
tion, drainage of canopy and evaporation from the wet part of foliage. p,, is the density of
water. The equations of soil temperature and moisture for each layer can be written as
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Fig. 1. Schemutic structure of the Atmosphere=Vegetation Interaction Model (AVIM), The physi-
el processes are displayed on the lefi side and plant eco~mphysiological processes on the right
side. The solid lines show the flows of cocrgy and materials and the dushed lines show the
interaction directions, The atmospheric variables Tq.V ,C(COy), P, R, and R, arc the lempera
ture, specific humidity, wind speed, carbon dioxide concentraiion, precipitation, short wave and
long wave mdmtion, respectively. The physical variables T M. Ty, and 8 are the canopy tem-
peratiure and water conlent, soil temperature and mosture, M, Mg My, amd M, ore the
biomuss for leaf, stem, root and litier dead matter, The symbels ' PHOT' , * LOSS", ‘ RESP |, and
"DEC denole the processes of photosvnihess, loss, respiration and decomposilion of dry matter,
M.E, and R stand for the sensible latent heat, evaporation {(or transpiration} cxchanges and
radiative transfer procsates. The subsenipd "¢ repretent the processcs for canopy and “ g for the
soil, * SNOW" stands for snow cover, * LAL" for Jeaf area index, and 2, .r,.d,.2 . for albedo,
stomatal resistance, xero plane doplacement and roughness, respectively (Redraw from JI, 1995),

a7, = 1 T : eT

;s U’":—d}: l:.l“ MLe (“E )r+ " Ay g A= (W) ( 7 J“_ |1 i (3)
W, oW W K w

Tf- I[D'—!"[W}‘ [‘—E - l..f_ Du-—!twl' (IE'.‘ )“ I]+ ar < {4}

where T, and W', are soil temperature and moisture for layer /, and W= 8/0,, where 6.0,
are the volumetric moisture content and its saturated value, i.e. porosity of soil. The first, sec-
ond and third terms of (4) are the vertical diffusion of water, gravity drainage and water suc-
tion by transpiration respectively, The parameters heat conductivity A, water diffusivity
D and hydraulic conductivity X, are the functions of soil moisture, taking Clapp &
Hornberger (1978) empirical relation
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KW= KmWZlH'J , (5)
b

D= — Kml"’—(;—W"” \ ©
]

where ¢, and K, refer to the saturated soil water potential and K, and b is an experimen-
tal constant, For the soil surface layer, i= 1, the heat and water fluxes at the surface are equal
to

d .
Fe=— i(55)= 5,0- 2% Ry~ oT{~ H,~ LE,~ LouSx . @

[P,— pl *E .+ s,,] . ®)

The variables with the subscript ‘ g’ are related to land surface, The terms on the right
side of Equation (7) are short wave radiation and long wave radiation absorbed by the
surface, emitted long wave radiation, sensible and latent heat fluxes and heat flux for snow
melting, P, is the precipitation: reaching directly at the surface and dropping from foliage.
Sy is the melted snow amount, £ is the surface evaporation. L is vapour latent heat and
Lgy snow melting heat,

The sensible and latent heat fluxes (and transpiration) can be written as

F=p, N/, )

where p, is air density at the surface, Ay the difference of transport variables and r the re-
sistance in the transport way. In the space between soil, vegetation and the atmosphere
r= (4 Cp) " ',u is the wind speed and C , the drag coefficient, which depends on the height
of plant, dynamical roughness of canopy and ground, leaf size and foliage orientation distri-
bution as well as leaf area index and coverage (Ji, 1995). For example, the stomata resistance
of canopy is:

re=rplec s L)', : (10)
where rq is the stomatal resistance against water for unit leaf area, J;, is the leaf area index,

With the plant growth the structure and morphology of vegetation vary, consequently, the
physical exchange between soil, vegetation and the atmosphere also varies,

2.1.2 Physiological growth processes

The right side of system shows the physiological growth processes of vegetation (Fig. n,
Vegetation consists of three tissues: leaf, stem and root and a litter layer. The prognostic
equation of biomass for each tissue is

aM :
#= ﬂj(l_(’j)'[fi_ ZRmt]_’ Bj'Mj—Loj j=Asr . (1)
e

The subscript ‘ / denotes f,s and r standing for the variables related to leaf, stem and
root respectively. M is the biomass, n, the allocation coefficients of dry matter to the tissues,
o, is the growth respiration coefficients of tissues. 4 is the gross photosynthetic rate, R, is
the maintenance respiration rate. §; is the falling rate of stem and leaf or the root mortality.
rate. L, is the consumption by animals, cutting and fire, The details of process
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parameterization refer to Ji (1995, 1996).

The gross photosynthetic rate is controlled by environmental factors and leaf states, such
as leaf temperature, CO, concentration in the stomata C,, leaf water potential s, and nitro-
gen concentration of leaf N

A= P AC, VT IAN) . (12)

The function in (12) can be found in Ji (1995,1996). Here Pmax is the canopy photosynthetic
rate under the optimum conditions, Taking Michaelis—Menten form
P oy Paut B- 1y

P = —]r . 1
max K 'Puz+B'10€_K-1LA (3)

where P,, is the photosynthetic rate at the light saturation. Bis the scope of the
photosynthetic curve at the light compensation point and I, is the photosynthetic active radia-
tion at the top of canopy. X is the extinction coefficient of canopy.

The photosynthetic rate identifies the CO, diffusive rate from the atmosphere to
stomata, ie.

A=(,—~C)x /16, (14)

where C, is CO, concentration in canopy space, g, the conductance against water, 1.6 is the
ratio of conductance of water to CQ,. Because both water transpiration and CO, assimilation
pass simultaneously leaf stomata, the experiment shows that there exists a linear relationship
between stomatal conductance and photosynthetic rate (Collatz et al,, 1991), subsututmg C,
and e, withC, and ¢,, the modified formula is given by

g,=m'£l'r,,,4+b. 15)
C,
Here g, is the stomatal conductance and P, the pressure at the surface. C, and e, are
CO, concentration and vapour pressure over leaf surface and r, is the relative humidity at
the leaf temperature, m and b are the experimental constants. From (13), (14) and (15), the
photosynthetic rate and stomatal conductance or resistance r, can be determined.

Both the maintenance respiration R,, and growth respiration R, are taken into consid-
eration in the model. The maintenance respiration depends mainly on temperature, and
growth respiration is proportional to the growth rate of dry matter of tissue. They can be
written as

Ryi= “fMiQm'(T_ To) i= f5r (16)
and
= — — > -
‘ER" o,n(4A-R,}) A—-R,>0, a7)
tR,= 0 A-R,<0,

where o, is the respiration rate per unit biomass at temperature 7. Q'is a constant (around

2). And T, is a reference temperature,
The falling of stem and mortality of root are assumed to be random processes, and the

falling rate is related to the life time and biomass of tissue, while the falling of foliage is de-
pendent on temperature and phenological period. The prognostic equation of
dry matter of litter M ; is
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dM,
T B J'Zn:;_,ﬂij_ ﬁzf * Md ’ (18)

where the decomposition rate 8, is a function of soil temperature and moisture,
A key variable I;, can be determined from leaf biomass, which is used to calculate the physi-
cal parameters at the surface, such as canopy roughness, albedo.

2.2 Classification of vegetation and soil texture

In regard to the classification of plant functional type (PFT) on global scale, it must con-
sider the following factors: (1) PFT must involve main vegetation types, natural vegetation
and artificial vegetation, eg. crops; (2) PFT is able to express the function and feature of vege-
tation and (3) PFT must cover whole continents geographically (Box, 1996). In this study, a
phenological physiology—structure classification method is adopted. Globally, terrestrial
ecosystems are classified into 13 types, the type and its numbers of 0.5°x 0,5 latitude—
longitudinal grid cells are shown in Table 1. The data sources of vegetation are available from
the vegetation classification of Dorman and Sellers (1989), and for China modified by China
Vegetation Map (Editorial Board of National Atlas, 1999).

Tablel, Global vegetation types and grid cells

Index Types Paints number
1 Tropical rainforest 5284
2 Broad leaf deciduous trees 2136
3 Broad leaf and needle leaf trees 3536
4 Needle leaf evergreen teees 8892
5 Neadle leaf deciduous trees 3928
6 Broadleaf trees with ground cover 8164
7 Ground cover only 65732
8 Broadleaf shrub with ground cover 1964
9 Rroadical shrubs with bare soil 6307
10 Dwarf trees with ground covet 9376
11 Bare soil 2660
12 Crops 6280
13 Tee 28676
1] Water 165264
Total 295200

Table 2. (ilobal soil texture classification and grid cells

Index Soil iexture Points number

1 Coarse 16460

2 Medium / coarse 4708

3 Medivm 29902

4 Fine / medium 4464

H Fine 8514

6 Organic 1212

0 Ice and occan 193940
Total . 295200
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The main parameters used in AVIM are those related to physiological processes:
photosynthesis, respiration, allocation and decomposition of dry matter and plant morphology
as well as physical parameters of soil texture. All of the above parameters are designed for each
vegetation type and soil texture. The physical and dynamical parameters of the surface, such as
roughness, zero—plane displacement and albedo are related to time—dependent plant
morphological parameters, Physiological parameters for each vegetation type refer to Larcher
(1995), Melillo et al, (1993), Li (1996), and Schulze et al. (1994) etc.

The soil texture is classified into 6 types with NASA methodology on the basis of compo-
sition propositions of clay, silt and sand (Table 2). According to the empirical relations (5)
and (6), the soil parameters for each type are the soil porosity, saturated water potential, satu-
rated hydraulie conductivity, soil heat content, wilting soil moisture and a coefficient 5, which
can be found in Clapp and Hornberger (1978).

3. NPP simulation results

The carbon exchange between terrestrial ecosystem and the atmosphere, i.e. the net pri-
mary productivity (NPP) was simulated with AVIM. The monthly climate datasets{0,5° x
0.5° lat.~long.) used in the simulation are provided from CRU. Because of short integrating
time step 30 minutes for physical processes, as the input, the daily datasets were generated
from monthly data by a weather generator (Friend, 1998).

3.1 Model calibration for NPP

First, we calibrate the simulated NPP at a grid cell nearby the site with observed NPP at
1637 stations distributed globally, belonging to different ecosystems, namely, evergreen coni-
ferous forest, broadleaf deciduous forest, tropic rain forest, shrub and grassland etc. (Fig. 2).
From Fig. 2 we can see that the simulated NPP at the most sites fit to the observed, the corre-
lation coefficient between them is 0.86, It is indicated that AVIM is able to simulate NPP for
global terrestrial ecosystems.

3.2 Analysis of simulated NPP

The global distribution of simulated NPP is shown in Fig. 3. Generally, compared with
the composite simulated NPP map given by Cramer et al, (1999), the distribution pattern of

Table 3. Distribution areas and estimated annual NPP for global vegetation types

Area NPF Total NPP
ndex (10° km™) (g Conlyr™"} {G1Cy™
1 15.89 996.82 15,84
2 5.66 617.41 3.49
3 756 540.73 4,09
4 14.54 345,55 5.02
5 5.88 377.42 222

6 2.1 586.54 13.55 -

7 16.1 287.79 463

8 5.48 486.96 267

9 16.84 199.16 335

10 994 99.58 0.99

11 7.05 0 0

12 15.03 323.64 486
Total 143,07 (average 405.13) 60,72

1 .
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Fig, 2. Comparison of observed NPP and simulated NPP by AVIM (observed data are provided
by Ecosystem Model Data Intercomparison (EMDI) project),

NPP is reasonable. For a single cell of 0,5° x 0.5°, the NPP varies in the range of 0—1800 g C
m~yr™!, For different vegetation types, the averaged NPP vary from 99,58 g C m™ yr ' for
tundra to 996,82 g C m %yr™* for tropic rain fotest. The global averaged NPP is about 405.13
gCm™ yr (Table 3).

3.2.1 Spatial distribution of carbon exchange

The zonal averaged NPP for each 5° Iat. is displayed in Fig. 4. For NPP per unit area,
the highest occurs in the tropics between 15°N—15°S, where covers tropical rainforest, The
maximum NPP may reach 953 g C m™%yr™", Between 60°N—30°N, Northern middle latitudes,
NPP is the second high, while in the subtropics NPP is rather low because of relatively dry
climate. For total amount of NPP in a latitude zone, the largest one is in the Northern middle
latitudes, where vegetation coverage area is the largest, the second is in the Northern temper-
ate zone, the annual total NPP for 0.5° latitude zone reaches 0.8 Gt C. The annual NPP in the
latitude zone between 60°N—30°N account for 44,0 % of global total terrestrial ecosystem
NPP, 22.7% in tropical zone 15°N—15°S and 11.1% in the Southern middle—low latitude zone
15°S—60°S. The latitudinal distribution of simulated NPP by AVIM agrees with the results
reported by Cao and Woodward (1998} and Cramer et al, (1999).
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For China, the simulated NPP is significanily controlled by thermal a nid humid climatic
conditions, showing the decreasing trends from southeast to northeast, In Southeast China,
the maximum NPT may reach 1000 g € m ™y Around the middle and lawer reaches of the
Yangtze River, NPP i about 500 g C m~yr”. While over the western highland and
arid # semiarid regions NPP is less than 100 g C m ™y~ These results are consistent with
those obtaied by the empirical model of Zhou and Zhang (1996} and the satellile remote
sensing model af Sun and Zhu (20000,

Recently the plohal annual NPPs are simulated by 13 models participating the compari-
son project (PIK), which are in the range of 399-R05 Gt Cyr Uwith on the average of 34.9
Gt C yr . The global annual NPP in this study is about 60.72 Gt C yr™', which is slightly
higher than the averaged of 13 models,

121 NPP for different vegetarion fypes

The coverage area for different vegetation types are gquite different, in which, the maxi
i 231 Mkm? is covered by broadleaf forest, and the second 15,89 MKm® by tropical
rainforest, Among vegelation types tropical rainforest has the maximum NPP for per unit
area ie, 9962 p Cm™ yr™', and the maximum tolal annual NPP ie, 1584 GLC vr~!. There
fore tropical rainforest is « main carbon sink, playing an important role in the absorption of
€O, in the atmosphere (Philips et al. 1998). But heterotropical respiration of soil in tropical
regions is also high (Nemry et al, 1999), this would reduce the role of carbon sink, The second
and third total annual NPPs belong to broad leaf forest with ground cover and evergreen co-
niferous forest, respectively, The total NPP of these vegetation types accounts for aboul 56%
of global annual NPP (Fig. 5). Associated with other forest types, the total annual NPP for
forest accounts for 80% approximately, Thus we can say that forest is a lump of the carth, it
means forest is capable largely to absorb and exchange ca rhon with the aumoesphere,

Grassland is also an important terrestrial ecosystems, its coverage areas is slightly less
than that of broadleaf forest, and total annual NPP is about 4.63 Gt C yvr~!, Grassland asso-
clated with savannah would show the considerabk role in terrestrial carbon exchange
{Scurlock and Hall, 1998},

Crops is the artificial ecosystem, generally its NPP approximates to natural ceosystem n

Fig. 3, Percentage of differsnt vegetation types NFF in Lhe glahal toral
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the same region, In this study, the simulated total NPP of crops is about 486 Gt C v
4. Conclusions and discussion

In this study, the carbon exchange between ecosystem and the atmosphere (NPP) was
simulated with the Atmosphere—Vegetation Interaction Model (AVIM), and global distribu-
tion of NPP and its latitudinal variation are also analysed. The conclusions can be drawn as
follows,

{1) By calibration of modelled NPP for different vegetation types it isindicated that AVIM is
capable of simulating NPP globally. The structure of AVIM and the parameters for each
vegetation type and soil texture used in AVIM are feasible and efficient,

(2) The global averaged NPP of terrestrial ecosystem simulated by AVIM is about 405.13 g C
m~2yr™!, For different ecosystems, NPP per unit area varies form the lower value 99.58 g
C myr™ for tundra to the higher 996.82 g C m™yr™ for tropical rainforest,

(3) The global total NPP is estimated to be 60,72 Gt C yr~!, which is in the varying range of
estimates by 13 ecosystem models of international comparison project. The total NPP for
tropical rainforest is the highest among different ecosystems, accounting for 26,09% of
the global totals, The second and third larger amounts belong to broadleaf forest and ev-
ergreen coniferous forest.

The carbon flux between vegetation and the atmosphere is an important issue in global
change, and needs to be investigated furthermore, This study is a preliminary result of NPP
simulation. The Ecosystem Model / Data Intercomparison (EMDI) project launched recently
provides a possibility of validating and improving the ecosystem model, and to studying the
carbon cycles in the earth system further.
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